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SUMMARY STATEMENT

In accordance with the Nuclear Waste Policy Act of 1982 (NWPA) and subsequent pertinent
legislation requiring affected States to conduct independent review and research activities determining the
suitability of a proposed high-level nuclear waste repository site in the U.S., the State of Nevada Agency
for Nuclear Projects/Nuclear Waste Project Office (NWPO) has contracted Mifflin & Associates, Inc. (MAI)
to provide technical support with respect to the hydrogeologic, geochemical/mineralogic, climate change,
disturbed zone, technical document review, and other technical aspects of the Yucca Mountain site.

This summation of MAI technical support activities from 01 July 1988 to 30 September 1989
essentially presents various findings and reiterates observations previously made in MAI reports and
reviews of various U. S. Department of Energy (DOE) milestone documents, such as the DOE Site
Characterization Plan: Yucca Mountain Site, Nevada Research and Development Area, Nevada
(DOE/RW-0191) (SCP).
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INTRODUCTION

Since prior to 1945, when the first thermonuclear bomb was dropped on Trinity, New Mexico,
high-level radioactive wastes produced in the United States of America (US) by various industries and
governmental agencies have been stockpiled in the US. To control dissemination of these wastes, the
President Reagan signed the Nuclear Waste Policy Act of 1982 (NWPA) mandating the selection of
high-level nuclear waste repository sites on a federal level, with provisions for independent review and
research activities to be conducted by affected States and Indian tribes. Subsequent congressional
legislation and amendments provided for the clarification of requirements for these activities.

In compliance with the NWPA, the State of Nevada Agency for Nuclear Projects/Nuclear Waste
Project Office (NWPO) has developed an independent technical oversight program designed to attain
basic scientific knowledge concerning the Yucca Mountain site and to determine whether this site meets
the Nuclear Regulatory Commission (NRC) and the Environmental Protection Agency (EPA) licensing
requirements as a high-level nuclear waste repository. Consequently, since 1986, as subcontractor to the
State of Nevada NWPO in support of this effort, Mifflin & Associates, Inc. (MAI) has been conducting
technical support activities in various technical/scientific fields, pertinent to determining the relevancy of
the Yucca Mountain site in meeting licensing requisites.

This report summarizes MAI activities in hydrogeology, disturbed zone, geochemistry/mineralogy,
climate change, and technical document review from 01 July 1988 to 30 September 1989. These
activities are relegated to sections; each section is organized in terms of: introduction; subsections,
describing extant U. S. Department of Energy (DOE) programs, issues, activity objectives, findings,
interpretation of findings, conclusions, recommended program, and additional work required; and
appendix, which includes a list of pertinent publications.
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AREAS OF EFFORT

As exemplified in the previous MAI 18-month report, each activity section includes one to three
respective subsections crucial to the proposed repository site adequacy in meeting requisite licensing
criteria. In each subsection, one to four respective issue-oriented potentially fatal site characteristics are
described.

The first area of effort, Section A - the Hydrogeology Program summarizes the vadose-zone
fracture flow/ground-water travel time problem and the status of the impasse presently facing MAI in
attempting to resolve this issue to date.

Section B presents the current state of the Disturbed Zone Program studies on potentially
significant changes in boundary, aqueous fluid, and repository host rock conditions after waste
emplacement.

The Geochemistry/Mineralogy Program status described in Section C is divided into three
interrelated subsections: geochemical transport/retardation of radionuclides, vadose-zone
mineralogy/geophysics, and silica and desert carbonate genesis. These subsections deal with repository
performance issues.

Section D describes the Climate Change Program studies to date on the
paleohydrologic/paleoecologic flux extent/range/effect on the vadose zone; and

Section E is the last area of effort; the Technical Document Review Program summarizes MAI
review findings to date.
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Section A

Vadose Zone Drilling Program

Introduction

The State of Nevada NWPO recognized the critical role air drilling should play in establishing
useful information from the Yucca Mountain vadose zone as early as 1984. Since then, the State of
Nevada NWPO has attempted to establish a vadose-zone drilling program but has been blocked by a
series of federal government actions. The nondrilling aspects of the State of Nevada NWPO drilling
effort have been pursued to date in order to maintain drilling preparedness should both funding and
approval be established.
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Vadose-Zone Drilling

ISSUES:

Vadose-zone drilling addresses the following issues:

Ground-Water travel time from the repository horizon to the regional water table under the
prewaste emplacement condition of 1OCFR60.113(2), and

Overall performance of the fractured-tuff vadose zone from the waste isolation perspective as
related to 1OCFR60.112 and 40CFR191.13.

OBJECTIVES:

The fundamental objective of State of Nevada NWPO sponsored vadose-zone drilling at Yucca
Mountain is to establish a useful drilling technique, specifically, the dual-tube reverse circulation air-rotary
method (DTRC), for the exploration of the full vertical extent of the vadose zone without utilizing water
near the Yucca Mountain proposed repository site.

This drilling technique should permit the recovery of representative rock samples and water held
within the rocks with very little disturbance to the ambient conditions found in the field.

The following site characteristics of Yucca Mountain are addressed by the State of Nevada
NWPO vadose-zone drilling program:

The distribution of perched water (i.e. localized saturated zones) within the vadose zone in
time and space;

The distribution of fracture flow in the vadose zone and its importance to water movement
through tuff formations; and

The natural recharge water flux to the repository horizon and its distribution in time and space
below the repository horizon.

ACTIVITIES:

None.

ADDITIONAL WORK NEEDED:

It is necessary to maintain the warehouse, sample containers, etc. as well as test the equipment
to be used for sampling.

RECOMMENDED PROGRAM:

The same issues and associated objectives remain to be resolved and accomplished. The DTRC
drilling is a key element in the State of Nevada NWPO oversight program that allows for Independent
sample collection and associated verification of vadose-zone hydrology. Neither useful site-specific data
nor plausible or conservative conceptual models of the vadose-zone hydrology have been presented by
the DOE program to date.

The drilling capability is being maintained by continued operation of the warehousing of
necessary sample containers and the refinement and testing of sampling equipment.

PROGRAM STATUS:

At present there are no funds allocated to proceed with this program.
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Appendix A

Vadose Zone Drilling Program

List of Appendices

A-I List of Publication and Presentations .......................... 10
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Appendix A-I

List of Publication and Presentations

Eizeftawy, A. and M. D. Mifflin, 1989, Unsaturated zone hydrologic principles applied to Yucca Mountain
and Beatty sites: FOCUS'89 presentation and text (to be published).

Mifflin, M. D., 1989, Vadose (unsaturated) zone hydrologic concerns of the proposed nuclear waste
repository, Yucca Mountain, Nevada: NRC Action Committee on Nuclear Waste (ACNW) and
Nuclear Waste Technical Review Board (NWTRB) presentations.
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ABSTRACT

Physical principles govern the movement of water and/or the transport of
mass and, energy through porous media. These principles may be
cautiously applied to fractured rock in the vadose zone. In this paper,
these principles are reviewed and briefly presented. The understanding
and documenting of hydrogeologic processes, such as infiltration,
recharge, redistribution, evaporation, and storage of water through site-
specific data, are essential and necessary for confident characterization
of the vadose zone in sites such as Yucca Mountain and Beatty, Nye County,
Nevada. Much research by many investigators has firmly established the
principles that govern the flow of water through the matrix of geologic
materials under laboratory and field conditions. At the present time, no
measurement techniques have been demonstrated for confidently
documenting the hydrology of fractured rocks such as the welded tuffs of
Yucca Mountain. Recently a great deal of work has been published either
to model or study the role of fractures within the unsaturated welded and
unwelded tuff; however, most of the work has been hypothetical in nature
and there are no laboratory or field data to support the results published.

INTRODUCTION

During the last ten years, the problem of flow of water and transport
of dissolved solutes in the thick unsaturated (vadose) geologic media of
the arid zone have received much attention, mainly because of the
possibility of finding suitable media for permanent disposal of large
quantities of radioactive waste. The National Academy of Sciences1

(1966) was first to suggest the disposal of high-level nuclear waste in
the unsaturated zones of desert environments. A persuasive case for
unsaturated-zone disposal was presented by Winograd2 ,3 (1974, 1981)
that promoted the thick unsaturated zones as likely having no effective
processes which dissolve and transport radionuclides to deep water
tables or to the land surface in very arid climatic regions.

The vadose (unsaturated) zone of the earth's crust is known to be
hydrologically complex and involves infiltration, evaporation, soil
moisture storage, ground-water recharge, as well as soil-forming
processes. Thus, the vadose zone represents the conduit through which
liquid and gaseous constituents are attenuated and transformed as they
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are exchanged in both directions between the land surface and the
regional ground-water table. The purpose of this paper is to review the
physical principles and assumptions that are made governing the
movement of water, mass, and energy through porous media as they may
relate to the Yucca Mountain and Beatty nuclear waste repository sites in
Nevada.

HISTORICAL BACKGROUND AND ASSUMPTIONS

Henry Darcy's4 classic study (1856) has been widely accepted and used
as the basis for describing flow of water through saturated porous
materials. Buckingham5 (1907) provided the physical basis for the
presently-accepted conceptual picture of water movement through
unsaturated porous media, and Richards6 (1928) went on to formulate the
concept of capillary potential. He also described a device for matric
potential measurements, the tensiometer, and presented graphs of the
matrix potential as a function of water content. In 19317, he published
his classic paper which contains, among other things, precise values for
hydraulic conductivity, including the hysteresis of the capillary potential
function. Childs and Collis-George8 (1950), Kirkham and Powers9 (1972),
Gardner10 (1972), Sposito and Jury11 (1985), Nielsen, et al.12 (1986), and
many others have firmly established the physical principles that govern
the flow of water and dissolved chemicals through the matrix of
unconsolidated porous materials under laboratory and field conditions.

The mathematical/physical approach to study and describe the flow of
water and mass involves (1) the selection of relationships between the
mass flux and the appropriate driving forces, and (2) the combination of
these flux equations and the mass balance equation. Partial-differential
equations are then developed which, in principle, may be solved and used
to predict the behavior of the flow within a particular system. In
developing the flow equation of water and mass, numerous assumptions
are made to simplify the process of flow of water and mass through
porous earth material. Most experts in this field of research agree on the
following simplified assumptions that:

1) isothermal conditions prevail;
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2) the porous matrix is a rigid
system;

3) the chemical concentration of
solutes in the liquid phase is
negligible;

4) the gas phase is at constant
atmospheric pressure;

5) the liquid phase displays a
constant macroscopic average
density;

6) the storage of water in the gas
phase is negligible;

7) the volumetric flux of liquid
water is proportional to the
hydraulic gradient (i.e., Darcy's
law is valid);

8) the coefficient of proportionality
in the Darcy equation (the
hydraulic conductivity) is
independent of the hydraulic
gradient and position, but may
depend on other variables such as
water content and temperature;

9) the water density of the gaseous
phase is a function of the liquid
water pressure;

10) the diffusion flux of the gaseous
phase of water is proportional to
the gradient of the water vapor
density (i.e., Fick's law is valid);

11) the porous medium is
directionally isotropic with
respect to Darcy flow and vapor
diffusion; and

12) the coefficient of proportionality
in Fick's law (the diffusivity of
water vapor) is independent of the
vapor density gradient and
position; it may depend on other
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factors such as gas-phase
pressure, volumetric air content,
temperature, and air-filled pore-
space geometry.

TRANSPORT OF WATER AND SOLUTE

If it is further assumed that there is a defined relationship (single-
value function) between the water content and the pressure head of the
system; thus, Richards' equation for water flow can be written as:

In this parabolic partial differential equation, which is central to any
porous media flow system, z is vertical and positive upward. The water
capacity, C(cm-1), is defined as the slope of the water characteristic
curve (h(0) function):

C (2)

where 0 is volumetric water content (cm3cm-3).

In equation (1), the letters x, y, and z refer to the directions of the
Cartesian axes and to distances in these directions (all of dimension cm).
Kx, Kyt and Kz are the hydraulic conductivity function in direction x, y, and
z, respectively. Note that the hydraulic conductivity of the unsaturated
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system is a function of the pressure head, h, or the volumetric water
content, 0.

Equation (1) is the fundamental equation that governs the flow of
water through the porous matrix under isothermal and isobaric conditions.
The corresponding equation governing transient, one-dimensional solute
transport through the matrix of earth material and porous rocks may be
written, only in the z direction, as:

where c is the solute concentration of the liquid phase; S is the amount of
solute adsorbed by the porous matrix per unit volume of the earth
material; V is the Darcy water velocity; D s(V) is the solute dispersion

coefficient; and V (= V/O) is the pore water velocity. The dispersion
coefficient D S(V) of equation (3) is assumed to be a function of pore

water velocity, V.

The adsorption isotherms which express relationships between
quantities of solute sorbed by the porous matrix, S, and corresponding
concentration in the liquid phase, c, are commonly used to evaluate the
rate-of-sorption term aS/at. Thus, equation (3) could be modified to:
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and k(c) is the solute distribution function measured from
adsorption isotherms and p is the matrix bulk density. For
noninteracting solutes (i.e., k(c) = 0), the retardation factor R(c)
equals unity; whereas, for interacting solutes having a linear
isotherm, where k(c) is a constant, R(c) becomes a constant.

It is apparent from equation (4) that the transport of solutes in the
matrix of porous media is dependent on the water content, 0, and Darcy
velocity, V, both of which are variable under most field conditions. Due to
the nonlinearity of equations (1) and (4), numerical solutions utilizing
digital computers are widely used.

During the last two decades, numerous analytical and numerical
solutions of equations (1), (3), and (4) have been developed to the point
that, at present, certainly no scarcity exists in one- or multi-dimensional
models. An extensive review and model inventory of unsaturated and
partially saturated flow models is given by Narasimhan and
Witherspoon13 (1976), van der Heijde, et al.14 (1985), Nielsen, et al.1 2

(1986), Evans15 (1983) and Evans and Nicholson16 (1987).

TRANSPORT OF WATER AND HEAT

The published literature on simultaneous movement of water heat in
soil and other geologic porous media is extensive. Attempts to study and
model this process have ranged from an almost totally empirical approach
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to the state-of-the-art theory. Philip and deVries 17 (1957) proposed a
theoretical model based on the following assumptions:

1. All processes are single-valued,
i.e., hysteresis is not present in
relationships such as the water
content-pressure potential
characteristic function of the
porous media.

2. The effects of any matrix and
volumetric changes of the
porous media are negligible, and
the effect of temperature on the
water movement can be treated
independently of matrix or
volumetric changes.

3. Dynamic equilibrium between
the phases of water in the pores
can exist on a microscopic scale
within the pores when the
transport of water as a whole is
not a steady-state process.

4. Dissolved chemical (solutes)
and other contaminants.

Fick's law of diffusion, modified for water vapor in porous media as
reported by Rollins, et al.18 (1954), is given as:

Vf = (5)

where Vf (gm/cm2/sec) is the vapor flux, Do (cm2 /sec) is the diffusion

coefficient of water vapor in the air, A (cm 3/cm 3 ) is the volumetric air
content, a is Penman's tortuosity factor (-0.66), v = P/(P-p) is the mass
flow factor in which P is the total gas pressure (mm Hg) and p is the
partial vapor pressure in the pores of the rock matrix (or soil), and Vp
(gm/cm3 /cm) is the vapor concentration gradient. The movement of
water vapor through porous materials under nonisothermal conditions
involves a diffusion process coupled with evaporation and condensation in
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small localized areas. This process is similar to the evaporation of
droplets in a small space or area. The increase of liquid water due to
condensation in regions of lower temperature leads to a net difference in
water potential which would create a liquid water flow toward the warm
region. Childs and Collis-George8 (1950) showed that Darcy's law was
experimentally valid and applicable to flow in unsaturated porous media,
such as soils. Following Edlefsen and Anderson19 (1943), we can write
the relationship:

hg

where p is the density of water vapor, gm/cm3, po is the density of

saturated water vapor, gm/cm3, Mi is the relative humidity, g is the
acceleration due to gravity, cm/sec2, R is the gas constant of water
vapor, erg/gm/CO, h is the pressure potential head, cm of H 20, and T is the
absolute temperature, in degrees Kelvin. Hence,

Using equation (6) to determine the relation we get:

From equation (8) and Darcy's law, we obtain the general equation for
vapor flux under nonisothermal conditions
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in which Dv (T) = D A is the nonisothermal water

vapor diffusivity, and D v(0) = D Aav -L istheisothermalwatervapor

diffusivity cm /sec.

Similarly, since liquid flow of water also is influenced by temperature
gradients and knowing that pressure potential (soil-water suction), h, is
dependent on both content and temperature, it follows that

(1 1)

where is the water surface tension, in dyne/cm, and y is the
temperature coefficient of surface tension, in CO- 1 . Darcy's law and using
equation (11), can be written as
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(12)

where i is the unit vector in positive z direction and q is Darcy's flux
(cm/sec). It is clear that the above equation is of the form

q

(13)

It should be mentioned that the value of ycan be taken as a constant equal
to -2.1 x 10-3 Co-1 for a temperature range of 5C0 and 40CC.

Combining equations (13) and (10) and applying the
requirement leads to the general differential equation
moisture movement due to temperature gradients in the form,

continuity
describing

where D-r= DV(T) + DI (T) is the total nonisothermal moisture diffusivity

(cm2 /sec/CO), and D = Dv(O) + D (0) is the total moisture diffusivity in

cm 2 /sec.

Philip and deVries1 7 (1957) proposed the following equation for the
conduction of heat in soil, which can be used for other porous geologic
materials:

(15)

where L is the latent heat of vaporization of water (cal/gm), X is the
thermal conductivity of the porous media, including the thermal
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distillation effect (cal/sec/cm/C ) and C is the volumetric heat capacity
of soil (cal/cm3 /C,). The second term on the right-hand side of equation
(15) represents the distillation effects inducted by the moisture gradient
in soil. This equation is of the diffusion type involving 0-dependent
diffusivity as well as gradients of both 8 and T. It should be mentioned
that equations (14) and (15) are the best mathematical formulas used to
describe moisture and heat transport in soil as a rigid porous medium (no
swelling upon wetting). These equations are nonlinear second-order
parabolic partial differential equations; and since exact solutions are
very difficult and sometimes impossible to obtain, numerical methods are
used to develop the simulated theoretical results.

SIMULTANEOUS TRANSPORT OF WATER, HEAT, AND SOLUTES

Under natural conditions, especially where thick unsaturated zones of
geologic earth materials are encountered, water heat and dissolved
chemicals (solutes) are transported simultaneously through these earth
materials. For the field problems encountered at most waste disposal
sites, the movement of water and contaminants should be investigated
under nonisothermal conditions. Conceptually, the equations listed above
could be solved simultaneously by numerical methods, and digital
computers could be utilized to provide solutions to many field problems.
At the present time, many published papers deal with solutions to these
equations under many varieties of boundary and initial conditions.
However, the lack of field and laboratory data is evident from surveying
the literature (Nielsen, et al.1 2 [1986]).

TRANSPORT OF WATER VAPOR

In the development of the previous equations for water, heat and
solutes transport through porous matrix, the viscous flow of the gas
phase was ignored. Water flow through a rigid porous media which is
characterized by very low permeability and low water content, such as
may be found in arid climates in the southwestern part of the U.S.,
demands the study of the gas-phase displacement and transport.
Recently, Green and Evans20 (1987) studied the diffusive and convective
processes by which vapor can be transported through geologic media.
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They pointed out that diffusion, pressure diffusion, forced diffusion, and
thermal diffusion may be the four major contributing processes to a
multicomponent system. They also stated that, in the near field
surrounding high-level radioactive waste, the large temperature gradient
and the electrical field may be important in causing diffusion of gaseous
elements. Weeks, et al.21 (1982) used Fick's law in combination with the
porous media continuity equation to determine the diffusion parameter of
unsaturated zones of alluvium material in the southern high plains, using
atmospheric fluorocarbons.

Most of the published work in this area of vapor flow considers the
process of ordinary (concentration) diffusion to be the main contributing
factor for diffusion of vapor through porous geologic media. Weeks22

(1987), Kemper, et al.23 (1986), and Montazer and Wilson24 (1984) report-
ed air flow from unsaturated-zone geologic media in Idaho and Nevada.
Weeks22 (1987) reported substantial airflow from wells tapping the
unsaturated fractured tuffs near the crest of Yucca Mountain, Nevada. He
concluded that the convective gas diffusion process plays a large role as a
means of transporting gaseous phase within porous/fractured tuff, and
this process may have an important role with respect to the conduction of
heat and gaseous radionuclide transport from a repository within the
unsaturated fractured rocks. He suggested that more studies are needed
to understand the process of gas transport under field conditions,
especially within the thick porous/fractured geologic media.

FRACTURE FLOW

In developing the previous flow equations, it is assumed that water
conductivity and other hydraulic parameters are defined on the macro-
scopic scale and that there is local equilibrium on what is termed
"Darcy's scale" within the porous media of interest. However, in
porous/fractured rock, the previous assumption may not be valid for the
application of the unsaturated flow theory. Although the geometry of a
single fracture in a rock type such as tuff can be described and accurately
studied in terms of shape, radius, roughness, and aperture, it is unlikely
that hydrogeologic variables needed for the unsaturated fracture flow
characterization can be evaluated with the same ease and accuracy.
During the last five to seven years, because of the interest in locating a
high-level radioactive waste repository within unsaturated fractured
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tuff, many works have been published. Most of these deal with computer
modeling of fracture flow under saturated/unsaturated conditions. For
example, work published by Peters, et al.25 (1984), Klavetter, et al,2 6

(1985), Travis, et al.27 (1984), Pruess, et al.28 (1986), and many others
have assumed that unsaturated fractures would behave hydraulically as
porous media with respect to the conductivity function, water-capacity
function and the void ratio-water content function which are necessary to
characterize such fractured unsaturated media. To date, no such data
have been measured or evaluation experimentally to promote the
application of an unsaturated porous media theory on fractured unsaturat-
ed media such as tuff. However, it is shown that when the bulk volume of
the fractured rocks is drained, liquid water will still be found on the
fracture walls held by the adsorption forces as a film (Philip29 , 1978).

FIELD CHARACTERIZATION

The ultimate objectives of the application of flow and transport
theory to the field situations under consideration are the successful
understanding, characterization, and management of the earth
materials/water regime as they apply to waste disposal. Our opinion of
the validity of the previously-listed 12 simplifying assumptions for
unsaturated flow of water through the geologic materials found at Beatty
and Yucca Mountain is shown in table 1. Most of these assumptions are
probably valid for the flow of water through the matrix of the porous
rocks, with some uncertainties related to the nonisothermal and
nonhomogenity of the field condition. However, most of these
assumptions are probably invalid for the unsaturated flow through
fractures.

It follows, therefore, that flow models based on the simplifying
assumptions are not likely to confidently characterize the fractured rock
vadose-zone environment in the absence of appropriate site-specific data.
Field validation through surface-based studies using boreholes for
sampling and monitoring seems necessary for any confident model
depictions, and processes of flow and transport remain uncertain without
site-specific databases.
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Table 1. The probable validity or Invalidity of the 12 simplifying assumptions
for unsaturated flow of water through different geological materials.

Yucca Mountain Site Beatty Site

Unsaturated zone Welded Tuff Bedded Tuff
assumption (many fractures) (fractured) (Alluvium)
number (as
noted in text) Matrix Fracture Matrix Fracture Primarily

Water Water Water Water Matrix Water

V(?) 3 I3 V(?) I I

2 V I V(?) I V

3 V I V(?) I V(?)

4 V(?) I V(?) V

5 V(?) I V(?) V

6 V I V V(?)

7 V I V l V

8 V I V i V(?)

9 V I V _ V

10 V I V V

11 V(?) I V(?) V

12 V( ?) IV V

1 The welded tuff is representative of the Tiva Canyon and Topopah Spring
stratigraphic unit.

2 The bedded tuff is representative of the Paintbrush nonwelded, Calico Hills,
and Crater Flat stratigraphic units.

3 1 = Probably invalid assumption V - Probably valid assumption

Table 2 lists most of the drilling methods that may be utilized to
establish boreholes for sampling and installation of monitoring equip-
ment. Some of these drilling methods can be used to drill into or through
the unconsolidated and consolidated stratigraphic units of Yucca Mountain
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vadose zone. However, for establishing liquid and gas phase samples and
monitoring in-situ hydrogeologic parameters, only the drilling techniques
which do not add water-based fluids seem potentially useful. However,
the odex-reverse circulation and vacuum-reverse circulation drilling
methods have major disadvantages. The odex-reverse circulation method
is limited in usefulness for some purposes by the shallow depth of
penetration, the casing, as well as cost and slowness in consolidated rock
environments. The vacuum-reverse circulation method is limited in
usefulness by slow drilling, inability to pass through saturation, and large
hole diameter/hole instability in fractured rock. In addition, it has
proven to be extremely costly.

Table 2. Drilling methods for vadose zone in unconsolidated and consolidated media.

Unccon- Consoli- Fluids Hole Casing
Drilling Method solidated dated Depth Added Size Needed

Auger Yes No Very limited No Smallto larg e N o

Dual-Wall
Reverse Circulation Yes Yes 1500-2500'(?) Air Small No

Conventional/Air Small
Foam Rotary Yes Yes Unlimited Yes to larg No

Cable-Tool Small
(Percussion) Yes Yes Unlimited 1 Yes to larg yes

Odex-Reverse 3 3
Circulation Yes Yes Limited to 450' Air 6 Yes

Vacuum-Reverse 3
Circulation Yes Yes 1750' Air 17" No

Hole size reduction may be needed.
2

Normally used in unconsolidated media.
3

Yucca Mountain DOE experience.

The dual-wall reverse circulation drilling method is capable of drilling
exclusively with air in fractured tuff and semi-consolidated bedded tuffs.
This method, using small-diameter bits, can probably be successfully
used at Yucca Mountain for developing well-controlled samples of water
and rock, as well as establishing monitoring systems or devices (see
table 3) for temporal variations of in-situ moisture and pressure
potential. Our experience with this method, using only air as a drilling
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medium, suggests that this technique has potential to markedly improve
upon the existing quantity and quality of vadose- zone hydrologic data.
This method may be capable of establishing boreholes that penetrate as
deep as the regional ground-water table at Yucca Mountain. This method
can be employed for horizontal or inclined surface-based drilling as well,
and this is of interest in that flow in fractures or faults might be better
evaluated by horizontal or inclined boreholes. One disadvantage of this
drilling technique is high air pressure which may invade the more
permeable fractures.

Given that there is likely a drilling technique which allows for
reasonably nondisruptive full penetration of the Yucca Mountain vadose
zone, there are still major challenges associated with developing useful
in-situ liquid and vapor-phase samples, and establishing monitoring for
fracture and rock matrix hydrologic conditions. Table 3 lists the state-
of-the-art monitoring and sampling field methods for the unsaturated
(vadose) zone. Promising techniques for measuring Yucca Mountain
vadose-zone water potential (pressure potential) are the heat-dissipation
probes and the thermocouple psychrometer. Both methods measure the
water potential of the vadose moisture based on the vapor pressure
within the pores. However, problems associated with field installation
and calibration tend to impact the absolute accuracy of field
measurements. The neutron and gamma-ray loggers are used mainly to
evaluate the moisture content (in-situ) of the media. The gas sampler
tube, double-valve purge sample pump, and the thief sampler system
methods may be used to sample the liquid or gaseous phase from
boreholes in either the fractured welded tuff or the bedded tuffs (liquid
phase sampling requires local fracture saturation in the welded tuff or
matrix/fracture saturation in the bedded tuff).

In summary, although we believe the correct combination of drilling,
sampling, and monitoring methods exist for the vadose zone of Yucca
Mountain, they have not been successfully developed and tested for
fracture hydrology in the Yucca Mountain vadose zone to our knowledge.
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Table 3. Field monitoring and sampling field methods for the vadose zone.

The known utility of method
to monitor liquid and gaseous

State-of-the-Art phases within vadose zone tuff
Monitoring and Sampling Liquid Phase Gaseous Phase

Field Methods
Matrix Fracture Water
Water Water Vapor Others

Tensiometer ? ? No No

Heat-dissipation probe Yes ? Yes ?

Thermocouple psychrometer Yes ? Yes ?

Gas sampler tube No No Yes Yes

Double-valve purge sample pump Yes* Yes* ? ?

Thief sampler system Yes' Yes* Yes Yes

Neutron logger Yes ? No No

Gamma-ray logger Yes ? No No

Resistance blocks ? ? ? No

Liquid samples from boreholes.

BEATTY SITE

The low-level radioactive waste burial site is located about ten miles
southeast of Beatty, Nye County, Nevada, about 100 miles northwest of
Las Vegas. The region is very arid, the average mean annual precipitation
is less than three inches a year at Lathrop Wells (about two miles south
of the waste-burial site). The mean daily maximum temperature in July
is about 370C. The burial site is underlain by poorly-stratified deposits
of gravel, sand, and thick beds of clay sediments. The regional ground-
water table is about 255 feet (85 meters) below the land surface. It is
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known that the valley-fill deposits are about 525 feet (175 meters) thick
beneath the site.

The Beatty site was opened in 1962 for ground burial of low-level
radioactive waste (earth containment), and it is commercially operated.
Nichols (1987)30 published on the hydrogeology of the thick unsaturated
zone. His data included meteorological parameters, soil moisture and
soil-water potential data, and hydraulic properties of representative
unsaturated zone sediment samples. He also conducted evaporation
studies for about two years on the site. Data from the upper 12 feet of
the site show that volumetric soil moisture ranges from 4 to 10 percent
and commonly is within the 6 to 8 percent range. The soil-water
potential values range from -10 to -70 bars, and the computed
unsaturated hydraulic conductivity of representative samples ranges from
10-13 to 10-4 centimeters per day. He concluded that, for the 18-month
soil-moisture monitoring period, "deep percolation does occur" and
steady-state downward flow of water at depths greater than 30 feet and
beneath the burial trenches would be about 4 cm per 1000 years.
However, Goode (1985)31 reported high concentration of tritium (up to
410 nCi/l) in ground water from two monitoring wells located on the
property at the waste-burial site. He also noted high coliform bacteria
counts, up to 100 mg/I total organic carbon, 235 pCi/I alpha, 99 pCi/I
beta, radium-266 up to 18 pCi/1, and chromium and barium up to 1 mg/1
measured in ground-water samples from monitoring wells #301 and #302.
This evidence for waste-derived leachate in the underlying saturated-
zone ground water strongly argues against a simple calculation of the
steady-state water flux within the unsaturated sediments of Beatty site
alluvium. Macroscopic structural features in the alluvial sediments, such
as fractures, cracks, root holes, and fissures and occasional pulses of
recharge from the extreme precipitation events producing runoff probably
combine to establish localized downward flow of water through the thick
unsaturated zones and the apparent rapid migration of leachate.

YUCCA MOUNTAIN SITE

Currently, the U. S. Department of Energy is studying Yucca Mountain,
Nevada, as a prospective site for a high-level radioactive-waste
repository. The proposed repository horizon of highly fractured tuff is
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located in the vadose zone approximately 300 meters above the regional
ground-water table.

Yucca Mountain consists of east-dipping lithologic units of alternating
welded tuff (forming highly indurated porous rock) and nonwelded bedded
tuff. All units are fractured to varying degrees. The hydrologic roles the
fractures may play are key to site characterization but, to date, remain
undemonstrated by site-specific data. There are five hydrostratigraphic
units in which the unsaturated flow and fracture flow hydrologic
principles might be applied to develop conceptual flow models to guide
site-specific data-collection programs. For example, the uppermost unit
can be characterized as discontinuous surficial deposits in contact with
underlying units. It is variable in thickness, grain size, cementation, and
permeability. The moisture entering such deposits is likely occuring
under varying conditions and sometimes is concentrated both in time and
space. Matrix unsaturated flow principles may be applied to some of
these surficial lithologies, such as alluvium. The uppermost welded tuff,
the Tiva Canyon, is highly fractured. It is known that the rock matrix has
a low permeability and is locally close to 70% of saturation. We conclude
that local fracture flow occurs when there are flux rates greater than
about 1 mm/yr. Underlying the Tiva Canyon tuff is the Paintbrush
nonwelded bedded tuff unit which is characterized by a lower density of
fractures. The porous and moderately indurated nature of this rock unit
makes it possible for porous media principles and techniques to be applied
in attempts to characterize the hydrology of this zone. However, the role
the fractures may play in water movement cannot be ignored. Underlying
the bedded tuffs are Topopah Spring welded tuffs which include the
proposed repository horizon. This unit is moderately to densely welded
and devitrified, contains several lithophsal cavity zones, and is highly
fractured. The rock matrix is known to display very small hydraulic
conductivities and relatively small porosity values. The fractures must
play a major role with regard to any localized flow in time or space that
is greater than the smallest values of rock matrix hydraulic
conductivities. Porous media unsaturated flow assumptions may not
describe the flow conditions within this zone. Site-specific studies
which address the hydrologic role of the fractures are needed. The
underlying bedded tuff stratigraphic units which are above the ground-
water table are known as the Calico Hills and Crater Flat units. Both
vitric and devitrified tuff facies occur, the zone may be studied and
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characterized from a porous media perspective. However, the hydrologic
role of the abundant fractures cannot be ignored. Steady-state
unsaturated flow conditions might exist within this unit. The water flow
through the matrix of this unit might be studied following the well-
established principles.
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The purpose of this paper is to review
the physical principles and assump-
tions that are made governing the
movement of water, mass, and energy
through porous media as they may
relate to the Yucca Mountain and
Beatty nuclear waste repository sites
in Nevada.



DARCY'S LAW

FLUX - K(O) grad H



ASSUMPTIONS



1. Isothermal conditions prevail.



2. The porous matrix is a rigid system.



3. The chemical concentration
of solutes in the liquid phase
is negligible.



4. The gas phase is at constant
atmospheric pressure.



5. The liquid phase displays aconstant macroscopic
average density.



6. The storage of water in the
gas phase is negligible.



7. The volumetric flux of liquidwater is proportional to thehydraulic gradient
(i.e., Darcy's law is valid).



8. The coefficient of propor-
tionality in the Darcy
equation (the hydraulic con-
ductivity) is independent of
the hydraulic gradient and
position, but may depend on
other variables such as
water content and temper-
ature.



9. The water density of the
gaseous phase is a function
of the liquid water pressure.



10. The diffusion flux of the
gaseous phase of water is
proportional to the gradient
of the water vapor density
(i.e., Fick's law is valid)"



11. The porous medium isdirectionally isotropic withrespect to Darcy flow andvapor diffusion.



12. The coefficient of propor-
tionality in Fick's law (the
diffusivity of water vapor)
is independent of the vapor
density gradient and
position; it may depend on
other factors such as gas-
phase pressure, volumetric
air content, temperature,
and air-filled pore-space
geometry.



Modified from the SCP (DOE, 12/88)



Properties of Hydrogeologic Units
Within the Unsaturated Zone*

Yucca Mountain, Nevada

Saturated
Hydraulic

Thickness Conductivit Saturation
Hydrogeologic Unit Range, m Porosity mm/yr (percent)

Tiva Canyon welded 0 -150 0.12 0.73 67

Paintbrush nonwelded 20-100 0.46 3285 61

Topopah Spring welded 290 - 360 0.14 1.10 65

Calico Hills nonwelded 0.37 1460 90
(vitric) 100 - 400
Calico Hills nonwelded 0.31 2.92 91
(zeolitic)

Crater Flat unit 0 - 200 0.23 18.25 88
(undifferentiated)

*Table 1 of P. Montazer & W.E. Wilson, 1984, USGS, WRIR84-4345.



BEATTY SITE

FLUVIAL GRAVEL WITH
BOULDERS AND SAND

FANGLOMERATE AND
DEBRIS-FLOW DEPOSITS

CLAY WITH GRAVEL

FANGLOMERATE AND
DEBRIS-FLOW DEPOSITS

CLAY

100 BOULDERS

CALCAREOUS CLAY AND LIMESTONE (?)

CLAY WITH GRAVEL

CLAYEY LIMESTONE (?)

150 FANGLOMERATE AND
DEBRIS-FLOW DEPOSITS

BEDROCK (?)

From USGS Water-Supply Paper 2312 by W. D. Nichols, 1987



Table 1. The probable validity or Invalidity of the 12 simplifying assumptions
for unsaturated flow of water through different geological materials.

Yucca Mountain Site Beatty Site

1 2
Welded Tuff Bedded Tuff

Unsaturated zone (many fractures) (fractured) (Alluvium)
assumption
number (as Matrix Fracture Matrix Fracture Primarily
noted in text) Water Water Water Water Matrix Water

1 The welded tuff is representative of the Tiva Canyon and Topopah Spring
stratigraphic unit.

2 The bedded tuff is representative of the Paintbrush nonwelded, Calico Hills,
and Crater Flat stratigraphic units.

3 l Probably invalid assumption V = Probably valid assumption



Table 2. Drilling methods for vadose zone in unconsolidated and consolidated media.

Unccon- Consoi- Fluids Hole Casing
Drilling Method solidated dated Depth Added Size Needed

Auger Yes No Very limited No Small No

Dual-Wall
Reverse Circulatlor Yes Yes 1500-2500'(?) Air Small No

Conventional/Air Small
Foam Rotary Yes Yes Unlimited Yes to large No

Cable-Tool Small
(Percussion) Yes yes Unlimited1 Yes to large Yes

Odex-Reverse3
Circulation Yes Yes Limited to 450 Air 6" Yes

Vacuum-Reverse 3
Circulation Yes Yes 1750' Air 17 No

Hole size reduction may be needed.
2

Normally used in unconsolidated media
3

Yucca Mountain DOE experience.



Table 3. Field monitoring and sampling field methods for the vadose zone.

The known utility of method
to monitor liquid and gaseous

State-of-the-Art phases within vadose zone tuff
Monitoring and Sampling Liquid Phase Gaseous Phase

Field Methods Matrix Fracture Water

Water Water Vapor Others

Tenslometer ? ? No No

Heat-dissipation probe Yes ? Yes ?

Thermocouple psychrometer Yes ? Yes ?

Gas sampler tube No No Yes Yes

Double-valve purge sample pump Yes* Yes ? ?

Thief sampler system Yes* Yes* Yes Yes

Neutron logger Yes ? No No

Gamma-ray logger Yes ? No No

Resistance blocks ? ? ? No

Liquid samples from boreholes.



CONCLUSIONS

I. THAT UNSATURATED FLOW PRINCIPLES SHOULD BE
VERY CAUTIOUSLY APPLIED TO FRACTURED ROCKS.

II. USEFUL SITE-SPECIFIC HYDROLOGIC DATA SHOULD
BE POSSIBLE TO ESTABLISH BASED ON EXISTING
DRILLING, SAMPLING, AND MONITORING
TECHNOLOGY.

III. CONFIDENT PHYSICAL UNDERSTANDING OF THE
HYDROLOGY OF THICK, ARID-ZONE ENVIRONMENTS
IS YET TO BE ESTABLISHED,
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Section B

Disturbed Zone Program

Introduction

The concept of the disturbed zone is important because the outer boundary of the disturbed zone
(away from the repository) is the starting point for the calculation of ground-water travel time to the
accessible environment. If this boundary is close in to the mined openings of the repository, more credit
can be taken by DOE for travel of the ground water through a larger volume of rock in the vadose zone.
Conversely, if the boundary extends a greater distance from the repository, less credit for ground water-
travel time can be claimed.

Complicating the concept is the possibility that a generic, fixed-distance boundary might be
claimed for the disturbed zone, based only upon the thermo-mechanical effects on the rocks from mining
the openings of the repository, such as proposed by the NRC. An alternative is a site-specific variable
distance boundary that also considers phase changes in the wetting fluid within the vadose zone as well
as the pathways these fluids might encounter, such as fractures. Furthermore, dissolution and alteration
of the solid phases by water-rock Interactions should be taken into account as well because these
changes can potentially affect the thermo-mechanical properties of the enclosing rock.

The DOE prefers the first approach, the potentially nonconservative, generic fixed-distance
boundary from mined repository workings because this approach yields the greater physical distance and
thus the greater ground-water travel times. However, this approach may not be completely in keeping
with the original definition of the disturbed zone, i.e., that volume of rock adjacent to the repository in
which processes resulting from loading nuclear waste canisters into the repository are too complex to be
accurately modeled or simulated. If the generic fixed-distance boundary is closer to the repository than
the site-specific boundary, the implication is that complex processes occurring in the disturbed zone can
be modeled by DOE.

In reviewing the DOE EA and the NRC Draft Generic Technical Position on the Disturbed Zone,
MAI finds an Incomplete and perhaps even lack of understanding of the complicated processes likely to
occur In a disturbed zone within the vadose zone, such as refluxing of aqueous fluids and
dissolution/alteration of the rock mass. Thus, the choice of a generic fixed-distance disturbed-zone
boundary by DOE and NRC is at best a simplification of reality or a nonconservative error in judgment to
obtain the greatest possible ground-water travel times for satisfying regulatory requirements.

Based on this DOE/NRC position and MAI concerns with respect to the reasonableness of this
approach to satisfying several key licensing criteria, MAI has chosen the disturbed zone for further
Investigation and evaluation. Briefly stated, the issues addressed in this section are:

1. Effects of phase changes In the aqueous fluids in the fractures and matrix pores of the host rock
on the physical extent of the disturbed zone.

2. Effects of dissolution and alteration of the host rocks on the integrity of the repository with respect
to the release of radionuclides to the accessible environment

3. Should the boundary of the disturbed zone be fixed at some generic distance (presently about 50
meters) from mined openings in the repository host rock or at a site-specific variable distance
depending upon phase changes in fluids, fluid pathways, and alteration and dissolution of the
repository host rock resulting from fluid-rock Interaction.

- Page 11 of 68- MY891201a
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The results of exploratory investigations in this section point to the fact that the integrity of the
repository will be affected, and that the boundary of the disturbed zone could be at a greater distance
than the currently defined 50 meters from mined openings of the repository because of rapid fluid
movement in fractures and fissures and dissolution/alteration which will be induced by the heat from the
entombed high-level nuclear waste canisters.

The appendix of this section contains abstracts of papers presented at professional meetings and
other technical documents that are offshoots of MAI research efforts. A list of these papers and technical
documents precedes the appendix.

- Page l2 of 68 - MY891201a
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Disturbed Zone

ISSUES:

Determine how the extent of the disturbed zone is affected by phase changes In the aqueous
fluids in the fractures and matrix pores of the host rock, Topopah Springs tuff, and possibly other
surrounding units. The phrase "phase changes in the aqueous fluids" implies boiling of pore and fracture
water within the drying out envelope which is in the immediate vicinity of the nuclear waste canisters, and
the condensation of water vapor to liquid water at some greater distance from the canister where the rock
is below the boiling point of water (altitude corrected).

OBJECTIVES OF ACTIVITY:

Determine by geochemical computer modeling, using (as realistic as possible) vadose-zone
water composition: (1) the chemistry of the aqueous and gaseous phases as boiling of vadose water
progresses; (2) the degree of precipitation of minerals in the zone of boiling; and (3) the degree of
dissolution/reaction of minerals in the condensation zone.

ACTIVITY SUMMARY:

Calculations of open and closed system boiling of Rainier Mesa vadose water, condensation of
boiled gases, and reaction of boiling water with the Topopah Springs welded tuff have been completed.
Computer codes (CHILLER and SOLVEQ) have been modified to improve calculations involving
aluminum, for heat addition to calculate volumes of minerals produced or destroyed, and to compute
changes in rock porosity. Documentation of the computer codes has been completed as part of the
quality assurance requirements.

FINDINGS:

In reactions of boiled-gas condensate with the Topopah Springs welded tuff, the pH of the
aqueous phase is near neutral for all likely water/rock ratios.

As boiling of vadose-zone water proceeds, the pH of the residual solution increases due primarily
to degassing of C0 2 and concentration of the salts. If gas remains in contact with the water and minerals

precipitating due to boiling, the system is referred to as closed; otherwise, if the gas is removed
incrementally (Rayleigh fractionation) the system is considered open. Open system boiling calculations in
which the gas phase escapes consistently produces higher pH's in the residual solutions. The
predominant mineral precipitate is calcite.

INTERPRETATION OF FINDING(S):

Calculated boling of vadose water produces a highly alkaline, saline solution that precipitates
several minerals, dominantly calcite. These precipitated minerals would most likely plug pores and
fractures above the canisters in the zone of boiling resulting in the formation of a perched water layer due
to the gravity and capillary Induced return of condensed water vapor and ongoing infiltration of surface
water. Residual pockets of highly alkaline saline water plus any water that may penetrate the zone of
plugging as the thermal peak wanes may redissolve previously precipitated salts in the zone of complete
drying out (between canister and zone of boiling), and may eventually contact the canisters and
accelerate corrosion under oxidizing conditions.

- Page 13 of 68 - MY891201a
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ADDITIONAL WORK REQUIRED:

* Significance of calculations would be greatly improved if complete analyses of the compositions
of vadose waters from Yucca Mountain were available.

* Calculations should proceed to dryness (all liquid water converted to vapor).

* Investigation of the reaction of condensed water vapor (especially using vadose zone water from
Yucca Mountain as the starting aqueous composition) with repository host rock (Topopah Springs
tuff).

* Determine or estimate thermochemical properties of phases needed to complete calculations.

RECOMMENDED PROGRAM:

Ultimately, the geochemical calculations must be combined with hydrogeological calculations on
heat and fluid transport (to establish temperature gradients and mass fluxes) to compute the geochemical
Interaction of the entire refluxing system (boiling fluids to condensing vapor and all water-rock
Interactions). The importance of fracture versus matrix flow must also be independently established (by
field studies) for these types of modeling computations to be relevant to the disposal of high-level nuclear
waste at Yucca Mountain.

EXISTING PROGRAM:

The computer algorithms for the geochemical calculations involving boiling and condensing
aqueous fluids have been developed by Dr. M. H. Reed and colleagues at the Department of Geological
Sciences, University of Oregon. Calculations thus far have involved Rainier Mesa vadose water and
Topopah Springs welded tuff for open and closed systems and gas-condensate reactions (see manuscript
by Reed and Spycher in Appendix B-I ).

A severe reduction in funding has caused the cancellation of this project.

Principal Investigator:

Dr. M. H. Reed, Department of Geological Sciences, University of Oregon.

-Page 14 of 68 - MY891201a
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Disturbed Zone

ISSUES:

Determine whether dissolution of the host rock will impact the postclosure integrity of the
repository with respect to release of radionuclides to the accessible environment.

Determine how significant dissolution will be as a result of the refluxing of aqueous fluids that
most likely will occur during the thermal pulse (thermal peak is about 50 to 100 years after emplacement
of canisters).

Determine whether the zone of dissolution will significantly extend the disturbed zone as defined
by the NRC.

OBJECTIVES OF ACTIVITY:

Determine the effectiveness of a thermal gradient in promoting mass transfer, dissolution, and
alteration of the host rock mineralogy, including those phases thought to sorb radionuclides efficiently,
such as clays and zeolites.

ACTIVITY SUMMARY:

A vertical thermal gradient experiment was designed and tested that simulated conditions
anticipated in partially saturated Topopah Springs welded tuff after emplacement of waste canisters. The
experiment consists of a vertically-operated reactor (PVC or aluminum pipe, 4" O.D. and 24" long)
containing the rock sample and a heater assembly at the bottom and a cooling assembly at the top. The
power adjustment of the heater at the bottom produces a zone of boiling while adjustment of water
temperature and flow rate in the cooling assembly results in a condensation zone above the boiling zone.
These adjustments permit the heat flux, and consequently, the mass flux through the reactor to be
controlled.

Additionally, a hydrothermal mixed flow reactor has been designed, constructed, and pressure
and flow tested. This reactor operates at a constant temperature and is to measure the rates of reaction
of minerals important for sorption of radionuclides and dissolution of the repository host rock.

FINDINGS:

A zone of boiling formed at the bottom and a zone of condensation formed directly above It.
Almost all the grains showed evidence of leaching with the most extensive dissolution occurring In the
zone of condensation. Iron oxyhydroxides globules and opaline silica coatings precipitated throughout
the experimental sample. Alteration mineral phases formed on grains near the bottom of the reactor
column, and tuff grains at the very bottom of the reactor were tightly cemented by deposits of opaline
silica.

INTERPRETATION OF FINDINGS:

The results strongly support the hypothesis that mass transport, dissolution, and mineral
alteration/precipitation are greatly enhanced In temperature gradients versus Isothermal
pseudo-equilibrium conditions. Temperature gradients exist today at Yucca Mountain In the form of the
geothermal gradient and those formed after emplacement of waste canisters will certainly be more
extreme than the preexisting natural geothermal gradient. Although isothermal experiments provide
baseline information that can be interpreted In terms of existing geochemical computer models, processes
and interactions in thermal gradients can not be predicted nor interpreted with the current "equilibrium"
geochemical algorithms.
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ADDITIONAL WORK REQUIRED:

Past experiments have utilized crushed tuff; future experiments would also employ solid cores of
Topopah Springs tuff with and without fractures. Realistic vadose-zone water compositions must
eventually be utilized for these experiments to be relevant to Yucca Mountain in particular. Other
parameters that need to be varied to determine their effect on the rate of mineral alteration and/or
dissolution and the rate of mass transfer include the thermal flux and the degree of filling of the vessel
(determines the degree of saturation during the experiment).

Authigenic mineral phases need to be identified, physical properties of products determined
(porosity and permeability), and waters sampled during experiments analyzed.

Kinetic experiments in the hydrothermal mixed-flow reactor will commence as soon as possible.
Kinetic information on those mineral phases important to the sorption and dissolution issues is sorely
needed.

RECOMMENDED PROGRAM:

The ultimate goal of this program is to determine if the nonequilibrium thermodynamics of the
situation being simulated by experiments can be predicted (with a reasonable number of quantified
experiments), and if it is predictable, can the results of models be scaled up to the repository scale? To
achieve this goal, a sufficient number of experiments is required in which the sample type (crushed tuff
versus solid core, with and without fractures), thermal flux, water composition, degree of saturation, and
physical size of the reactor vessel are varied. The results must be quantified as well for input to a model
that is to be developed.

EXISTING PROGRAM:

The existing program has demonstrated that the phenomenon of mass transport and mineral
alteration/dissolution In a thermal gradient can be a significant factor In the licensability of a repository at
Yucca Mountain (see papers, abstract, and reports by Rimstidt and colleagues In Appendices B-I and B-
II).

Principal Investigator:

Dr. J. D. Rimstidt, Department of Geological Sciences, Virginia Polytechnic Institute and State
University.
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Disturbed Zone

ISSUE:

The key issue of the disturbed zone is whether the boundary should be fixed at some distance
(presently 50 meters) from mined openings in the repository host rock. This 50 meter distance is
purportedly based on changes in intrinsic rock properties and not (as we believe) on any changes in
multiphase fluid states in the host rock's pores and fractures. As defined, the disturbed-zone boundary
distinguishes between processes that are too complex to be modeled (thermal and mass transport and
transfer) within the boundary and those processes that can be modeled outside of the boundary.

Determine whether the disturbed-zone boundary should take Into account the multiphase fluid
effects and accompanying mineral alteration/dissolution effects.

OBJECTIVES OF ACTIVITY:

MAI is attempting to evaluate the scientific reasonableness of the disturbed zone definition, and
thus the boundary, on the basis of theoretical analysis of multiphase flow near a thermal source,
published data in the open literature, and by obtaining and utilizing public domain, DOE, and DOE
contractors' hydrogeologic and geochemical modeling software on realistic problems associated with the
development of the thermal envelope surrounding the loaded repository.

ACTIVITY SUMMARY:

A preliminary theoretical analysis of three transport mechanisms thought to occur in the vadose
zone near a nuclear waste repository have been reviewed. These mechanisms include vertical transport
of gas bubbles near fractures, the heat-pipe effect in heterogeneous media, and noncondensable
gaseous transport into or out of low permeability rock.

The following hydrogeologic and geochemical software modeling packages (programs) have
been requested and obtained by MAI:

TOUGH (hydrogeological, K. Pruess, LBL): tested on mainframe and personal computers.

PHREEQE (geochemical, U.S.G.S., Intera version): debugged on personal computer.

EQ3/6 (geochemical, DOE-LLNL): adaptation to Apple Macintosh computer proceeding.

SAGUARO (hydrogeological, DOE-SNL).

NORIA (hydrogeological, DOE-SNL).

PETROS (hydrogeological, DOE-SNL).

Princeton Transport Code (hydrogeological, Princeton University): not completely debugged on
non-IBM personal computers.

FINDINGS:

Gas bubbles can be generated by the capillarity-driven instability of gas fingers protruding into a
water-saturated fracture of varying dimensions. The gas bubbles generated by this snap-off mechanism
could be very mobile in the vertical direction. The heat-pipe effect can be a major driving force of
transport in a heterogeneous, partially saturated media near the repository. If Kelvin vapor pressure
lowering effects (associated with water saturation gradients) overcome temperature-gradient driven
vapor-pressure gradients, degassing of low permeability rock would occur. Gaseous radionuclides
flowing in fractures would therefore be blocked for adsorption back into the rock matrix.
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The existing working NRC definition of the disturbed zone Is seriously flawed and unrealistic. The
disturbed-zone boundary is an extremely complicated concept and existing hydrogeologic and
geochemical computer software modeling algorithms are not capable of realistically modeling the situation
simultaneously (no one program exists that performs both hydrogeologic and geochemical modeling) or
individually. The hydrogeological models must be capable of handling thermal and mass transport of
multiphase fluids in matrix and fractures under saturated and undersaturated conditions; geochemical
models must have the ability to model mass transfer under nonequilibrium (irreversible thermodynamics)
conditions (thermal gradients). However, from a more fundamental standpoint, the basic hydrogeologic
and geochemical parameters needed to perform modeling have not been determined to a sufficient
degree of detail or accuracy by DOE and their contractors.

INTERPRETATION OF FINDINGS:

These findings strongly suggest that if the extent of the disturbed zone Is based on that volume of
rock In which processes are sufficiently complex that they can not be modeled, the boundary of the
disturbed zone could be at a much greater distance than the currently defined 50 meters from mined
openings of the repository.

ADDITIONAL WORK NEEDED:

Quantification of the three transport mechanisms by field and laboratory testing Is urgently
needed.

Computer software modeling packages that have been obtained need further evaluation
(debugging and testing) within the full gamut of problems: from simple cases to realistically complex ones.
Technical literature, as well as NRC and DOE documents, will be reviewed and evaluated as they
become available. New software developed by DOE or DOE contractors needs to be reviewed and
tested in terms of assumptions employed, data utilized, and situations modeled.

RECOMMENDED PROGRAM:

The recommended program has several parts and Is similar to that described above:

- Quantification of transport mechanisms by field and laboratory testing and modeling.

- Review and evaluation of published technical literature, including that by DOE, DOE
contractors, and the NRC.

- Acquisition of public domain, commercial, and DOE/USGS/NRC - contractor computer
modeling software and hands-on testing and evaluation of these codes;

- Generation of progress reports, technical position papers, and/or publications for the State of
Nevada NWPO program regarding the disturbed zone.

EXISTING PROGRAM:

The existing program Is essentially simliar to the recommended program, except that there have
been no funds specifically designated for computer work during the contract; thus this aspect of the
program is suffering (see report by udell In Appendix BII and presentation by Shettel in Appendix B-III).

The portion of this program dealing with the analysis of transport mechanism has been cancelled
due to budget constraints (see report by Udell in Appendix B-II).

Principal Investigators:

Dr. D. L. Shettel, Jr. (MAI) for hydrogeochemical modeling.

Dr. K. S. Udell (University of Califomia, Berkeley) for the analysis of transport mechanisms.
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Appendix B-I

List of Published Papers, Abstracts, and Draft Manuscripts

Newcomb, N. W. and J. D. Rimstidt, 1988, An experiment to simulate mass transport near the Yucca
Mountain high-level radioactive waste repository, GSA abstract and poster session.

Reed, M. H. and N. F. Spycher, 1988, Chemical modeling of boiling, condensation, fluid-fluid mixing and
water-rock reaction using programs CHILLER and SOLVEQ: draft manuscript to be published in
symposium proceedings.

Rimstidt, J. D., W. D. Newcomb, and D. L. Shettel, Jr., 1989, A vertical thermal gradient experiment to
simulate conditions in vapor dominated geothermal systems, epithermal gold deposits, and high
level radioactive repositories in unsaturated media: Sixth International Symposium on Water-
Rock Interactions abstract.

Williamson, M. A. and C. L. Knight, 1989, Characterization of authigenic zeolite phases in vapor
dominated hydrothermal systems with micro-Raman spectroscopy: Microbeam Society meeting
abstract.
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ABSTRACT
A vertical thermal gradient experiment (VTGE) was

designed to subject samples of partially saturated Topopah
Springs member of Yucca Mountain tuffs to geochemical
conditions that will likely result from the burial of heat
producing, high level radioactive waste canisters. The reactor
consists of a PVC or aluminum pipe, 4 inches diameter, 24
inches long filled with crushed tuff and enough water to partly
saturate the pore spaces. A heating assembly at the bottom and
a cooling assembly at the top of the pipe impose a thermal
gradient so that water in the pores of the tuff at the bottom of
the reactor boils and travels upward as steam which condenses
near the top of the reactor. The condensate dissolves some of
the tuff and returns to the bottom of the reactor by gravity
flow. The reactor design allows the solution and gas
composition, heat flux, percent saturation, and matrix
permeability to be varied from experiment to experiment.

Initial experiments of one month duration with 30 and 80%
of the pore volume filled with liquid water show significant
alteration of the tuff. Scanning electron microscope
observations of the run products show leaching and pitting of
grains throughout the entire column, with more extensive
damage to samples from the upper 20 cm of the column. Zeolite
alteration minerals formed in the middle and bottom of the
column. Iron oxyhydroxide formed by the oxidation of ferrous
iron leached from the tuff and opaline silica coatings were
ubiquitous and extensive throughout the run products. Near the
very bottom of the reactor the tuff grains were cemented
together by precipitates.

These experiments show that refluxing of water from partly
saturated pore spaces in the Yucca Mountain tuffs can result in
extensive mineral alteration and transport and that geochemical
conditions similar to those found in vapor saturated geothermal
systems and epithermal gold deposits may be obtained during
the early stages of the life of the proposed high level waste
repository.



INTRODUCTION
The Vertical Thermal Gradient Experiment (VTGE) described

in this report is designed to simulate the heat and mass flux
conditions expected in the Yucca Mountain high level radioactive
waste repository. Burial of high level radioactive waste
canisters in the partly saturated Yucca Mountain tuffs at the
Nevada Test Site will induce a steep thermal gradient much like
natural geologic situations where shallow-seated magmatic
intrusives cause anomalously high geothermal gradients. The
steep thermal gradient produces a system that is far from
equilibrium with conditions comparable to those found in
present day vapor dominated geothermal systems. These natural
systems show dramatic redistrubution of elements and
alteration of the host rocks. If similar geochemical conditions
develope in the rocks surrounding the waste disposal vaults in
the Yucca Mountain tuffs, the integrity of the disposal site could
be seriously compromised.

Vapor dominated geothermal systems occur in areas of high
heat flow in rocks where the recharge of ground water does not
equal the heat-driven discharge to the surface. The voids in the
rocks are filled with both water vapor and liquid water in
proportions controlled by a compex interpaly of heat flux, mass
flux, and rock permeability (Cline et al. 1987). Vapor dominated
geothermal systems can be divided into two main geochemical
zones: a boiling zone and a condensation zone (Figure 1). These
zones are well documented by Krupp and Seward (1987, Fig. 2)
and Hulen and Nielson (1986, Fig. 6). The end product of a vapor
dominated geothermal system is observed in epithermal gold
deposits. The results of many studies on these deposits are
summarized in Buchanan (1981) and Heald et al. (1987).

The Vertical Thermal Gradient Experiment simulates a heat
source (waste canisters or magmatic intrusion) emplaced at the
base of a column of partly saturated tuff and mimics the
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conductive cooling through an overlying impermeable layer whch
confines the system (Figure 1). In our experiment, the bottom of
the reactor is a boiling zone analogous to the area surrounding
the entombed waste canisters, while the top of the reactor is a
condensation zone analogous to the layers of densely welded
tuff overlying the repository host unit. Depending on the
mineralogy of the solids in the reactor and the amout of CO2
generated from decarbonation of calcite, the condesate is
generally mildly acidic causing alteration of the minerals in the
condensation zone. As these fluids trickle downward, due to
gravity, they react with the surface of the tuff grains leaching
alkali and alkaline earth elements and silica. By the time the
solution reaches the boiling zone at the bottom of the reactor, it
will have been neutralized but become saturated with the
elements leached during its downward journey. Removal of the
water from this solution by boiling causes the solution to
become supersaturated with respect to amouphous silica, clays,
and zeolites so they precipitate in the boiling zone. These
alteration minerals can be identified using SEM, x-ray powder
diffraction, and microprobe analyses and their abundance and
composition related to the run conditions. This experiment is
inexpensive to construct and simple to operate so that it is
economically feasible to operate several simultaneously to test
a wide range of thermal gradients, solution compositions, and
permeabilities.

EXPERIMENTAL DESIGN
Figure 2 shows schematically the overall configuration of

the Vertical Thermal Gradient Experiment. The reaction
chamber containing the Yucca Mountain tuff sample is an
aluminum or PVC pipe, 4 inches inner diameter. with a wall
thickness of 1/8 inch, and a length of 24 inches. The volume of
the reactor is approximately five liters. These dimensions were
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chosen so that boundary condition effects are minimized, and
the reactor is long enough to develope mineral zonations but
short enough to be manageable in the laboratory.

The heating aassembly and cooling asembly are constructed
from machined aluminum blocks and attached to the ends of the
reactor pipe with machine bolts (Figures 3, 4 and 6). The
heating assembly contains a 200 watt, disk-shape, resistance
heater that is secured by silica wool packing against the
interior face of the block. A backing plate of thermal insulation
board is bolted onto the end of the block to close the interior
volume (Figures 4 and 5). The power output of the heater is
controlled by a variable voltage transformer. The cooling
assembly consists of a chamber that holds approximately 110
mL of water. A viton o-ring seals the gap between the body and
the aluminum lid bolted onto the top of the asembly (Figures 6
and 7). An external metering pump circulates water into the
chamber where it absorbs heat from the reactor through the
bottom of the aluminum block. Cooling water enters the cooling
assembly along the central axis and is forced to flow radially
across the heat exchange face by a baffle before it exits near
the periphery. The water then exits the chamber to a holding
tank where it cools until it is subsequently recirculated (Figure
2). Brass swage-type tube fittings secure copper tubes
conducting the cooling water in and out of the upper block
chamber. In-line thermometers record the temperature of the
teed and effluent water (Figure 6). The temperature difference
between thee effluent and feed streams is used to calculate the
amount of heat removed from the top of the reactor. The heating
and cooling assemblies extend one inch into each end of the pipe
and are sealed against the inside face of the pipe by viton
o-rings (Figure 3).

The entire length of the apparatus is insulated by three,
one-inch thick layers of polyurethane foam. Two aluminum

3



sheets formed into half cylinders cover the foam layers to form
the exterior of the experiment. Fitting the insulation halves
tightly together around the pipe minimizes the lateral heat loss.
A sheet of one inch-thick polyurethane foam is placed on top of
the reactor to minimize heat loss from the top of the cooling
assembly (Figures 2 and 3). The reactor sits on a piece of one
inch thick thermal insulation board to retard the heat loss out
of the bottom (Figure 2).

Seven holes (9/16 inches diameter) were drilled into the
side of the reactor pipe (Figure 2). The three on each side, 1800
apart, are sampling and thermometer ports and the one, two
inches from the top, is a vapor escape port. The reactor is open
to the atmosphere through the vapor escape port located near
the top of the pipe. This port allows noncondensible gases
produced by water/rock reactions to escape, keeping the system
at atmospheric pressure. The holes on one side of the pipe serve
as fluid sampling ports and are sealed by septum stoppers. We
use 30 mL syringes with three inch long needles to withdraw
fluid. The holes on the other side of the reactor serve as ports
for dial thermometers. The thermometers are secured through
rubber stoppers held in the holes by friction fits. These dial
thermometers monitor the temperature gradient inside of the
reaction pipe and are located 3, 11 -1/2, and 19-1/2 inches
above the bottom of the pipe (Figure.2).

The run material, nonlithophysal tuff from the Topopah
Springs member from Yucca Mountain, Nevada was crushed and
sieved to a size fraction of 2 mm. Fines were washed from the
run sample and the washed material was then dried in an oven at
1 00C. SEM observations of the unreacted run material showed
that the surfaces of these grains are essentially free from
fines. The permeability and porosity of the run charge was
determined before loading the reactor. We found porosity
values of 45 ± 5% for the samples used in our experiments. The
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permeability of the run material was determined from the rate
of flow of water through a packed column as described in Figure
8. The permeability of the run charges averaged 0.0385 ± 0.012
cm sec-1 . At the present we have no simple way to measure any
change in permeability over the duration of the experiment but
expect it to change very little. This is elaborated in the
discussion section.

Two experimental runs were conducted with the VTGE. In
the first run, 30% of the pore volume was filled with
distilled/deionized water (445 mL of water added to a total
volume of run sample of 3711 cm3 with an average porosity of
45%). For the second run, 80% of the run sample pore volume
was filled with distilled/deionized water (1.5 liters of water
added to 3711 cm3 of solids with 45% porosity).

RESULTS
The first experiment ran for approximately 25 days until

the temperature at the bottom and middle of the column
exceeded 1500C. The thermal histories of the various parts of
the experiment are, shown in Figure 9. Ove r the course of the
experiment, water vapor escaped the system via the
non-condensible vapor escape tube located at the top of the
reactor until virtually all of the 445 mL initially present had
evaporated. Without the convective cooling of the
boiling/condensing water in the reactor column, there was no
way to transport the heat from the heater at the bottom of the
reactor except by conductance through the column walls and
solid run materials. The temperature of the base of the reactor
gradually increased until the run had to be terminated to avoid
seriously damaging the apparatus.

The run solids were collected after the experiment ended.
Seven, three inch layers of run solids, starting from the top of
the reactor column, were removed and stored in plastic bags
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according to the scheme described in Figure 10. Samples from
four intervals (A, D, F and G as illustrated in Figure 10) were
observed using scanning electron microscopy (SEM). The solids
from the zone A of the reactor column showed abundant deep
etch pits of one to 10 microns wide and were generally coated
with opaline silica. Amorphous iron oxyhydroxides were also
abundant throughout this zone. Occasionally, crystals with
tabular or bladed morphologies were observed perched on top of
the opaline silica coating. Samples from zone D showed
abundant (more than in the top interval) approximately 10
micron wide etch pits. Opaline silica was less abundant. No
iron oxyhydroxides were observed in this zone. Zone F also
showed very abundant etch pits, ranging in size from one to 10
microns. Opaline silica coatings were nearly ubiquitous and iron
oxyhydroxides were common. In the bottom zone (G), etch pits
were less abundant than in the D and F zones, but iron
oxyhydroxides were very abundant. Opaline silica coatings,
although still very abundant, were not as common as in the F
directly above it. No other alteration minerals were observed in
the bottom zone.

The second experiment ran for 31 days with only a minor
problem with the cooling water pump which resulted in a
higher-than-expected temperature at the top of the reactor
(Figure 1 1). At the end of the run, as with the first experiment,
seven, three inch-thick layers of run solids were removed from
the column (see Figure 10). All samples showed extensive iron
staining. The run solids had become tightly cemented together
in a layer along the bottom of the column, across the face of the
heating assembly, and upward from the bottom along the wall of
the reactor column for about three inches. The cemented run
solids and the samples from each zone were stored in plastic
bags.

SEM observations were made on samples from zones A, C, E,
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and G. Extensive dissolution pitting was observed on samples
from zone A with pits on average 1 0 microns in diameter.
Opaline silica coatings were fairly abundant throughout this
zone. Iron oxyhydroxides in the form of amorphous aggregates
and spheres were very abundant. In the sample section from
zone C, etch pitting was very severe. Many pits were on the
order of 30 microns in diameter. No silica deposition was

observed but iron oxyhydroxide coatings were common
throughout the sample. In zone E, etch pitting also was very
severe, opaline silica coatings were observed rarely, and iron
oxyhydroxides were very abundant. In addition, two alteration
minerals, assumed to be zeolites, were observed on one grain
from this zone. One mineral was tabular, blocky with cubic or
tetragonal growth steps exposed on one side of the crystal. The
second was an aggregate of fibers. Both crystals had grown on
top of the etch pitted, iron oxyhydroxide coated surface. The
grains from zone G were extensively pitted, but no silica
coatings were observed. Several alteration minerals were
observed on the grains from this zone. Cigar-, bowtie-,
spherical- and botryoidal-shaped alteration phases were very
abundant throughout this zone. The cigar- and bowtie-shaped
crystals appear to be zeolites, but it was not possible to
distinguish whether the spherical and botryoidal grains were
zeolites or iron oxyhydroxides. The cemented grains along the
bottom and walls of the column show no visible alteration such
as etch pits or alteration mineral growth. The cement appears
to be amorphous silica. The cemented grains were about one
grain layer thick and very well indurated.

DISCUSSION
The heat and mass flow characteristics of this experiment

are closely linked. The rate of heat generation is limited by the
200 watt heater to 200 J sec-1. This limits the heat flux to a

7



maximum of 2.5 J cm 2 sec 1. Experiments with much higher
heat fluxes could be operated by replacing this heater with a
more powerful one as well as the viton o-rings in the heater
assembly with teflon ones. However, such high heat fluxes are
about a thousand times higher than reported for natural systems
(Vikre 1987) and would likely result in hydrothermal eruptions
(phreatic explosions) in the lower permeability rocks commonly
found in nature (Henley and Thornley 1979, Hedenquist and
Henley 1985).

Lower heat fluxes can be produced by lowering the voltage
across the heater using the variable transformer. The rate of
heat production, P (J sec-1), produced by the disk heater in the
heating assembly is found from the equation

where I is the current delivered by the variable voltage
transformer (amperes), R is resistance of the heater (55 ohms)
and V is the voltage delivered by the variable transformer
(volts). The rate of heat removal by the cooling assembly, Q (J
sec-), can be calculated from the equation

where C, is the heat capacity of the cooling water (=4.2 J cm-3

K-1 ), rf is the flow rate (cm 3 sec 1 ) and T is the temperature
difference between the effluent and feed streams. The R-factor
of the three inch thick layer of insulation surrounding the
reactor pipe is 0.15 BTU/hr/ft2 / F/in so that the heat loss
through the insulation for the entire experiment should be
approximately 6x104 J . This value is negligible when
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compared to the total heat flux. However, in both experiments
the value of Q was found to be about two-thirds that of P,
suggesting that a substantial amount of heat produced by the
resistance heater is lost to the surroundings. Furthermore, the
variation of Q over the duration of the experiments (Figures 12
and .13) appears to be the result of both diurnal variations in the
ambient temperature resulting in more or less conductive heat
loss to the surroundings and of variations in the flow rate of the
cooling water. These problems can be fixed by improving the
insulation around the reactor, particularly below the heating
assembly, and by obtaining a new, more reliable cooling water
pump. These changes will be made before the next experiment.

The general flow scheme of the reactor can be modelled
simply as a boiling zone at the bottom and a condensation zone
at the top. In experiments where the charge has a high
permeability, virtually all of the heat is transported by
convective flow so the water flux is tied directly to the heat
flux. Liquid water is converted to vapor in the boiling zone in
the bottom of the reactor at a rate (g/sec) proportional to the
heat flux (dq/dt)

where h is the heat of vaporization of water (2257 J g-1 at
1 00C). The vapor produced in the boiling zone rises
convectively to the condensation zone where it gives up its heat
energy to becomes liquid water. The liquid water trickles
downward by gravity flow and dissolves mineral material from
the tuff surfaces it contacts. Eventually it enters the boiling
zone where water is removed from the solution by boiling so the
solutes become more and more concentrated and alteration
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minerals precipitate. A simple example of the coupling between
heat flux, water flux and mineral transport is given in Table 1.
This calculation shows that if the charge in the experiment
were quartz sand, at most 5.7 g of silica would be transported
from the top to the bottom of the reactor over an experiment of
one month duration. More soluble minerals and silica from
dissolving glass will be transported at a higher rate but it is
unlikely that the transported material could alter significantly
the porosity or permeability of a run charge over a one month
experiment. At lower permeabilities conductive heat transport
becomes more important so the convective transport of water
and dissolved material becomes less effective.
Presently, the VTGE functions quite well when at least 80% of
the pore volume in the reactor is initially filled with liquid
water. The failure of the first experiment resulted from the
gradual evaporation of water over the duration of the
experiment until there was none left to transport heat away
from the heating assembly. As a result the bottom part of the
reactor became hotter than allowed by the design so the PVC
pipe was damaged and the experiment had to be terminated. In
the second experiment, the PVC pipe was replaced by an
aluminum one in order to avoid any damage that would be caused
by a water loss failure. However, such a failure did not occur
because there was enough water in the experiment to last
throughout its duration. This problem can probably be mitigated
by attaching a water-cooled condenser to the vapor escape port
in order to capture the evaporating water. This will be tried in
the next experiment. If this method is successful, we will
return to using PVC pipe for the reactor body because it is
completely corrosion resistant and has a much lower thermal
conductivity than aluminum. Finally, we have designed a
thermal cut-off switch to install near the bottom of the reactor
in case some unexpected event causes it to overheat to the
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point where the PVC pipe might be damaged.

CONCLUSION
We have designed and tested an experiment to simulate the
geochemical conditions expected when high level gradioactive
wastes are buried in the partialiy saturated rhyolitic tuff of the
Nevada Test Site. Our experiment develops a boiling zone at the
base of a column of crushed rock and a condensation zone at the
top of the rock column. Two runs were conducted with the
reactor, one with 30% of the pore volume and the second with
80% of the pore volume filled with distilled/deionized water.
SEM observations of tuff grains from these experiments
revealed extensive mineral dissolution throughout all portions
of the solid sample. Alteration mineral precipitation, including
opaline silica, iron oxyhydroxides, was found to occur in the
upper six to nine inches of the column, with relatively little or
no precipitation in the middle section. The bottom zones
showed extensive alteration mineral precipitation including
silica, iron oxyhydroxides, zeolites (?), and perhaps clays (?).
In the second experiment with 80% pore volume filled with
water, a layer of tightly cemented rock grains formed at the
face of the heater assembly. The cement was amorphous silica
and the grains were very tightly indurated. No cementation of
rock grains by amorphous silica was observed in the experiment
run with 30% pore fill.
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Figure 1. Schematic diagram of the general zonation found in vapor dominated geothemal
systems and expected in the unsaturated zone above the high level radioactive repository in
the tuffs of Yucca Mountain, Nevada.



Figure 2. Schmatic diagram showing the parts of the Vertical Thermal Gradient Experiment (VTGE)



Figure 3. Cross section of the VTGE showing the location of the heating and cooling
assemblies.



Figure 4. Cross section of the heating assembly.



BOTTOM IS COVERED WITH 1/4" THERMAL BOARD

Figure 5. Plan view of the heating assembly.



Figure 6. Cross section of the cooling assembly.



TOP IS COVERED WITH
AN ALUMINUM PLATE

Figure 7. Plan view of the cooling assembly.



DARCY'S LAW

Figure 8. Schematic diagram of the apparatus used to measure the permeability of the run
materials.



Figure 9. The temperature variation for various control points in the first experiment.
Bottom, middle, and top refer to the temperature at the bottom, middle, and top of the
reactor column. T, out and in refer to the temperature of the effluent and feed stream of
water into and out of the cooling assembly.
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Figure 10. Sampling scheme for material reacted in the VTGE. After each experiment,
layers of reacted material are removed in three inch portions and stored in labled sample
containers. The heating and cooling assemblies each extend one inch into each end of the
reactor column and the column is filled with sample only to the level of the vapor escape
port which lies one inch below the bottom of the cooling assembly so that the hight of the
sample column, in the 24 inch long column, is actually 21 inches.



Figure 11. The temperature variation for various control points in the second experiment.
Bottom, middle, and top refer to the temperature at the bottom, middle, and top of the
reactor column. T, out and in refer to the temperature of the effluent and feed stream of
water into and out of the cooling assembly.



Figure 12. Power output to the cooling assembly (Q, sec text equation 2) for the first
experiment. The relatively wide variation in this value probably results from variations in
the ambient temperature and the flow rate of the cooling water.



Figure 13. Power output to the cooling assembly (Q, see text equation 2) for the second
experiment The relatively wide variation in this value probably results from variations in
the ambient temperature and the flow rate of the cooling water. The large spike near 375
hours was caused by a failure of the cooling water pump.



TABLE 1. Example calculation of the coupling between the heat and mass flux in the VTGE
where the run material is pure quartz and the solution equilibrates with the quartz in the
condensation zone and deposits all of the dissolved silica in the boiling zone.

HEAT FLUX

At steady state, the heat flux through the reactor should be equal to the rate of heat production
by the resistance heater:
h'=
h' = (75 volts 155 ohms)2 x 55 ohms = 1023 volts2 / ohm = 102.3 watts = 102.3 J / sec.

WATER FLUX
The rate of steam production is tied to the heat flux by the heat of vaporization of water (h):
h = 2256.7 J / g at 100°C.
h'x1 / h =grams of water boiled per second by heat flux (h')

102.3 J / sec.x g /2235.7 J = 0.045 g / sec.
At steady state the rate of flow of liquid water downward must match the rate of steam

production so it is 0.045 g/sec.

SILICA FLUX

Assume that the solution becomes saturated with quartz in the condensation zone.
C = solubility of quartz in water at 100°C. = 53 ppm = 53 mg(qz) / kg(w)

so that every gram of water that trickles downward carries 5.3 x 10 g of dissolved silica
and thc liquid water flux is 0.045 g/sec so the rate of silica transport is:.

0.045 g / sec. (water) x 5.3 x 10-5 g (silica) / g (water) = 2.39 x 10-6 g (silica) per sec.

POROSITY CHANGES
The change in the porosity of the charge with time can be estimated by assuming that the

boiling zone occupies the bottom half of the reactor and the condensation zone occupies the

top half. The density of quartz is 2.65g/cm3 so 9.02 x 10-7 cm3 of quartz is dissolved per
second. This amounts to 2.16 cm3 (quartz) / month.

The volume of the boiling and condensation zones are each 2152 cm3 and the run charge
begins with a porosity of about 50% so the amount of free volume in each is 1081 cm . So

the porosty of the condendation zone increases by about 03% per month while the porosity
of thc boiling zone decreases by a similar amount
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Introduction

Since the appearance of the first computer program, for

calculation of mass transfer, PATHCALC (1), there have been

improvements in numerical methods, the quality of the thermochemical

data base and the formulation of the system of equations. CHILLER is

one program that embodies these improvements and that contains an

array of capabilities beyond mass transfer, providing for modeling of

some exceedingly complex chemical processes, such as combinations of

boiling, condensation, fluid-fluid mixing, oxidation, and water-rock

reaction paths in geothermal systems. Program CHILLER has been

extensively used to model engineering processes, geothermal processes

and numerous other geochemical processes in diverse settings such as

hydrocarbon reservoirs, the Yucca Mountain nuclear waste site, sea-

floor black smokers, saline lakes and various ore-forming

environments (e.g. 2-6). In this paper, we describe the

capabilities of CHILLER and its sister program, SOLVEQ, referring to

the geothermal system models and to Yucca Mountain calculations as

examples.

CHILLER descended from program MINSOLV (7, 2) and was designed

for calculating heterogeneous equilibria among minerals, gases and an

aqueous phase as the system is cooled (thus the name, CHILLER).

MINSOLV's rock titration (reaction path) and fluid-fluid mixing

capabilities are now merged into CHILLER. CHILLER's most notable new

capabilities are those for calculation of boiling, condensation, and

mixing using an internal enthalpy balance equation and a treatment of

the gas phase as a real mixture of non-ideal gases.

Program SOLVEQ can be used for some process modeling, but it is

primarily a work horse for processing water analyses of all types.

SOLVEQ calculates distribution of species (homogeneous equilibrium)
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in an aqueous phase from a raw water analysis. SOLVEQ also

calculates partial heterogeneous equilibrium, wherein equilibration

of a given water with specified minerals or gas fugacities can be

forced. The forced equilibria fix the total concentrations of

specified component species. For example, an unknown total

concentration of aluminum in a given natural water can be computed by

asuming equilibrium with kaolinite. This capability combined with

SOLVEQ's ability to calculate pH at high temperature from a low-T pH

measurement (8) also make it useful for processing hydrothermal

experimental run products (e.g. 9, 10, 11) and for geothermometry

and other studies of geothermal waters (8, 12). We recently

developed a descendent of SOLVEQ, called SOLVGAS, a program for

computing homogeneous equilibrium in volcanic gases (13, 14), and a

descendent of CHILLER, called GASWORKS, for heterogeneous equilibria

in volcanic gases.

CHILLER and SOLVEQ use the data base SOLTHERM (15), which

contains the compositions, equilibrium constants and stoichiometries

of complexes, minerals and gases as well as the various parameters

for computing activity coefficients for aqueous species and fugacity

coefficients for mixed gases. Because SOLTHERM is external to

SOLVEQ and CHILLER, new species can be added to a chemical model just

by adding a few lines to SOLTHERM describing stoichiometry and

equilibrium constants. This makes it particularly practical to expand

or change the data base and to experiment with various, possibly

conflicting stability constants. Most of the constants for

equilibrium between the aqueous phase and minerals or gases in

SOLTHERM are calculated using free energy program, KCAL (Spycher and

Reed, unpublished), that makes use of the data for water, ions and

minerals of Helgeson et al (16-20), along with data from various
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other sources. In addition to the main programs, we use program,

GEOCAL (Spycher and Reed, unpublished) to prepare input files for

SOLVEQ and CHILLER from raw water analyses. Other programs are used

to plot run results.

CHILLER is 3900 FORTRAN lines (325 Kbytes, including comment

lines) in length. SOLVEQ is 1600 FORTRAN lines (135 Kbytes,

including comments). Both run well on Macintosh II and 80386-based

microcomputers. SOLVEQ also runs well on smaller microcomputers;

CHILLER has not been tested on a small machine. On an 80386

microcomputer, CHILLER uses approximately 0.6 CPU seconds per Newton

iteration and commonly needs five to 15 iterations per calculation

step (i.e. per rock titration step or temperature change step, etc.),

resulting in typical elapsed times of two to ten minutes to complete

a cooling, boiling or reaction path run. On time-sharing VAX or IBM

main frames, the real time per iteration is also about 0.6 seconds,

resulting in similar run times on both main frame and microcomputer.

The Core System of Eguations

CHILLER and SOLVEQ are based on a formulation of the basic

equilibrium equations (7, 2) that, at the time of its development,

departed significantly from those of earlier programs. The essential

difference lies in defining a set of "component species", consisting

of ions and other species actually present in the chemical system, to

be used both for description of composition in mass balance equations

and for reaction stoichiometries in mass action equations. The

component species constitute a set of thermodynamic components, in

the strict sense. A typical selection of species is: H+, H20, C1-,

S04', HS-, HC03-, SiO2, A13+, Na+, Ca2+, etc. The use of such a

scheme cuts in half the number of descriptive arrays in the program
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and similarly cuts the number of program steps needed to set up

equations relative to other schemes that use one set of species for

thermodynamic components and another for writing reactions. Compared

to earlier formulations, this scheme resulted in dramatically

improved computational speed, better numerical stability, a robust

treatment of redox reactions (using S04 and HS ), and complete

treatments of hydrogen ion and water. The complete mass balance

treatments of H+ ion and water (2, 8) provide for correct calculation

of pH at all temperatures and for accurate calculations of boiling

and evaporation. The essence of this treatment, and the point where

it departs from that of others, is in representing H+ and H20 as true

thermodynamic components and strictly adhering to this formalism even

though it requires negative values for masses of X+ ion under some

circumstances (2, 8).

The equations for simultaneous solution for overall

heterogeneous equilibrium include the basic equations of mass

action, mass balance and, in some systems, enthalpy balance. The

current formulations of the mass action and mass balance equations

used in CHILLER are given below; the derivations of some of them are

more completely presented by Reed (2). Equations in SOLVEQ are

mostly as for CHILLER, except that mineral and gas masses are omitted

from the mass balance equations given below. The equations are

written for a gas-solid-aqueous system at overall equilibrium; thus,

for purposes of writing the equations, we assume that the phase

identities are known. Phase selection is separately discussed,

below.

Using the component species (i) such as those in the list

above, equations can be written for equilibria involving derived

species (j, complexes, ion pairs, redox species, etc.):



in which, Kj is the equilibrium constant; (m) is molality; (r) is

the activity coefficient; vij refers to the number of moles of

component species (i) in one mole of derived species (J). The

symbol, mi, here and below, refers specifically to the molality of

component species, as distinguished from derived species.

For each mineral, or mineral solid solution end member, indexed

as (k), there is a reaction that relates it to the activities of the

component species. For that reaction, written with the mineral on

the left side, a mass action equation is written:

in which, the stoichiometric coefficient, vik is negative for

component species that appear on the left side of the reaction; ak

refers to the activity of the solid solution end member (k); Qk

equals the product in the numerator of the mass action equation,

defined here for use below. For pure minerals, ak = 1, but for solid

solutions, the following equation is substituted for ak in equation

in which (0k) is the activity coefficient for end member, (k), (n)

is the number of moles of solid solution end members, (k) and (1),

and the summation in the denominator is over all end members in the

solid solution. The exponent (b) is unity for solid solutions

exhibiting "molecular mixing" or where atoms mix on a single site

per formula unit, but for crystals where there are multiple

energetically equivalent sites of a given crystallographic type per
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formula unit (e.g. 3 octahedral sites in talc), (b) takes a value

greater than one. For example, for the ideal mixing of clinochlore

[Mg5A12Si30 10 (OH)8 ] and daphnite [FesAl2Si3O1o(OH)81, (b) is set to

5 in the mass action equation for each of these end members. True

multi-site mixing, involving two or more energetically distinct

sites, is not currently accomodated in CHILLER because there is

little demand for it at the low temperatures (<350 C) where the

aqueous data are relatively complete.

Substitution of (3) into (2) yields:

There is one mass action equation such as (4) for each currently

saturated pure mineral or solid solution end member.

The mass action equation for gas species (g) in a mixed gas is:

in which (fg) is the fugacity of gas component (g); Qg is the

product in the numerator of the equation, defined here for use below.

The fugacity (fg),in equation (5) can be expressed:

in which (0g) is the fugacity coefficient, for gas component (g), (P)

is fluid pressure, and the summation in the denomenator is over all

components in the gas phase. Substitution of (6) into (5) yields the

gas mass action equation that is central to boiling calculations:

Equation (7) is identical in form to the mass action equation for
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solid solutions (4), except that the pressure (P) is multiplied by

(K), thus the gas phase may be treated in a manner identical to that

for solid solutions, both using the same computer algorithms, except

for the routines for computing fugacity and activity coefficients.

There is one equation (7) for each gas species in the gas phase.

Because the gas equilibrium is computed as part of an overall

heterogeneous equilibrium among gases, solids and the aqueous phase,

the pH dependence and the Henry's Law solubility behavior of gases

are implicitly accommodated in the simultaneous equations for

equilibrium in the total system. Further, the salinity and

temperature dependence of the gas solubilities are implicitly

accounted for in the activity coefficients for the dissolved gas

species that appear in other equations (e.g. 9), rendering

unnecessary any explicit use of Henry's Law constants or gas

volatility ratios (e.g. 21).

For each thermodynamic component in the system as a whole,

there is one mass balance equation:

In this equation, Mit is the total number of moles of component (i),

nw represents the mass of solvent water, in kilograms. Other

symbols are as previously defined. The multiplication by nw, in

equation (8) converts molalities to moles so that all mass balance

equations are expressed simply in total moles. This substantially

simplifies many complex calculations in which the mass of the total

system changes owing to mineral fractionation, evaporation, or mixing

of separate waters.

Equation (1) can be rearranged to express molality (mj)

of derived species (j) in terms of the molalities and activity
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coefficients of component species, etc., and the result substituted

into equation (8) to yield a substituted mass balance equation:

Equations such as this one, the number of which is equal to the

number of thermodynamic components, exemplifies the master mass

balance equations for solving the simultaneous heterogeneous

equilibrium system. A modified version of this equation is used for

the solvent, water (2).

Enthalpy Balance

For calculations of boiling in geothermal systems we ordinarily

choose to constrain the temperature and enthalpy of the gas-liquid

system in place of temperature and pressure. Besides providing a

rational model of the natural process (discussed below), this

approach simplifies numerical aspects of computing boiling because

enthalpy and temperature or enthalpy and pressure provide a much

more sensitive constraint on the gas/liquid ratio than do temperature

and pressure, thus avoiding accidental blundering into pure vapor or

pure liquid stability fields. The latter is a problem because the

exact P-T position of the boiling curve for a particular natural

water depends on its particular dissolved gas content and salinity;

it is impossible to predict, a priori exactly where its boiling

curve lies in P-T space.

The enthalpy equation is solved simultaneously with the mass

action and mass balance equations, above, to compute the pressure

that satisfies the enthalpy balance constraint. For a total

enthalpy, Htot, distributed among the components (i) of the aqueous
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phase, the species (g) of the gas phase and in solid phases (k), the

enthalpy balance is given by:

where H'indicates the partial molal enthalpy of the subscripted

species (i,g,k), and (n) refers to the mass, in moles of the various

species. 6H represents heat transferred to or from the surroundings,

changing the initial enthalpy, Hinit, by SH. Boiling is isoenthalpic

if 6H is zero. Non-isoenthalpic paths can be computed by setting SH

to non-zero, positive or negative values (see below).

Equation (10) is the complete form of the enthalpy balance. In

most calculations of boiling hydrothermal systems, the heat terms

for the gas phase and the liquid water component of the aqueous

phase are so much larger than the heat for the other aqueous

components (e.g. NaCl) or the small quantities of minerals that

precipitate, that it is a very good approximation to include only

the terms for the gas components and for the liquid water. This is

the form of equation (10) currently programmed into CHILLER. The gas

species enthalpies are computed using virial equation expressions

from Spycher and Reed (22) and the liquid water enthalpies are from

Helgeson and Kirkham (16).

Simultaneous Equations

Among the preceding equations, 4, 7, 9 and 10 constitute the

primary set that CHILLER solves simultaneously by a Newton-Raphson

technique to compute overall heterogeneous equilibrium for any given

incremental step in a model calculation. The primary unknowns are:

mi, -nw, nk, ng and P. Pressure, P is an unknown only in

calculations of boiling where the enthalpy balance equation (10) is

used. For a typical large model calculation, the number of
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simultaneous equations might be 50--25 for mass balance, 15 for

mineral mass action, nine for gas mass action and one for enthalpy

balance. we find that representing the mineral and gas mass action

equations (4 and 7) in logarithmic form improves convergence rates

in most (but not all) cases. As explained by Reed (2), a charge

balance equation is unnecessary. However, as a check for erroneous

stoichiometries in our compilation of minerals, derived species and

reactants, the net charge on the aqueous phase and on solids is

computed for each equilibration. If a charge imbalance appears

(within a very small tolerance), it must be due to an error in some

reaction stoichiometry, which is then found and corrected.

Program SOLVEQ solves only the substituted mass balance

equation (9) (in a truncated form, excluding the gas and mineral

mass terms) for homogeneous equilibrium, yielding values for each of

the Ni unknown molalities (mi) of component species. For forced

equilibrium of a given water with an arbitrary number (N1) of

minerals, SOLVEQ solves for all (mi) using Ni-Nl of the mass balance

equations (9) in truncated form along with Nl mineral mass action

equations (2), one for each mineral in the assemblage. In equation

(2), the activity factor, ak, is set to unity or another desired

value. When computing forced mineral equilibration, for each of the

N1 minerals in the assemblage, we solve in an external loop for the

unknown mass, (total moles, Hi) of a specified component using the

truncated form of equation (8). To buffer a gas fugacity, SOLVEQ may

also use an equation such as (13) (see below). To use titration

alkalinity as an input quantity, an alkalinity distribution equation

(8) resembling the truncated form of equation (9) is used in place

of a mass balance on carbonate, for example.

Although the mass action equations (1) for derived species, are
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implicitly solved for m), as part of equation (9), they and the

various equations for fugacity and activity coefficients and the

equations for the enthalpy of the various phases are solved

explicitly in an "external" loop following each Newton iteration.

By changing the temperature, pressure, enthalpy and "total

moles" (Mti) in a stepwise fashion, computing overall heterogeneous

equilibrium at each step, CHILLER is able to compute a tremendous

variety of processes, such as water-rock reactions, boiling, fluid-

fluid mixing, evaporation, etc. In each one, depending on the

physical model being investigated, it is possible to fractionate

solids or gases.

Non-Ideal Mixing in Gas, Aqueous and Solid Phases

Non-ideality of H2 , H20, C02 and CH4 gases and non-ideal mixing

of the latter three is treated in CHILLER using a virial equation

representation of their mixing properties (22). This entails

accounting for both the non-ideality of the individual gas components

and their non-ideal mixing, through the appropriate application of a

virial equation in pressure (as opposed to the customary volume)

containing cross-coefficients for mixing as well as the normal

coefficients for gas non-ideality. One of the most important

computational strengths of this treatment is that a single subroutine

containing the extended virial equation accepts fit coefficients for

each of the various gases, allowing a fast and efficient computation

of non-ideal gas mixing in calculations of boiling, phase separation

in hydrocarbon reservoirs or gas production reaction of acid water

with limestone, for example.

An extended Debeye-Ruckel equation by Helgeson, Kirkham and

Flowers (HKF, 20), including their fit coefficients and recommended
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approximations, is used for all ionic aqueous species. This entails

computing a true ionic strength from the distribution of aqueous

species. Although some other formulations may provide more accurate

activity coefficients under some conditions, the generality of the

HKF formulation makes it particularly well suited to calculations

involving a large number of minor or trace element species for which

little or no activity-composition data are available. Further, we

have found that the approximations for individual ionic activity

coefficients are good for moderately high ionic strengths as well as

low.

For solid solutions, CHILLER accommodates ideal mixing, as

discussed above, and is equipped to handle non-ideal mixing in any

minerals for which the necessary mixing properties are programmed

into subroutines. Currently, electrum is the only non-ideal solid

solution for which the necessary mixing properties have been

programmed.

Numerical Considerations and Computational Efficiencies

Component Swapping

Many current FORTRAN compilers only allow for accurate

representation of numbers, x, in the range of 10-70 < x < 10+70,

making it necessary to use separate choices of component species

depending on the oxidation range of the system under consideration.

For example, the exceedingly small concentration (<10c60) of sulfide

in a system in contact with the atmosphere precludes use of HS- as a

component species in such systems. Similarly, 02 cannot be used in

reduced systems. For reduced systems (e.g. log f(02) < -54 at 25 C),

component species SO4' and ES provide for treatment of redox

equilibria (2). In oxidizing systems, 02 is substituted for HS-, so
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that redox equilibria are expressed in terms of 02 and H20. For

calculations that cross the transition oxidation state, for example,

the oxidation of an H2S-bearing gas condensate above a boiling

hydrothermal system (e.g. 4), we change from one set of components

species to the other, and overlap the calculation at the transition

f(02) to verify that the calculated concentrations match. They do.

For Fortran compilers that allow much larger and smaller numbers

(e.g. 10-200 < x < 10+200), the component swapping described above

often is not necessary.

Trial Values

To begin the Newton-Raphson iterative solution process, trial

values of the appropriate unknowns, mi, nw, nk, rig and P are

supplied. Typically, these need to be within five or six orders of

magnitude of their correct values. Generally, very small trial

values (e.g. 10-15) are better than larger ones for solid solution

end members. For SOLVEQ calculations of forced mineral equilibria

(see below), very small trial values for the mi corresponding to the

unknown Mi's are most effective.

Since negative molality of an individual aqueous component

species (as distinguished from a negative total molality of a

component species) cannot prevail at equilibrium, if a negative value

is produced early in the iterative process when the Newton-Rhapson

correction terms are applied to the current mi, it is arbitrarily

reset to a small positive value.

Buffering gas fumacity

Gas fugacity can be buffered by equilibrating the system with a

hypothetical gas phase at a set fugacity (see also, 23) To set the
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fugacity of gas (g)., at a value of fg, we equilibrate with an

arbitrary quantity, ng, of a hypothetical gas phase whose governing

equation is a rearrangement of equation (5), as follows:

where Kg is the ordinary equilibrium constant for the gas and fg is

set at the desired buffer fugacity. For example, to set C02 fugacity

at 10-3-5 (atmospheric), equation (12) takes the form:

We have used this method to set buffers for C02 and 02 at atmospheric

levels to model the weathering of basalt and granite by saline brines

in an arid environment, and find that it is much more efficient and

informative than the alternative approach of titrating oxygen into

the system after equilibrating water and rock at a given ratio.

Selection of the phase assemblage

After each incremental step in a model calculation, it is

necessary to scan all possible previously undersaturated phases

(pure minerals, solid solutions, gas) to determine whether any have

supersaturated in the aqueous phase. If any are found, a selection

of them is incorporated in the system, and the equilibration step is

repeated.

Addition of supersaturated Pure minerals. For pure minerals (k) a

scaled (24) saturation index, log(Q/K)s,k, is computed after each

equilibration step for each mineral that is not already saturated:

In this equation, Qk is the equilibrium quotient defined in equation
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(2), Kk is the equilibrium constant for mineral (k), and (sk) is a

scaling factor equal to the sum of the absolute values of the

reaction coefficients:

The mineral with the largest positive scaled saturation index is

included in a repeat equilibration calculation. This process is

continued until no supersaturated phases remain.

Scaling the saturation indices (24) puts all minerals,

regardless of the number of components in a formula unit, on a

normalized basis for comparison. Without scaling, the value of the

saturation index for minerals that have a large number of component

species in a single formula unit is disproportionately large. or small

compared to minerals with simple formulas.

Addition of solid solutions and gas phase The basic approach (2)

used for ideal gases and solid solutions requires computing a

summation, E0, of hypothetical mole fractions, xk, for solid solution

end members. If EO exceeds one, the solid solution is

supersaturated. The value of xk depends on the corresponding

activity (ak) required for saturation of the aqueous phase. The

latter are computed for ideal solid solutions from the current

composition of the aqueous phase, using equation (3) (with 0 set to

1.0) and a rearrangement of equation (2):

ak = Qk/Rk (16)

Although the sum-of-mole-fractions method, above, also works for

non-ideal solid solutions, it is more convenient to constrain the sum

of mole fractions to unity () and compute a saturation index for

the solid solution (25):



16

The summation is over all end members in the solid solution. The

solid solution is saturated if SIss is greater than zero for any

values of xk. Further, the composition of the most stable solid

solution is that which maximizes SIss.

To determine whether SIss exceeds zero for any xk and to

approximate the most stable composition for use in trial values for

the next equilibration, we simply step through values of xk in 0.1

increments and find the composition that gives the maximum SIss. By

using a relatively coarse step interval (0.1) to speed the

computation we risk stepping over an interval where the solid

solution is barely supersaturated. This is of practically no

consequence, ordinarily, because the quantity of solid would be quite

small and it is likely that on the next increment in the model

calculation, the solid will saturate for several of the discrete

values of x.

The fugacity in the aqueous phase of any gas can be computed

from a re-arrangement of equation (5):

Further (22),

in which Pg is the partial pressure of gas species (g) and other

symbols are as defined above. The fugacity coefficient, ,g, is a

function of T, P and xg (22), Next, we substitute equation (18) into

(19), use the constraint that the sum of all xg is unity, and include

the fugacity coefficient functions for 0g, thereby defining a set of

simultanous non-linear equations that are solved using a Newton-

Raphson algorithm, yielding values for Pg. The sum of Pg is then
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compared to the total pressure, P, to determine whether a gas phase

is supersaturated.

Removal of undersaturated minerals. When a given mineral that is

already part of the phase assemblage undersaturates, this is

indicated by negative computed mass for the mineral at the end of an

equilibration step. Thereupon, the appropriate mass action equation

(4) is removed from the matrix and the calculation is repeated.

An improved approach, eliminates the repeat calculation by

testing for negative mineral masses after just five Newton iterations

and throwing out the undersaturated minerals, if any, at that point,

then continuing the iterative process. If, in any such instance, a

mineral is incorrectly eliminated because its fifth-iteration

computed mass is negative even though it would have become positive

again at true equilibrium, that mineral will have a positive scaled

saturation index and will be replaced on a repeat equilibration. The

latter twist is rare.

Solid solution removal The fifth-iteration assemblage check,

described above, can be used to detect undersaturation of solid

solutions by the negative mass method (2), previously used only for

pure minerals. Unlike pure minerals, the mass of one or another end

member of a solid solution cannot be allowed to be less than zero

because the mass action equations (4) cannot be solved at all if nk

is negative. As a solid solution end member dissolves out, its mole

fraction becomes infinitessimal, but always positive at equilibrium.

The fifth-iteration negative mass method can be applied anyway,

however, if the test for negative mass (nk<O) is executed immediately

after the latest Newton-Raphson corrections, 4 (26), are applied to
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the current values of mineral mass, nk. At this point, if xk is

negative but its absolute value exceeds the very small current value

of nk, the new nk ( nk ld + xk) will be negative, and the end

member is thrown out. If this occurs before the fifth Newton

iteration, nk is just reset to a small positive value so that

equation (4) can be used. By this test, CHILLER sometimes throws out

one end member of a solid solution (e.g. typically when its mass

approaches 10-13 moles or less and its mole fraction is less than 10-

6), while keeping the others. This results in improved computation

efficiency since the small mass of end member is of no consequence

but it does contribute to numerical instabilities.

Convergience Test and Convergence Forcing

To solve the system of simultaneous equations by the Newton-

Raphson method (26), equations 4, 7, 9 and 10 are rearranged by

subtracting their left sides from both sides of the equations,

defining functions, F, whose value is zero when the system of

equations is solved. The numerical solution is judged to have

converged when the value of F for every equation is less than 10-13X,

where X is the largest term in the equation. If we do not test on

every function, it is possible to compute an apparent convergence in

which most of the equations are solved, but those with very small

terms (e.g. mass balance on gold) are not.

Rarely, the Newton iterative process diverges or fails to

converge, particularly in large systems when the number of phases

approaches the number components and some of the phases are solid

solutions. Under these circumstances, convergence sometimes can be

forced (27) by multiplying the value of F (above) by a factor (t)

between 0 and 1 (e.g. 0.9). The value of (t) is decreased by small
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steps (e.g. 0.1) on any Newton iterations for which F fails to

decrease by the normal Newton process or until (t) becomes too small

(e.g. 0.1).

Boiling and Mixing Using the Enthalpy Constraint

In addition to the numerical advantages discussed above, an

enthalpy constraint provides a rational means of modeling natural

boiling systems. Typical hydrostatic, steady state boiling

conditions in such systems necessarily approach isoenthalpic because

the wall rock temperature along a fluid ascent path matches the

temperature of the boiling water itself, at steady state.

Consequently, there can be no heat transfer to or from the wall

rock, and boiling is isoenthalpic. Departures from steady state

iso-enthalpic boiling into super- or sub-isoenthalpic conditions are

probably common, resulting from changes in pressure due to variations

in the permeability of the outlet system (4, 6). Such non-

isoenthalpic boiling paths can be readily computed using the H term

in equation (10).

We find that the constraints of heat transfer in boiling

geothermal systems actually control the mineral assemblage that

precipitates through the relationship of gas fraction to C02

partitioning and the effect of the latter on pH (4, 6):

a)Heat budget controls the fraction of boiled gas. (That is, the

transfer of heat between the wall rock and the boiling fluid,

whether into or out of the fluid, controls the proportion of gas

phase to form at the prevailing pressure at a given depth.)

b)The consequent gas fraction controls the amount of C02

partitioned into the gas phase.
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c)The CO2 partitioning controls the pH of the aqueous phase by way

d)The pH controls the mineral assemblage that precipitates (i.e.

the identity and abundance of sulfides, carbonates, silicates,

etc.). Thus, overall, the heat budget controls the mineral

assemblage.

To compute isoenthalpic boiling, we first compute the total

enthalpy of a given mass of the pure liquid phase (Htot in equation

(10)) at a specified temperature and at the pressure of exact gas

saturation, corresponding to the depth in the system where boiling

begins. As this parcel of liquid ascends into a lower-pressure

environment, it boils, partitioning its heat between the liquid and

gas. The heat absorbed by vaporization causes temperature to

decrease. This process is computed by stepwise decreases in

temperature while holding enthalpy constant at the initial value and

solving for the pressure at each step that produces the ratio of gas

to liquid necessary to satisfy equation (10). Of course, this

constraint is met simultaneously with the other chemical equilibrium

constraints (eq. 4, 7, 9) so changes in the composition of the

aqueous phase and gas phase and in the abundances of minerals are

computed too. Non-isoenthalpic paths, either super- or sub-

isoenthalpic, are computed by adding or subtracting heat on

successive model steps using H in equation (10). This simulates

heat transfer into or out of the fluid as it ascends in the the

boiling system.

One extreme example of a super-isoenthalpic path is the

hypothetical boiling (Figure 1) of the pore waters surrounding the

proposed Yucca Mountain Nuclear waste site. In this example the

buffering effect of wall rock reaction is neglected. In the
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repository setting, the pressure is approximately one bar, so

boiling must occur near 100 C. To simulate such boiling, we heat

the vadose pore water to 100 C, then slowly titrate in heat using

the H term of equation (10). The liquid boils until 99.9% of the

original liquid is vaporized, at which point we stop the calculation

because the increase in salinity above 5 m NaCl (figure lc) may render

the activity coefficients unreliable. Boiling precipitates calcite,

talc, chlorite, and amorphous silica (figure la), and the release of

CO2 upon boiling causes a dramatic increase in pH to 10,6 (figure

lb). Modeling of boiling to complete dryness of the Yucca Mountain

waters can be accomplished using program GASWORKS or SOLVGAS, as

done for geothermal waters by Spycher and Reed (6).

In natural hydrothermal systems, there are places where the

boiling zone may be intruded by descending cold meteoric ground

waters or by cold waters that migrate in laterally through an

aquifer. One such place is the Fushime geothermal system, Japan

(figure 2), where 100 C-seawater appears to be mixing with the gas-

liquid mixture in the reservoir (28). Mixing of such cold waters

with the gas-liquid mixture in the boiling zone, must result in

partial or complete condensation of the steam phase (figure 2b) into

the cold water, which is heated as a consequence. Such processes can

be modeled using CHILLER by titrating cold water of specified

composition and temperature (T ) into the two-phase hot mixture (at

Th). For each increment (d c) of cold water, we set (eq. 10) to

the enthalpy of that increment at temperature Tc. Each such increment

of cold mixer water increases Etot (eq. 10), but because the total

enthalpy must then be distributed over more water, and further, the

cold water must be heated to the temperature of the existing gas-

liquid mixture, heat is absorbed from the steam, causing it to
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condense. The quantity, nc, of cold water of temperature, Tc, needed

to resorb fully the ng moles of steam at temperature (Th) is given

by:

DHvap refers to the heat of vaporization of the water at Th and Cp is

the heat capacity of water. This equation is solved implicitly in

CHILLER by way of equation (10).

As long as steam is condensing at a fixed pressure, the

temperature remains constant. This temperature plateau during steam

resorbtion is illustrated in figures 2a and 2b. Once the steam is

fully resorbed, the temperature decreases owing to the dilution of

hot water by a colder one (see below). The additional consequence in

the Fushime example is the precipitation of anhydrite and talc

(figure 2c) and a decrease, then increase in pH (figure 2d). This

Fushime model illustrates the simultaneous changing of temperature,

pressure, and bulk composition in a complex aqueous-solid-gas system

where two fluids of different compositions and temperatures mix.

The simultaneous temperature and compostion change is computed

by stepwise changes in the values of Mti and temperature. The amount

of each component in the bulk system is calculated for each titration

step by:

in which Mti (equation 9) refers to the amount of component species

(i) in the total present mixture or in the total mixture of the

previous titration step (old hot), Micold refers to the moles of

component species (i) in the cold mixing fluid (the seawater in the

Fushime example) and Dw is a fractional mass factor which fixes the

titration step size. Although it is convenient to designate the
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mixing fluids as "hot" or "cold", isothermal mixing calculations can

also be executed simply by specifying the same temperature for each

end member.

Because the heat capacity of water is not independent of

temperature between 25 and 300 C, the temperature of the mixed

fluids is not a linear function of the mixing ratio, and the heat

capacity must be used to calculate the temperature of the mixture.

For this purpose, we regressed enthalpy data (16) to produce two

power functions: 1) enthalpy of water as a function of temperature,

2) temperature as a function of enthalpy. We generally ignore the

effects of salinity on the enthalpy of water since they are small,

but we have accounted for them in some calculations by regressing

data for saline waters. Using the first of the power functions, the

enthalpy of one kilogram of the each the hot and cold waters is

calculated. The enthalpy per kilogram of a mixed fluid is then:

in which the subscripts are as above, H is the enthalpy per kilogram

and n is the number of kilograms. Because the total mass of

precipitated minerals is small in most cases, their heat

contributions can be neglected.

Once Hmixture is calculated for a new titration increment, the

corresponding temperature is calculated using the second power

function mentioned above, which expresses temperature as a function

of enthalpy. The new temperature of the mixture is used to calculate

a full set of equilibrium constants for use in equations (4), (7)

and (9).
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FIGURE CAPTIONS

Figure 1. Calculated boiling of a Yucca Mountain pore water at 100 C

and 1 bar pressure. No reaction with enclosing rock permitted.

Calculation carried out by titrating heat into system, the total

amount of which is indicated on the abcissa. a) Quantities of

minerals precipitated, grams. b) pH of the boiling pore fluid. c)

Total molality of selected component species in the aqueous phase.

Their sharp increase at right results from the boiling away of the

solvent water.

Figure 2. Mixing of 100 C seawater with a gas-liquid mixture that

previously boiled isoenthalpically from 300 C to 275 C. Water

compositions are based on those in the Fushime System, Japan. a)

Temperature during mixing process. Note constancy until steam is

fully resorbed. b) Composition of the gas phase before it is

resorbed. c) Masses of minerals precipitated by the mixing and

cooling process. d) Total molality of selected component species in

the aqueous phase. The overall decrease in these concentrations is a

result of dilution by the seawater and precipitation of minerals.
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ABSTRACT: We have developed an experiment to simulate coupled heat and mass transport for conditions
that might occur in vapor dominated geothermal systems. certain epithemal gold deposits, and high level
radioactive waste repositories in unsaturated media. The apparatus for this experiment consists of a vertical
pipe (61 cm long and 10 cm inside diameter) with at heating assembly at the base and a cooling assembly at the
top. The pipe is filled with a crushed sample (or a solid block containing some fractures to generate
permeability) and a test solution of a composition selected to simulate the appropriate groundwater

composition The amount of liquid is regulated to fill from - 10 to 85% of the void space the remaining void
space is filled by vapor. During operation, the solution boils near the base of the experiment and the vapor

rises to the top where it deposits its heat at the cooling assembly, condenses,and trickles downward. This
refluxing process dissolves mineral components near the top of the apparantus and carries them to the bottom

where they eventually precipitate as new mineral phases.

Preliminary experiments using tuff samples from Yucca Mountain, Nevada (the proposed site of the U.S. high
level radioactive waste repository) showed that over a thirty day run significant amounts of silica and iron were
leached from the top of th experiment and transported to the bottom where amoprhous silica and iron
hydroxides as well as clay and zeolite minerals precipitated.

1 INTRODUCTION

Emplacement of high level radioactive waste
canisters in the partly saturated Yucca Mountain tuffs
at the Nevada Test Site will induce a steep thermal
gradient near the burial site much like natural
geologic situations where shallow-scated magmatic
intrusives cause anomalously high geothermal
gradients. Such steep thermal gradients produce a
system that is far from equilibrium with conditions
comparable to those found in some present-day
vapor-dominated geothermal systems or their ancient
counterparts, certain types of epithermal gold
deposits. These natural systems show dramatic
redistribution of elements. Such reditribution of
elements and alteration of the rocks surrounding the
waste disposal vaults in the Yucca Mountain tuffs
could compromise the Integrity of the disposal site.

Vapor dominated geothermal systems occur in
areas of high heat flow in rocks where the recharge
of ground water does not equal the heat-driven
discharge to the surface (Figure 1). In such cases, a
vapor zone develops where the voids in the rocks are
filled with both water vapor and liquid water in
propartions controlled by a complex interplay of heat

flux, mass flux, and rock permeabily. There are
many cases of boiling geothermal sysems including

Larderello, Italy, Yellowstone, Wyoming, and
Rotodawa, New Zealand.

Figure 1. Schematic diagram of a vapo dominated
geothermal system
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Vapor dominated geothermal systems can be
divided into two main geochemical zones: a boiling
zone and a condensation zone (Figure 1). These
zones are well documented by Krupp and Seward
(1987. Fig. 2) and Hulen and Nielson (1986. Fig.
6). The slightly alkaline, dilute chloride solutions of
the boiling zone are responsible for silicification and
propylitic alteration of the original rocks. Boiling of
these solutions produces a carbon dioxide-rich vapor
that travels upward and often laterally until it
condenses to produce a perched water table. If the
system is low in sulfur and/or the condensate does
not mix with oxidizing shallow groundwaters, the
slightly acid,dilute bicarbonate solutions of this
condensation zone generally produce weak phyllic
alteration. However, If the system contains
significant amounts of sulfur, either from a magmatic
source or from sediments, and the vapor mixes with
oxidizing, shallow groundwaters, a very acidic
solfataric zone with advanced argillic alteration
forms

The end product of some vapor dominated

deposits.As a result of the increase in gold prices
beginning in 1968 many epithermal gold deposits
have been studied extensively. The results of many
of these studies are summarized in Buchanan (1981)
and Heald et al. (1987). Many of these deposits can
be viewed as the product of the processes active in
modern boiling geothermal system integrated over
the time that the driving beat source was active.

The Vertical Thermal Gradient Experiment (VTGE)
described here is designed to simulate these naturally
occurring vapor dominated geothermal systems as
well as the most extreme conditions expected in the
Yucca Mountain high level radioactive waste
repository. The reactor duplicates the heat source
(the waste canisters or magmatic intrusion) emplaced
at the base of a column of partly saturated tuff and
mimics the conductive cooling through an overlying

impermeable layer which confines the system to
produce; a system very similar to that shown in

Figure 1. In our experiment, the bottom of the
reator is a boiling zone analogous so the area
surrounding the entombed waste canisters, while the
top of the reactor is a condensation zone analogous to
the layers of densely welded tuff overlying the
repository host unit. Depending on the mineralogy
of the solids In the reactor and the amount of CO2
generated from decarbonation of calcite, the
condensate is generally mildly acidic causing
alteration of the minerals in the condensation zone
As these fluids trickle downward, due to gravity
they react with the surface of the tuff pains leaching

alkali and akaine earth elements and silica. By the
time that the solution reaches the boilig zone at the
bottom of the reactor it has been neutrulized and is
saturated with the elements leached during its
downward journey. Removal of the water from the
soluton by boiling causes the solution to become
supersaturated with respect to amorphous silica.

clays, and zeolites so they precipitate in the boiling
zone. These alteration minerals can be identified

using SEM. x-ray powder diffraction. Raman

microprobe and electron microprobe analyses and
their abundance and composition related to the run
conditions. This experiment is inexpensive to
construct and simple to operate so that it is
economically feasible to operate several
simultaneously to test a wide range of thermal
gradients, solution compositions, and permeabilities.

2 EXPERIMENTAL DESIGN

Figure 2 shows the overall configuration of the
Vertical Thermal Gradient Experiment. The reaction
chamber containing the Yucca Mountain tuff sample
is a PVC pipe 4 inches nominal inner diameter. with
a nominal wall thickness of 1/8 inch, and a length of
24 inches. The volume of the reactor is
approximately five liters These dimensions were
chosen so that the reactor diameter is very large
compared to particle or pore sizes minimizing
boundary condition effects and the reactor is long
enough to develop mineral zonations but short
enough to be manageable in the laboratory This
arrangement allows us to telescope mineral zones,
that would occur over hundreds of meters in a
geologic system, into a relatively small verical
distance.

Figure 2. Design of the Vertical Thermal Gradient
Experiment.

The heating assembly and cooling Assembly are
constructed from machined aluminum or titanium
blocks and attached to the ends of the reactor pipe
with machine bolts. The heating assembly contains a
200 watt disk-shaped resistance heater that is
secured by silica wool packing against the interior

face of the block A backing plate of thermal board
is bolted onto the end of the block to close the
interior volume. The power output of the heater is
controlled by a variable voltage transformer. The
cooling assembly consists of a chamber that holds

approximately 110 mL of water. A viton o -ring
seals the gap between the body nd the aluminum lid

bolted onto the top of the assembly An external

585



metering pump circulates water into the chamber
where it absorbs heat from the reactor through the
aluminum block. The water then exits the chamber
into a holding tank where it cools until it is
subsequently recirculated. Brass swage-type tube
fittings secure copper tubes conducting the cooling
water in and out of the upper block chamber. In-line
thermometers record the temperature of the feed and
effluent water. The temperature difference between
the effluent and feed streams is used to calculate the
amount of heat removed from the top of the reactor
pipe chamber. The heating and cooling assemblies
extend one inch into each end of the pipe and are
scaled against the inside face of the pipe by viton o-
rings.

The entire length of the apparatus is insulated by
three, one-inch thick layers of polyurethanc foam.
Two aluminum sheets formed into half cylinders
cover the foam layers to form the exterior of the
experiment. Fitting the insulation halves tightly
togther around the pipe minimizes the lateral heat
loss. Two sheets of one inch-thick polyurethane
foam is placed on top of the reactor to reduce heat
loss from the top of the cooling assembly. The
reactor sits on a piece of one Inch thick thermal
insulation board which reduces the heat loss out of
the bottom.

Seven holes (9/16 inches diameter) were drilled
into the side of the reactor pipe (Figure 2). Three on
each side, 180° apart, are sampling and thermometer
ports respectively and the one two inches from the
top is a vapor escape port. The reactor is open to the

atmospheric through the vapor escape port located
near the top of the pipe. This port allows

noncondensable gases produced by water/rock
reactions to escape, keeping the system at
atmospheric pressure. The holes on one side of the
pipe serve as fluid sampling ports and are sealed by
septum stoppers. We use 30 mL syringes with three
inch long needles to withdraw fluid. The holes on
the other side of the reactor serve as ports for dial
thermometers. The thermometers are secured
through rubber stoppers placed into the holes. These
dial thermometers monitor the temperature gradient
inside of the reaction pipe and are located 3,.11-1/2,
and 19-1/2 inches above the bottom of the pipe
(Figure 2).

The run material, nonlithophysal tuff from the
Topopah springs member from Yucca Mountain,
Nevada is crushed and sieved to a size fraction of
2 mm Fines are washed from successive 400 cm3

portions of this size fraction by stirring into a 1500
mL volume of water (column height 18 cm). After
allowing the coarse fraction to settle for one minute,
the fines still suspended in the water column are
decanted. This procedure is carried out three times
for each 400cm3 sample. The washed material is
then dried in an oven at SEM observations of
the unreacted run material showed that the surfaces
of these grains are essentially free from fines.

3 RESULTS

A typical experiment runs forabout 30 days. At the
end of the experiment. seven, three inch thick layers
of run solids are removed from the column. All
samples show extensive iron staining. The run
solids generally become tightly cemented together in
a layer along the bottom of the column, across the
face of the heating assembly, and upward from the
bottom along the wall of the reactor column for about
three inches. The comented run solids and the three
inch sample sections a dried and stored in plastic
bags.

SEM observations made on samples from various
zones show a variety of features Samples from the
top three inches of the reactor show extensive
dissolution pitting with pits on average 10 microns In
diameter. Opaline silica and iron oxyhydroxide
coatings are fairly abundant throughout this zone.
Samples taken six to nine inches from the top show
severe etch pitting Many pits are on the order of 30
microns in diameter. No silica deposition is
observed but iron oxyhydroxide coatings are
common throughout these samples. In the range of
12 to 15 inches from the top of the reactor, etch
pitting is also very severe, opaline silica coatings are
observed rarey, and iron oxyhydroxides are very
abundant. In addition, at least two different types of
authigenic minerals are observed. One of them
shows a "sheaf of wheat" morphology and was
identified as stilbite using a Raman microprobe.
These minerals had grown on top of the etch pitted,
iron oxyhydroxide coated surfaces. The samples
from the bottom of the column were extensively
pined, but showed no silica coatings. Several
authigenic minerals were observed on the grains
from this zone. Cigar-shaped, bowite-shaped
spherical and boytriodal grains were very abundant
throughout this zone. The cigar- and bowtic-shaped

crystals appear to be stilbit. The cemented grains
along the bottom and walls of the column show no
visible alteration such as etch pits orauthigenic
mineral growth. The cement appears to be
amorphous silica. The cemented rains were about
one grain layer thick and very well endurated.

4 DISCUSSION

The heat and mass flow characteristics of this
experiment are closely linked. The rate of heat
generation is limited by the 200 watt heater to 200J
secl. This limits the heat flux to a maximum of 2.S

Experiments with much higher heat
fluxes could be operated by replacing this heater with
a more powerful one as well as the vton o-rings in
the heater assembly with teflon ones. However.
such high beat fluxes are about a thousand times
higher than reported for natural systems (Vikre 1987)
and would likely result in hydrothermal eruptions
(phreatic esplosions) in the lower permeability rocks

commonly found in nature (Henley and Thornley1979, hedenquist and Henley 1985). Lower heat

587



fluxes can be produced by lowering the voltage
across the heater using the variable transformer.

The general flow scheme of the reactor can be
modelled simply as a boiling zone at the bottom and a
condensation zone at the top. In these experiments
where the charge has a high permeability, virtually all
of the heat is transported by convective flow so the
water flux is tied directly to the heat flux Liquid
water is conveted to vapor in the boiling zone in the
bottom of the reactor at a rate proportional to the heat
flux. The vapor produced in the boiling zone rises
convectively to the condensation zone where it gives
up its heat energy to becomes liquid water. The
liquid water trickles downward by gravity flow and
dissolves mnineal material from the surfaces it
contacts. Eventually is enters the boiling zone where
water is removed from the solution by boiling so the
solutes become more and more concentrated so that
authigenic minerals precipitate.

Hulen J. B. and Nielson D. L 1986. Hydrothermal
alteration in the Baca Geothermal System.
Redondo Dome. Valles Caldera, New Mexico.
Jour. Geophys, Res. 91B: 1867-1886.

Krupp R. E and Seward T. M. 1987: The Rotokawa
Geothermal System, New Zealand: An active
epithermal gold-depositing environment. Econ.
Geol. 82: 1109-1129.

Vikre P. G. 1987. Paleohydrology of Buckskin
Mountain National District, Humbolt County.
Nevada. Econ. Geol. 82: 934-950.

5 CONCLUSION

We have designed and tested an experiment to
simulate the geochemial conditions expected when
high level radioactive waste is buried in the partically
saturated rhyolitic tuff of the Nevada Test Site. Our
experiment develops a boiling zone at the base of a
column of crushed rock and a condensation zone at
the top of the rock column. SEM observations of
tuff grains reacted for 30 days in this apparatus
revealed extensive mineral dissolution throughout the
top of the reactor. Authigenic mineral precipitation.
including opaline silica and iron oxy/hydroxides was
found to occur in the upper six to nine inches of the
column, with relatively little or no precipitation in the
middle section. The bottom zones showed extensive
authigenic mineral precipitation including silica, iron
oxyhydroxides stilbite, and clays (?) A layer of

tightly cemented rock grins formed at face of the
heater assembly. The cemeent was amorphous silica
and the grains were very tightly endurated.
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Characterization of Authigenic Zeolite Phases in Vapor Dominated
Hydrothermal Systems With Micro-Raman Spectroscopy

M. A. Williamson and C.L Knight

The employment of non-destructive analytical techniques to determine the chemical
composition of solid, gaseous and liquid materials has received ever increasing attention in
the geological sciences. With respect to hydrothermal systems, utility of in situ
characterization of micron sized occurrences of alteration products from hydrothermal
systems is both difficult and increasingly important The Raman microprobe is, well suited
for such analyses. The examination and identification of very tiny authigenically formed
phases (e.g. zeolites) in intimate association with host material is possible. Hence, a
detailed examination might be carried out of the mineral-mineral interactions that
accompany the transfer of mass in a thermal gradient.The purpose of this communication is
to report on continuing efforts to indentify the alteration minerals produced by an
experiment to simulate mass transfer processes in a thermal gradient. Efforts to date have
identified the presence of faujasite, stilbite and feldspar as authigenic minerals. Zeolite
growth was observed to be most commonly associated with a feldspar substrate,
suggesting an epitaxial nucleation may be an important factor in localizing zeolite

formation.
Mass transport in a thermal gradient is a significant source of geochemical

differentiation in the earth. The coupling of heat and mass flow in a liquid+vapor system in
near surface rocks is a common process in present day vapor dominated hydrothermal
systems or some of their ancient counterparts, epithermal gold deposits. Placement of high
level radioactive waste cannisters in the partly saturated tuffs of Yucca Mountain, Nevada
will result in a steep thermal gradient and possibly an analog of these natural processes.

Vapor dominated geothermal systems are found in areas of high heat flow in rocks
where the groundwater recharge generally is exceeded by the heat driven discharge to
surficial environments. Under these conditions, there is development of a vapor zone
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comment. Funding for this work was provided in part by a grant from Miffin and Associates, Inc, Las

Vegas. NV. to J.D. Rimstidt and NSF grant EAR-8657778 to RJ. Bodnar.
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where the interstitial spaces of the rock are filled with both vapor and liquid water, in
proportions governed by a complex interplay of heat flux, mass flux and rock
permeability. These systems are divided into two geochemical zones: a boiling and a
condensation zone. Boiling of slightly alkaline, dilute chloride solutions in the liquid
dominated portion of the system will produce, in the absence of sulfur species, a CO2 rich
vapor phase that travels upward and laterally until it condenses. Assuming that the
condensate does not react with the oxidizing shallow seated groundwater, a slightly acidic
bicarbonate solutions results, producing mild alteration conditions. Consequently, efforts
in the Department of Geological Sciences at Virginia Polytechnic Institute have resulted in
the design of an experiment to simulate the coupled heat and mass flow in a vapor
dominated system composed of Yucca Mountain tuffs.

A Vertical Thermal Gradient Experiment (VTGE), designed and operated at Virginia
Tech, duplicates the heat source (waste cannisters) at the base of a column of tuff and
imitates a zone of conductive cooling through an impermeable, confining geological
material2 (Figure 1). As condensed, mildly acidic solutions trickle downward, they react
with tuff grains used as the charge in the apparatus, leaching alkali and alkaline earth

elements and silica. Subsequent refluxing of these solutions acts to produce supersaturated
conditions with respect to amorphous silica, clays and zeolites, which are precipitated in the
liquid dominated portion of the system. Reported here is a method to identify the
authigenic zeolite phases produced in this experiment. It is expected that this technique will
be quite useful for identifying similar phases formed in natural systems.

Experimental

Nonlithophysal tuff from the Topopah Springs member of the Yucca Mountain
tuffs, Nevada, was crushed and sieved to a size fraction less than 2 mm. Subsequently,
fine grained material was washed from the surfaces of the grains with successive washings
of 400 cm3 portions of the solids by stirring into 1500 cm3 of distilled-deionized water, in
an 18 cm high column. The agitated mixture was allowed to settle for one minute and the
suspended fines were decanted. Three washings were used for each 400 cm3 portion of
crushed and sieved tuff. Following drying at 1000C, secondary electron microscopic
(SEM) examination of the unreacted material indicated that fines had been effectively
removed. Permeability and porosity determination were made on the material of 0.0385
cm-sec-1 and 45%, respectively.
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Initially, 80% of the pore volume of the 3700 cm3 run solids was filled with
deionized water. The apparatus was run for 31 days. At the termination of the run, the
column of reacted tuff (4 x 21 inches) was sectioned into seven three inch parcels and dried
at room temperature.

Tuff grains from all seven sampling zones were mounted for SEM analysis.
Raman spectra were obtained for mineral grains observed to be growing on the surface of
the reacted tuff with an Instruments SA Raman spectroscopy system. This system was
comprised of a Jorbin Yvon model U100 optical bench interfaced to an Olympus BH-2
microscope equipped with lOOx objective. Excitation was achieved with a Spectra-Physics
model 2016 argon laser, tuned to the 514.5 nm line, at 100 milliwatts to the microscope. A
dedicated MBM AT was employed for instrument control and data acquisition using
Instruments SA supplied software routines.

Raman spectra for the authigenic grains were recorded from 100 - 1500 Rcm-
where Rcm-1 indicates the Raman shift frequency. Scans were produced by stepping 2
Rcm-l and counting 2 sac at each step. As the scattering cross section for zeolites is very
low, a spectral addition of five scans was used. This resulted in optimal signal to noise
ratios and the most reproducible spectral results.
Results and Discussion

All reacted tuff sections were examined by SEM. Iron hydroxides and amorphous
silica coatings were noted to be ubiquitous throughout, with the formation of micron sized
single crystal alteration products in the lowest section. Examination of the lowest section
of the column of reacted tuff revealed the occurrence of phases not observed prior to
reaction. Amorphous silica and platy clay-like materials were noted in addition to well
developed crystalline materials whose habit suggested a zeolite mineral. The appearance of
one of the alteration products (see Figure 2) markedly resembled the fibrous habit of stilbite
((Na Ca2) [Al5 Si1 3O3J) 16 H20). While the likely identity of this material was
developed with SEM, that alone was not conclusive. Additionally, the precipitation site
could not be evaluated by this method of approach.

Grains mounted on the stage of the Instruments SA micro-Raman system provided
information not obtainable by SEM examination. Edges of reacted tuff grains were
illuminated with transmitted light, throwing into sharp relief the authigenic mineral grains.
Grains were observed to be transparent to partially clouded and ranged in size from <0.5 to
5 microns. Often the grains possessed a "sheaf-of-wheat shape in cross section, such that
the direction of elongation was perpendicular to the surface upon which they were observed
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to occur. The spatial relationship between these elongate grains and the surface of the
mount was considered to be indicative of the authigenic nature of the grains. In the
overwhelming majority of the occurrences, the authigenic phases were noted on a
translucent substrate that regularly displayed two cleavages and fluid inclusions.

A Raman spectrum was recorded for one particularly well developed grain of about
3 microns in size and is displayed in Figure 3a. Well resolved peaks at 414, 480 and 514
cm 1 were noted, with minor signals slightly exceeding noise levels between 200 and 400
cm-1. The deflection at 514 cm-1 was thought to be representative of feldspar. Numerous
Raman spectra for feldspars recorded at this laboratory have consistently shown this peak
as a characteristic feature of feldspar minerals, regardless of specific composition. A
spectrum of plagioclase is shown in Figure 3d and is typical of all feldspars we have
observed. Indeed, comparison of the Raman spectrum for the substrate mineral (Figure

3b) with that of plagioclase shows an almost identical match for shift frequencies of 159,
282, 476 and 514 cm-1. It is the conclusion of the authors that presence of the 514 cm-1

band in the authigenic mineral spectrum is representative of "contamination" by the
substrate mineral. This is not a surprising result as the analytical volume of excitation by
the laser source would likely extend to some degree beyond that defined by the micron
sized mineral grain. Thus, the signal observed in the spectrum of the authigenic grain is
attributed to feldspar.

Remaining signals at 414 and 480 cm-1 correlate well with frequencies observed for
zeolites of Group 4, where the group labeling is consistent with that denoted by Mumpton,
1977.3 This group, the clinoptilolite group, includes stilbite (see Knight, et al, this
volume). The correlation of the strongest spectrum signal at 414 cm -l with 410 cm1- noted
in stilbite is good (Figure 3c). The primary spectral deflection at 405 cm-l for clinoptilolite

and heulandite do not support these choices for the identity of the authigenic grain.
Inspection of the spectrum for stilbite reveals fine structure at 458 cm-1 that is not observed
for experimental run products. The low signal-to-noise (SIN) of the run product spectrum
compared to the far greater S/N of the standard is thought to be responsible for the lack of
detection of this minor peak. From our experience, with respect to natural zeolite minerals,
the position of the most intense band in the spectrum is the most useful in determining its
identity. Coupled with SEM crystal habit observation and reactor thermal conditions that
are in agreement with observed formation of stilbite in Iceland,4 the identity of this
authigenic mineral grain is concluded to be stilbite. However, the displacement of the

authigenic 480 cm 1 peak relative to the determined 496 cm 1 for stilbite is not clearly
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understood at this time. The role of cations held in pore spaces is not certain and is
currently under investigation. It is worth noting that initial SEM-observation of crystal
habit is nicely complimented by the structural information provided by Raman microprobe
analysis. Use of Raman spectroscopy revealed vibrational frequencies for the material not
in complete agreement with those observed for museum samples stilbite and therefore is
more specific in its analysis than SEM or electron microprobe.

A particularly large, well developed authigenic grain was observed and noted to be
particularly elongate (2 x 6 microns), oriented such that the direction of elongation was
perpendicular to the substrate surface. Examination of the grain (see Figure 4a), yielded
conclusive results. The occurrence of a very sharp band at 506 cm-l couple with a second
minor deflection at 844 cm-1 indicated the occurrence of a group 4 zeolite. The Raman
spectra for minerals of this group (chabazite, faujasite and gmelinite) are easily resolved
based upon the observed direct relationship between degree of symmetry and frequency
position of the 460-520 cm-l deflection. (Knight, et al, this volume) The position of a
strong band at 506 cm-1 compared to 505 cm-1 for faujasite (Figure 4b), coupled with the
modest signal at 844 cmr1 is definitive in identifying this analyte as faujasite
((Na2Ca)[Al2Si4kO 2] * 8H20). Examination of the substrate upon which this material
formed produced another spectrum of a feldspar mineral. A spectrum of this mineral is not
reproduced here, as it is very similar to that shown in Figure 3d.

In addition to identifying feldspar as the endogenic substrate for authigenic zeolite
formation, numerous occurrences of authigenic feldspar were noted. Feldspar produced
during the experimental run was typically small (2 x 2 microns) relative to the feldspar that
acted as a substrate (15 x 15 microns), but produced Raman spectra similar to Fig. 3d.
Authigenic varieties were nearly equiangular compared to the more elongate forms of
zeolites described above.

Conclusions
In situ characterization of zeolite alteration minerals as products in a hydrothermally

altered geologic material is possible with micro-Raman spectroscopic techniques. The
ability to evaluate the nature of the substrate upon which such minerals precipitated is also
possible and may provide insight into control mechanisms for zeolite formation in these
environments. The specific structural information that is obtainable with micr-Raman
spectroscopy enables a more reliable identification of alteration minerals and can be used to
compliment either SEM or electron microprobe analyses. Zeolite alteration minerals
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identified for Yucca Mountain, Nevada, tuffs exposed to a vertical thermal gradient include
faujasite and a group 7 zeolite here identified as stilbite. Zeolite growth was most
commonly associated with feldspars, suggesting that epitaxial nucleation may be an
important factor in localizing authigenic zeolite formation.

The use of Raman micro-spectroscopy promises to be a useful technique for the
identification of alteration minerals in a hydrothermal environment. Qualitative description
of authigenic phases with this technique will be a solid compliment to SEM and electron
microprobe analysis, yielding structural information of great value.
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[ Figure Captions:]
Fig. 1. Schematic of Vertical Thermal Gradient Experiment. Critical parts of the design

are (a) heating apparatus, (b) column of solids to be reacted, (c) cooling assembly.
Fig. 2. SEM photograph of crystalline authigenic mineral phases observed on the surface
of Yucca Mountain, Nevada tuff grains following exposure to a vertical thermal gradient.

The sheaf-of-wheat habit is suggestive of stilbite.
Fig. 3. Raman spectra of (a) authigenic mineral grain, (b) substrate upon which (a)

formed, (c) stilbite, (d) plagioclase.
Fig. 4. Raman spectra of (a) authigenic mineral grain, (b) faujasite.
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INTRODUCTION

There is no question that the burial of high level radioactive waste in the tuffs below
Yucca Mountain, Nevada will cause some chemical reactions to occur as the surrounding
rocks are heated up; however, just which reactions will be important is currently unknown.
The heat flow from the waste cannisters will displace the mineral/solution system from
chemical equilibrium and subsequent chemical reactions will cause it to evolve toward a
new equilibrium condition. This must be true in all cases so that the overall free energy of

the system always evolves to a more negative value. However, this principle does not
dictate just how the system can approach this new equilibrium condition. If all reaction

rates were simply a linear function of the departure of the system from equilibrium (the
affinity) then the evolution of the system could be modelled using a series of uncoupled rate

equations each of which predicts an approach to equilibrium following a path that keeps

that particular subsystem at the most negative free energy (for a discussion of this method
see Helgeson 1968 and Helgeson 1979): Such "reaction path" calculations have been
widely used to model the compositional evolution of a wide variety of fluid/rock systems
(eg. Bowers et al. 1985, Reed 1982, Wolery 1979). They have the advantage of requiring

only thermodynamic data which is used to calculate the affinity of each reaction.
Unfortunately in real systems the relationship between the reaction rate and the affinity is

often very nonlinear and coupling between reactions is often quite complex leading to
unexpected and often dramatic departures from the behaviors predicted by "reaction path"

models. This phenomenon has been widely recognized in the fields of chemistry and

biology (see Nicolis and Prigogine 1977 for a good introductory discussion). In order to
account for the behavior of such complex real systems the rate law for each reaction must

be known.
In the past fifteen years a fair amont of effort has been devoted to determining the

rates and mechanisms of various mineral/solution reactions. This document is a review of
these studies and was compiled with the goal of evaluating the state of the art of this field.

It considers only minerals and solutions that are likely to be found associated with the
Yucca Mountain repository. There are at least six types of chemical reactions that might
obtain in this setting, they are: hydration and/ or dehydration of minerals (hyd/dehyd),

dissolution and/or precipitation of minerals (diss/ppt), transformation of a mineral phase to
another mineral phase (transf), reduction and/or oxidation of a mineral phase (redox),
exhange or ions or isotopes between a mineral and the surrounding solution (exchange),

and the polymerization and nucleation of a mineral phase from solution (poly/nucl). Each
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mineral or mineral group is considered in a seperate section and references for each mineral

or mineral group are listed in seperate appendices.

SILICA MINERALS AND. GLASSES
Because the silica minerals are so common their reaction kinetics have been widely

studied. Appendix I lists 38 references that discuss quartz kinetics, four that discuss
cristobalite kinetics, and 21 that discuss amorphous silica. This is the only silicate mineral

system that has a fairly well developed rate law, probably because of the simple
stoichiometry of the minerals, but the details of the reaction mechanism have yet to be
understood.

Quartz

Papers describing quartz dissolution kinetics are listed in Appendix 1. The studies

of dissolution/precipitation kinetics in pure water (Rimstidt and Barnes 1980, Knauss and

Wolery 1988, and Bird et al. 1986) agree fairly well (± -2 log units in log k). Much of

this discrepency could probably be resolved by reevaluation of the original data using the

same solubility function (preferably the one given in Rimstidt 1984) and discarding

questionable experiments. There is good agreement that the dissolution reaction is zero

order and and the precipitation reaction is first order in H4SiO4. The reaction order in H 20

is unknown but is hypothesised to be second order by Rimstidt and Barnes (1980). There

is no evidence that pH has any effect on the reaction rate below 7 and the effect above 7,

commonly reported in terms of OH, to a fractional reaction order. It is currently not clear

whether any of these experiments are interpretable because there is evidence (Dove personal

communication) that alkali and alkaline earth ions, in the pH buffers, accelerate the reaction

rate.

Cristobalite

There have been no dissolution/precipitation rate studies for cristobalite (or opal

CIT). However, this phase is an important intermediate in the transformation of amorphous

silica (opal A) to quartz. The references in Appendix 2 specifically mention this cristobalite
intermediate while those transformation studies listed in Appendices I and 3 focus more on

the quart product and the amorphous silica starting material. The importance of this phase

in the transformation sequence would not be predicted by "reaction path" models because it
is not the most stable phase in the silica-water system. It comes about because the
nucleation rate of cristobalite is higher than the nucleation rate of quartz. This is true in

many such systems and is known as Ostwald's Step Rule (Ostwald 1879). This is an
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excellent reason to consider detailed kinetic models when trying to model real water/rock
systems.

Amorphous Silica

Most of the studies of amorphous silica kinetics (Appendix 3) have been directed
toward measuring the rate of precipitation of this phase from hydrothermal solutions to
form siliceous scales. This is a difficult problem because these kinetics involve both
nucleation and precipitation rates. The simple dissolution/precipitation kinetics should be
predictable from the model of Rimstidt and Barnes (1980) but most of the studies of
dissolution rates of amorphous silica diatom tests (eg. Hurd and Theyer 1975, Hurd and
Birdwhistell, 1983, and Lawson et al. 1978) do not agree well with these predicited rates.
This is likely because these tests are geometrically quite complex often with a great deal of
internal surface area so that the specific surface areas that are measured by BET analyses
are not equivalent to the external surface area that can actively dissolve into solution.
Similar problems are likely to be encountered if silica gels were used as run material. There
have been not comprehensive studies of amorphous silica dissolution that could be used to
confirm the model of Rimstidt and Barnes (1980).

In addition to dissolution studies, there have been several studies of the rate of
transformation of amorphous silicas to cristobalite and then to quartz. Many of these
studies are complicated by the use of "mineralizer" solutions containing sodium hydroxide
or carbonate to raise the pH to accelerate the reaction rate. Because most natural solutions
have pH's of less than 10, these experiments really do not simulate the kind of conditions
that might obtain in real rocks. All of these reactions involve relatively complex

* dissolution, nucleation, and precipitation kinetics. Rimstidt (1983) presented a model of
transformation kinetics that is consistent with the experimental results. This model
accounts for the changing rates (dr/dt, ie. the second derivative of concentration with time,
d2c/dt2) by modelling the changing surface areas of the reactants and products using a
shrinking or growing particle model (see any chemical engineering textbook, eg.
Levenspiel 1972, for details). Although this model does not account for the difference in
the nucleation rates of cristobalite and quartz, this feature could be added to give a realistic,
but very nonliner, model of this transformation process.

* Glasses
In the Yucca Mountain tuffs, siliceous glass is likely to be a reactive phase but its

dissolution rate, measured in terms of the rate of release of silica to solution will also be a
function of composition. Pure amorphous silica might be considered the extreme of silica
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content and any theory of glass dissolution should be tied to a model of amorphous silica
dissolution. A wide variety of studies of glass dissolution studies have been performed
(Appendix 4). Many of these are quite well concieved experiments but collectively they
cover only a small portion of the possible compositions The model of Abrajano et al.
(1986) and Abrajano et al. (1987) which relates the dissolution rate of various glasses to
their free energy of formation may offer a way to tie these experiments together. This idea
is worth testing for a variety of natural glasses. There is no comprehensive model of the
dissolution behavior of glasses. Many investigators feel that the various cationic species
leach from the glass before the silicate or aluminosilicate network decomposes but this idea
has really not been carefully tested in an experiment. Note that all of the leaching
experiments that are used to support this model were performed with freshly crushed or

polished material that might have an unusual surface composition so that they might release
the cations during the initial phase of dissolution more rapidly than they would under the
more nearly steady state dissolution conditions expected in nature. An alternative model
might require that the silicate or aluminosilicate network breaks down to release the cations.
Clearly the dissolution process does change the nature of the glass surface Schreiner et al.
(1984, 1986, 1986) have performed a variety of surface studies to demonstrate these
changes. A related problem is the process of hydration/devitrification of glass surfaces.
The rate of thickening of the hydrated/devitrified layer on obsidian surfaces has been used
to date archeological finds based on the assumption that this process occurs at a constant
rate (eg. Michels et al. 1983). This idea requires much more careful verification. Finally,
there have been very few studies of the rates of transformation of glass to zeolites ± clays
quartz. It is very likely that this process could be modelled best by the shrinking particle-
growing particle model used to describe silica transformations above. It is important to

note that such a model requires a detailed knowledge of the dissolution and precipitation
rates of the individual minerals. Unfortunately, as will be documented below these data are
almost nonexistant for zeolites and clays.

FELDSPARS
There have been several studies of the rates of dissolution of feldspars (Appendix

4) so that the compiled data cover a fairly wide range of mineral compositions and reaction
temperatures. A few studies varied the solution pH to demonstrate that the dissolution
reaction proceeds more rapidly below 4 and above 8. Aagaard and Helgeson (1982)
interpret this behavior by dividing the hydrolysis process into three regimes.. The rate

limiting step at low pH (<4) involves the exhange of hydronium ion for the alkali or
alkaline earth cation in the structure followed by spontaneous decomposition of the
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hydrogen feldspar. In the intermediate pH range (4-8) H20 attacks the aluminosilicate

framework and breaks a critical link. Finally, at high pH, OH- attacks the aluminosilicate
framework. This model suggests that the reaction rate equation should be first order in
H 30+ and OH- but experimental data show it to be -0.4 order in H 30+ and 0.4 order in
OH-. Thus, it seems that a great deal more research is needed to test this hypothesis and
resolve the difference between the model and the experimental evidence.

Only Solomon (1978) has reported on the rate of exchange of ions between solution
and the feldspar. This type of reaction may be of critical importance in the field of
radioactive waste disposal because the migration of many radionuclides may be retarded by
exchange into minerals. Some of the adsorption studies may actually be measuring this
phenomena.

Finally, there have been several studies of the phenomena of transformation of
feldspars to clay minerals or to zeolites but none report usable rate data. This is quite
unfortunate because these transformations are likely to proceed through a dissolution
precipitation process where radionuclides could be incorporated into the precipitating
phase. Thus, the rates and mechanisms of these process deserve further investigation with
a goal of determining the actual reaction rates for these transformations.

There have been no studies on the rates of feldspar growth from solution. It seems
reasonable that the dissolution and precipitation reactions are reversible so that if the
mechanism of one is known the other will simply be the same but with the steps in the
reverse order. It is possible that the growing crystal is assembled from aluminosilicate
polymers that grow in the solution. This means that the rate limiting step for crystal growth
is simply the attachment of these polymers to the mineral's surface. Conversely, if
polymers are released from the surface durning dissolution, the rate limiting step is simply
the detachment of these polymers which subsequently break down to monomers in the
solution.

CLAY MINERALS
Considering their abundance and importance in geological processes, there are

dissappointingly few studies of clay mineral kinetics (Appendix 5). There are almost no
studies of clay mineral dissolution or precipitation from which any quantitative rate data can
be derived. As a result, neither rate laws nor reaction mechanisms for clay mineral
dissolution/precipitation. arc known. There have been a few studies of the rates clay
mineral transformations. Probably the most famous is the study of smectite to illite
transformation by Eberyl and Hower (1976) which documents a simple first order rate
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equation for this process. This lack of careful work in on clay mineral kinetics is
surprising in view of their importance to the energy industries, particularly petroleum.

The simplest clay mineral, in terms of composition and structure, is kaolinite. It is
likely that its kinetic behavior would be best behaved. There have been several studies of
the synthesis of kaolinite at low temperatures but none have actually measured any rates. A
few studies of kaolinite dissolution could be used to estimate zero order rate constants
(Lerman et a]. 1975, Hurk et al. 1979) but they were not carried out over a wide enough

range of solution compositons to actually develop a useful rate law. Chermak and Rimstidt
(1987) have performed some preliminary studies of the rate of transformation of kaolinite

to illite. The range of experimental conditions is still too narrow to determine a rate law for

this reaction.
Montmorillonite/smectite reaction kinetics are of particular interest here because

these minerals are both present in the Yucca Mountain tuffs and because they might be used

as an absorptive backfill around the cannisters. The study by Eberyl and Hower (1976)
indicates that this reaction is first order in terms of the amount of smectite in the system.
This suggests that the transformtion proceeds via a layer by layer mechanism where the

aluminosilicate sheets remain nearly intact during the reaction. This implies that the

shrinking-growing particle dissolution/precipitation model discussed above would not

apply. If this is true then there would be less chance that this transformation would involve
the scavenging of radionuclides from the surrounding solutions. In fact, this process might

release already adsorbed radionuclides because the ion exchange capacity of illite is

generally much lower than that of montmorillonite. If this transformation occurs as rapidly

as the Eberyl and Hower (1976) data suggest, using montmorillonite as a backfill around
the cannisters may be futile because it will convert to illite too quickly to remain effective

until the time when the cannisters fail. However, the work of Whitney and Northrop

(1988) indicates that the transformation reaction is somewhat more complex than a simple

fist order mechanism but does support the layer-by-layer concept for some extent of

reaction.

Most of the studies that mention illite are concerned with the smectite to illite

transformation reaction. Therefore, I have included a few references for studies of
muscovite dissolution because they might be pertinent to the dissolution rate behavior of

illites. Although these studies are relatively narrow in scope, they give enough information

to determine that the dissolution reaction for sheet silicates is just as complex as that of the
feldspars. It is not dear whether one general mechanism might apply to all of these

aluminosilicates as suggested by the broadly generalized model of Murphy and Helgeson

(1987), or whether each mineral dissolves via a completely different path.
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The kinetics of clay mineral dissolution/precipitation and transformation reactions is
a fertile area for further research. The data derived from carefully derived experiments in
this area not only are needed to understand water/rock reactions in the Yucca Mountain
repository but they would contribute to understanding mudstone diagenesis which would
be helpful in the petroleum and oil shale industries.

ZEOLITES

Most zeolites are only stable in high pH solutions with high silica and alkali/alkaline

earth activities. Such solutions are relatively uncommon in nature but do occur as a result

of the dissolution/devitrification reactions of volcanic glasses. Therefore, tuffs commonly

contain a suite of zeolites during a period of their diagenesis where glass persists. After the
glass has been destroyed the zeolites generally react away. The Yucca Mountain tuffs still

contain glass and therefore zeolites. The beating caused by the burial of radioactive wastes

in these rocks will accelerate the diagenesis process so that first the glass and then the
zeolites will be consumed. This is unfortunate because the zeolites might act as a barrier to
radionuclide migration by absorbing some of the radioactive species. It is important to
know how quickly zeolites might form under these conditions and even more important to
know just how long they might persist, particularly at the higher temperatures expeced in

the radioactive waste repository. Note that if the above scenario holds the studies of
radionucide adsorption by the current tuff mineralogy might greatly overestimate its

retention ability.
Unfortunately most of the studies of zeolite formation have been directed toward

making very silica-rich phases to use as cracking catalysts for the petroleum industry. The

experiments performed by petrologists and geochemists (Appendix 6) present a viable
starting place for the necessary research in this field but the range of possible reactions is

much richer than realized by these few studies. In addition to the transformation studies,

more data on the rates of dissolution and precipitation, as well as rates of hydration and

dehydration, are needed.

CALCITE
Although there is not a great deal of calcite in the Yucca Mountain tuffs, it could

exert a great deal of influence on the solution geochemistry. First, it dissolves and
precipitates much more rapidly than any silicate mineral, and second, a great deal of CO2

might be produced as a result of its interaction with heated clay minerals (see Heller-Kallai

1986 and Keller 1976 for information on vapors released by heating clay minerals or clay-

calcite mixtures). Therefore, it has been included in this survey.

7



There are many published studies of calcite kinetics (Appendix 7). Together they
represent a fairly consistent and comprehensive body of knowledge so that a reasonably
reliable rate law can be derived (Plummeret al. 1979). This rate law is consistent with a
reaction mechanism that changes with pH from surface reaction limited at high pH to
diffusion limited at low pH. In addition, there have been several studies of the precipitation
kinetics of calcite, and particularly the effect of foreign ions on the precipitation rate, so that
this process is understoon relatively well, also. In general, this mineral system requires
little or no more development to provide the information needed for modelling the

geochemical behavior of the Yucca Mountain repository.

It is worth noting, however, that there are very few studies of the rates of C0 2

exchange between solution and vapor. I expect that this is a very fast process limited only

by the diffusion rate of C02 in solution but because this is likely to be an important process

in the Yucca Mountain repositroy, it is worth further investigation to confirm my suspicion.

CONCLUSIONS

This review illustrates that there is a distressing lack of complete and reliable

information regarding mineral/solution reaction rates that could be used to model the
geochemical evolution of a ligh level radioactive waste repository at Yucca Mountain
Nevada. Reasonably accurate rate laws have been developed for calcite and the silica

minerals and significant details of the calcite dissolution/precipitation mechanism are

understood. Currently, there is no verifiable reaction mechanism model for any silicate

mineral and very little useful reaction rate data for phases other than silica minerals and

feldspars.
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ABSTRACT

A vertical thermal gradient experiment (VTGE) was designed to simulate conditions

expected in the partially saturated Topopah Springs member, Yucca Mountain tuffs after the

burial of heat-producing, high level radioactive waste canisters. The reactor consists of an

aluminum or PVC pipe, four inches diameter and 24 inches long, which contains the tuff

sample with heating and cooling assemblies attached to the ends of the pipe. The reactor is

operated in a vertical orientation such that the bottom of the pipe is heated to produce a

boiling zone, and the top of the pipe is cooled to produce a condensation zone. Adjustment

of power to the heater, and the temperature and flow rate of the cooling fluid through the

cooling assembly at the top of the reactor allows the heat flux, and consequently the mass

flux, through the tuff sample to be controlled.

Observation of reacted materials from preliminary runs using scanning electron

microscopy showed that surfaces of all of the tuff grains were leached and pitted, with

more extensive damage to the grains from the condensation zone in the upper eight inches

of the column. Iron oxyhydroxide globules and opaline silica coatings were common

throughout the run sample. Grains from the bottom three inches of the column showed

unidentified"dumbbell"-shaped, and needle-shaped alteration mineral phases on their

surfaces. Tuff grains from the very bottom of the reactor were tightly cemented by

deposits of opaline silica.



INTRODUCTION

Burial of high level radioactive waste canisters in the partly saturated Yucca

Mountain tuffs at the Nevada Test Site will induce a steep thermal gradient much like

natural geologic situations where shallow-seated magmatic intrusives cause anomalously

high geothermal gradients. The steep thermal gradient produces a system that is far from

equilibrium with conditions comparable to those found in present-day vapor-dominated

geothermal systems or their ancient counterparts, epithermal gold deposits. These natural

systems show dramatic redistribution of elements. Such redistribution of elements and

alteration of the rocks surrounding the waste disposal vaults in the Yucca Mountain tuffs

could seriously compromise the integrity of the disposal site.

Vapor dominated geothermal systems occur in areas of high heat flow in rocks

where the recharge of ground water does not equal the heat-driven discharge to the surface.

In such cases, a vapor zone develops where the voids in the rocks are filled with both water

vapor and liquid water in proportions controlled by a complex interplay of heat flux, mass

flux, and rock permeability (Cline et al. 1987). There are many cases of boiling geothermal

systems including Larderello, Italy (Duchi et al. 1986, Truesdell & Nehring 1979);

Yellowstone, Wyoming (Muffler et al. 1971, Raymahashay 1968); and Rotodawa, New

Zealand (Ewers et al. 1977, Hedenquist et al. 1985, Krupp and Seward 1987).

Vapor dominated geothermal systems can be divided into two main geochemical

zones: a boiling zone and a condensation zone (Figure 1). These zones are well

documented by Krupp and Seward (1987, Fig. 2) and Hulen and Nielson (1986, Fig. 6).

The slightly alkaline, dilute chloride solutions of the boiling-zone are responsible for
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silicification and propylitic alteration of the original rocks. Boiling of these solutions

produces a carbon dioxide-rich vapor that travels upward and often laterally until it

condenses to produce a perched water table. If the system is low in sulfur and/or the

condensate does not mix with oxidizing shallow groundwaters, the slightly acid, dilute

bicarbonate solutions of this condensation zone generally produce weak phyllic alteration.

However, if the system contains significant amounts of sulfur, either from a magmatic

source or from sediments, and the vapor mixes with oxidizing, shallow groundwaters, a

very acidic solfataric zone with advanced argillic alteration forms.

The end product of vapor dominated geothermal systems is observed in epithermal

gold deposits. As a result of the increase in gold prices beginning in 1968, many

epithermal gold deposits have been studied extensively. The results of many of these

studies are summarized in Buchanan (1981) and Heald et al. (1987). These deposits

should be viewed as the product of the processes active in modem boiling geothermal

systems integrated over the time that the driving heat source was active.

The Vertical Thermal Gradient Experiment (VTGE) described in this report is

designed to simulate these naturally occurring vapor dominated geothermal systems as well

as the conditions expected in the Yucca Mountain high level radioactive waste repository.

The reactor duplicates the heat source (the waste canisters or magmatic intrusion) emplaced

at the base of a column of partly saturated tuff and mimics the conductive cooling through

an overlying impermeable layer which confines the system (Figure 1). In our experiment,

the bottom of the reactor is a boiling zone analogous to the area surrounding the entombed

waste canisters, while the top of the reactor is a condensation zone analogous to the layers

of densely welded tuff overlying the repository host unit. Depending on the mineralogy of
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Figure 1. Schematic diagram of the general zonation found in vapor dominated geothermal
systems and expected in the unsaturated zone above the high level radioactive repository in
the tuffs of Yucca Mountain, Nevada.
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the solids in the reactor and the amount of CO2 generated from decarbonation of calcite, the

condensate is generally mildly acidic causing alteration of the minerals in the condensation

zone. As these fluids trickle downward, due to gravity, they react with the surface of the

tuff grains leaching alkali and alkaline earth elements and silica. By the time the solution

reaches the boiling zone at the bottom of the reactor, it will have been neutralized but

become saturated with the elements leached during its downward journey. Removal of the

water from this solution by boiling causes the solution to become supersaturated with

respect to amorphous silica, clays, and zeolites so they precipitate in the boiling zone.

These alteration minerals can be identified using SEM, x-ray powder diffraction, and

microprobe analyses and their abundance and composition related to the run conditions.

This experiment is inexpensive to construct and simple to operate so that it is economically

feasible to operate several simultaneously to test a wide range of thermal gradients, solution

compositions, and permeabilities.

EXPERIMENTAL DESIGN

Figure 2 shows schematically the overall configuration of the Vertical Thermal

Gradient Experiment. The reaction chamber containing the Yucca Mountain tuff sample is

an aluminum or PVC pipe, 4 inches inner diameter, with a wall thickness of 1/8 inch, and a

length of 24 inches. The volume of the reactor is approximately five liters. These

dimensions were chosen so that the reactor diameter is very large compared to particle or

pore sizes minimizing boundary condition effects and the reactor is long enough to develop

mineral zonations but short enough to be manageable in the laboratory. This arrangement
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Figure 2. Schematic diagram showing the parts of the Vertical Thermal Gradient Experiment (VTGE).
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allows us to telescope mineral zones, that would occur over hundreds of meters in a

geologic system, into a relatively small vertical distance.

The heating assembly and cooling assembly are constructed from machined

aluminum blocks and attached to the ends of the reactor pipe with machine bolts (Figure 3).

The heating assembly contains a 200 watt, disk-shaped, resistance heater that is secured by

silica wool packing against the interior face of the block. A backing plate of thermal board

is bolted onto the end of the block to close the interior volume (Figures 4 and 5). The

poweroutput of the heater is controlled by a variable voltage transformer. The cooling

assembly consists of a chamber that holds approximately 110 mL of water. A viton o-ring

seals the gap between the body and the aluminum lid bolted onto the top of the assembly

(Figures 6 and 7). An extemal metering pump circulates water into the chamber where it

absorbs heat from the reactor through the bottom of the aluminum block. Cooling water

enters the cooling assembly along the central axis and is forced to flow radially across the

heat exchange face by a baffle before it exits near the periphery. The water then exits the

chamber to a holding tank where it cools until it is subsequently recirculated (Figure 2).

Brass swage-type tube fittings secure copper tubes conducting the cooling water in and out

of the upper block chamber. In-line thermometers record the temperature of the feed and

effluent water (Figure 6). The temperature difference between the effluent and feed streams

is used to calculate the amount of heat removed from the top of the reactor. The heating

aid cooling assemblies extend one inch into each end of the pipe and are sealed against the

inside face of the pipe by viton o-rings (Figure 3).

The entire length of the apparatus is insulated by three, one-inch thick layers of

polyurethane foam. Two aluminum sheets formed into half cylinders cover the foam layers
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Figure 3. Cross section of the VTGE showing the location of the heating and cooling
assemblies.
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Figure 4. Cross section of the heating assembly.

8



BOTTOM IS COVERED WITH 1/4" THERMAL BOARD

Figure 5. Plan view of the heating assembly.
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Figure 6. Cross section of the cooling assembly.
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TOP IS COVERED WITH
AN ALUMINUM PLATE

Figure 7. Plan view of the cooling assembly.
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to form the exterior of the experiment. Fitting the insulation halves tightly together around

the pipe minimizes the lateral heat loss. A sheet of one inch-thick polyurethane foam is

placed on top of the reactor to minimize heat loss from the top of the cooling assembly

(Figures 2 and 3). The reactor sits on a piece of one inch thick thermal insulation board to

retard the heat loss out of the bottom (Figure 2).

Seven holes (9/16 inches diameter) were drilled into the side of the reactor pipe

(Figure 2). The three on each side, 180° apart, are sampling and thermometer ports and the

one, two inches from the top, is a vapor escape port The reactor is open to the atmosphere

through the vapor escape port located near the top of the pipe. This port allows

noncondensible gases produced by water/rock reactions to escape, keeping the system at

atmospheric pressure. The holes on one side of the pipe serve as fluid sampling ports and

are sealed by septum stoppers. We use 30 mL syringes with three inch long needles to

withdraw fluid. The holes on the other side of the reactor serve as ports for dial

thermometers. The thermometers are secured through rubber stoppers held in the holes by

friction fits. These dial thermometers monitor the temperature gradient inside of the

reaction pipe and are located 3, 11-1/2, and 19-1/2 inches above the bottom of the pipe

(Figure 2)..

The run material, nonlithophysal tuff from the Topaphah springs member from

Yucca Mountain, Nevada was crushed and seived to a size fraction of 2 mm. Fines

were washed from successive 400 cm3 portions of this size fraction by stirring into a 1500

mL volume of water (column height= 18 cm). After allowing the coarse fraction to settle

for one minute, the fines still suspended in the water column were decanted off. This

procedure was carried out three times for each 400 cm3 sample. The washed material then

12



dried in an oven at 100 C. SEM observations of the unreacted run material showed that the

surfaces of these grains are essentially free from fines.

The permeability and porosity of the run charge was determined before loading the

reactor. The porosity of the packed grains was determined by weighing the water needed

to fill the pore spaces. This was done by placing approximately 180 cm3 of sample into a

beaker and weighing the beaker plus the sample. Then the beaker was filled with water to

the level of the top of the sample and the beaker plus the sample plus the water was

weighed. Because water has a specific volume at room temperature of nearly one cm3/gm,

the pore volume is numerically equal to the difference in the two weights. We found

porosity values of 45 ± 5% for the samples used in our experiments. The permeability of a

packed column of the run material was determined from the rate of flow of water through a

packed column as described in Figure 8. The permeability of the run charges average

0.0385 ± 0.012 cm sec 1. At the present we have no simple way to measure any change in

permeability over the duration of the experiment but expect it to change very little. This is

elaborated in the discussion section.

Two experimental runs were conducted with the VTGE. In the first run, 30% of

the pore volume was filled with distilled/deionized water (445 mL of water added to a total

volume of run sample of 3711 cm3 with an average porosity of 45%). For the second run,

80% of the run sample pore volume was filled with distilled/deionized water (1.5 liters of

water added to 3711 cm3 of solids with 45% porosity).

RESULTS

The first experiment ran for approximately 25 days until the temperature at the

bottom and middle of the column exceeded 150 C The thermal histories of the various

13



DARCY'S LAW

Figure 8. Schematic diagram of the apparatus used to measure the permeability of the run
materials.
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parts of the experiment are shown in Figure 9. Over the course of the experiment, water

vapor escaped the system via the non-condensible vapor escape tube located at the top of

the reactor until virtually all of the 445 mL initially present had evaporated. Without the

convective cooling of the boiling/condensing water in the reactor column, there was no way

to transport the heat from the heater at the bottom of the reactor except by conductance

through the column walls and solid run materials. The temperature of the base of the

reactor gradually increased until the run had to be terminated to avoid seriously damaging

the apparatus.

The run solids were collected after the experiment ended. Seven, three inch layers

of run solids, starting from the top of the reactor column, were removed and stored in

plastic bags according to the scheme described in Figure 10. Samples from four intervals

(A, D, F and G as illustrated in Figure 10) were observed using scanning electron

microscopy (SEM). The solids from the zone A of the reactor column showed abundant

deep etch pits of one to 10 microns wide and were generally coated with opaline silica.

Amorphous iron oxyhydroxides were also abundant throughout this zone. Occasionally,

crystals with tabular or bladed morphologies were observed perched on top of the opaline

silica coating. Samples from zone D showed abundant (more than in the top interval)

approximately 10 micron wide etch pits. Opaline silica was less abundant . No iron

oxyhydroxides were observed in this zone. Zone F also showed very abundant etch pits,

ranging in size from one to 10 microns. Opaline silica coatings were nearly ubiquitous and

iron oxyhydroxides were common. In the bottom zone (G), etch pits were less abundant

than in the D and F zones, but iron oxyhydroxides were very abundant. Opaline silica
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Figure 9. The temperature variation for various control points in the first experiment
Bottom, middle, and top refer to the temperature at the bottom, middle, and top of the
reactor column. T, out and in refer to the temperature of the effluent and feed stream of
water into and out of the cooling assembly.
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COOLING
ASSEMBLY

HEATING
ASSEMBLY

Figure 10. Sampling scheme for material reacted in the VTGE. After each experiment,
layers of reacted material are removed in three inch portions and stored in labled sample
containers. The heating and cooling assemblies each extend one inch into each end of the
reactor column and the column is filled with sample only to the level of the vapor escape
port which lies one inch below the bottom of the cooling assembly so that the hight of the
sample column, in the 24 inch long column, is actually 21 inches.

17



coatings, although still very abundant, were not as common as in the F directly above it.

No other alteration minerals were observed in the bottom zone.

The second experiment ran for 31 days with only a minor problem with the cooling

water pump which resulted in a higher-than-expected temperature at the top of the reactor

(Figure 11). At the end of the run, as with the first experiment, seven, three inch-thick

layers of run solids were removed from the column (see Figure 10). All samples showed

extensive iron staining. The run solids had become tightly cemented together in a layer

along the bottom of the column, across the face of the heating assembly, and upward from

the bottom along the wall of the reactor column for about three inches. The cemented run

solids and the samples from each zone were stored in plastic bags.

SEM observations were made on samples from zones A, C, E, and G. Extensive

dissolution pitting was observed on samples from zone A with pits on average 10 microns

in diameter. Opaline silica coatings were fairly abundant throughout this zone. Iron

oxyhydroxides in the form of amorphous aggregates and spheres were very abundant. In

the sample section from zone C, etch pitting was verysevere. Many pits were on the order

of 30 microns in diameter. No silica deposition was observed but iron oxyhydroxide

coatings were common throughout the sample. In zone E, etch pitting also was very

severe, opaline silica coatings were observed rarely, and iron oxyhydroxides were very

abundant. In addition, two alteration minerals, assumed to be zeolites, were observed on

one grain from this zone. One mineral was tabular, blocky with cubic or tetragonal growth

steps exposed on one side of the crystal. The second was an aggregate of fibers. Both

crystals had grown on top of the etch pitted, iron oxyhydroxide coated surface. The gains

from zone G were extensively pitted, but no silica coatings were observed. Several
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Figure 11. The temperature variation for various control points in the second experiment
Bottom, middle, and top refer to the temperature at the bottom, middle, and top of the
reactor column. T. out and in refer to the temperature of the effluent and feed stream of
water into and out of the cooling assembly.
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alteration minerals were observed on the grains from this zone. Cigar-, bowtie-, spherical-

and boytriodal-shaped alteration phases were very abundant throughout this zone. The

cigar- and bowtie-shaped crystals appear to be zeolites, but it was not possible to

distinguish whether the spherical and boytriodal grains were zeolites or iron

oxyhydroxides. The cemented grains along the bottom and walls of the column show no

visible alteration such as etch pits or alteration mineral growth. The cement appears to be

amorphous silica. The cemented grains were about one grain layer thick and very well

indurated.

DISCUSSION

The heat and mass flow characteristics of this experiment are closely linked. The

rate of heat generation is limited by the 200 watt heater to 200 J sec-1. This limits the heat

flux to a maximum of 2.5 J cm-2 sec -1. Experiments with much higher heat fluxes could be

operated by replacing this heater with a more powerful one as well as the viton o-rings in

the heater assembly with teflon ones. However, such high heat fluxes are about a thousand

times higher than reported for natural systems (Vikre 1987) and would likely result in

hydrothermal eruptions (phreatic explosions) in the lower permeability rocks commonly

found in nature (Henley and Thornley 1979, Hedenquist and Henley 1985). Lower heat

fluxes can be produced by lowering the voltage across the heater using the variable

transformer. The rate of heat production, P (J secl), produced by the disk heater in the

heating assembly is found from the equation

where I is the current delivered by the variable voltage transformer (amperes), R is
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resistance of the heater (55 ohms) and V is the voltage delivered by the variable transformer

(volts). The rate of heat removal by the cooling assembly, Q (J sec-1), can be calculated

from the equation

where Cp is the heat capacity of the cooling water (-4.2 J cm-3 K-l), rf is the flow rate

(cm3 sec-1) and T is the temperature difference between the effluent and feed streams.

The R-factor of the three inch thick layer of insulation surrounding the reactor pipe is 0.15

BT[UJfr/ft2fPF/m so that the heat loss through the insulation for the entire experiment

should be approximately 6x10-4 J sec1. This value is negligible when compared to the

total heat flux. However, in both experiments the value of Q was found to be about two-

thirds that of P, suggesting that a substantial amount of heat produced by the resistance

heater is lost to the surroundings. Furthermore, the variation of Q over the duration of the

experiments (Figures 12 and 13) appears to be the result of both diurnal variations in the

ambient temperature resulting in more or less conductive heat loss to the surroundings and

of variations in the flow rate of the cooling water. These problems can be fixed by

improving the insulation around the reactor, particularly below the beating assembly, and

by obtaining a new, more reliable cooling water pump. These changes will be made before

the next experiment.

The general flow scheme of the reactor can be modelled simply as a boiling zone at

the bottom and a condensation zone at the top. In experiments where the charge has a high

permeability, virtually all of the heat is transported by convective flow so the water flux is

tied directly to the heat flux Liquid water is converted to vapor in the boiling zone in the
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Figure 12. Power output to the cooling assembly (Q. see text equation 2) for the first
experiment. The relatively wide variation in this value probably results from variations in
the ambient temperature and the flow rate of the cooling water.
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Figure 13. Power output to the cooling assembly (Q, see text equation 2) for the second
experiment. The relatively wide variation in this value probably results from variations in
the ambient temperature and the flow rate of the cooling water. The large spike near 375
hours was caused by a failure of the cooling water pump.

23



bottom of the reactor at a rate (g/sec) proportional to the heat flux (dq/dt)

where is the heat of vaporization of water (2257 J g-l at 100 C). The vapor produced

in the boiling zone rises convectively to the condensation zone where it gives up its heat

energy to becomes liquid water. The liquid water trickles downward by gravity flow and

dissolves mineral material from the surfaces it contacts. Eventually it enters the boiling

zone where water is removed from the solution by boiling so the solutes become more and

more concentrated and alteration minerals precipitate. A simple example of the coupling

between heat flux, water flux and mineral transport is given in Table 1. This calculation

shows that if the charge in the experiment were quartz sand, at most 5.7 g of silica would

be transported from the top to the bottom of the reactor over an experiment of one month

duration. More soluble minerals and silica from dissolving glass will be transported at a

higher rate but it is unlikely that the transported material could alter significantly the

porosity or permeability of a run charge over a one month experiment. At lower

permeabilities conductive heat transport becomes more important so the convective

transport of water and dissolved material becomes less effective.

Presently, the VTGE functions quite well when at least 80% of the pore volume in

the reactor is initially filled with liquid water. The failure of the first experiment resulted

from the gradual evaporation of water over the duration of the experiment until there was

none left to transport heat away from the heating assembly. As a result the bottom part of

the reactor became hotter than allowed by the design so the PVC pipe was damaged and the

experiment had to be terminated. In the second experiment, the PVC pipe was replaced by
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TABLE 1. Example calculation of the coupling between the heat and mass flux in the VTGE
where the run material is pure quartz and the solution equilibrates with the quartz in the
condensation zone and deposits all of the dissolved silica in the boiling zone.

HEAT FLUX
At steady state, the heat flux through the reactor should be equal to the rate of heat production

by the resistance heater.
= 12R = (V / R)2 x R

h = C75 volts / 55 ohms)2 x 55 ohms = 102.3 volts2 /ohm = 102.3 watts = 102.3 J / sec.

WATER FLUX
The rate of steam production is tied to the heat flux by the heat of vaporization of water (hlv):

= 2256.7 J / g at 1000 C.

h'xI / h1v =grams of water boiled per second by heat flux (h')

102.3 J / sec.x g /2235.7 J = 0.045 g / sec.
At steady state the rate of flow of liquid water downward must match the rate of steam

production so it is 0.045 g/sec.

SILICA FLUX
Assume that the solution becomes saturated with quartz in the condensation zone.
ceq = solubility of quartz in water at 100C. = 53 ppm = 53 mg(qz) / kg(w)

so that every gram of water that trickles downward carries 5.3 x 10-5 g of dissolved silica

and the liquid water flux is 0.045 g/sec so the rate of silica transport is:.

0.045 g sec. (water) x 53 x 10-5 g (silica) / g (water) = 2.39 x 10.6 g (silica) per sec.

POROSITY CHANGES
The change in the porosity of the charge with time can be estimated by assuming that the

boiling zone occupies the bottom half of the reactor and the condensation zone occupies the

top half. The density of quartz is 2.65g/cm3 so 9.02 x '10-7 cm3 of quartz is dissolved per

second. This amounts to 2.16 cm3(quartz) / month.

The volume of the boiling and condensation zones are each 2152 cm3 and the run charge

begins with a porosity of about 50% so the amount of free volume in each is 1081 cm3. So

the porosity of the condendation zone increases by about 0.3% per month while the porosity

of the boiling zone decreases by a similar amount.
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an aluminum one in order to avoid any damage that would be caused by a water loss

failure. However, such a failure did not occur because there was enough water in the

experiment to last throughout its duration. This problem can probably be mitigated by

attaching a water-cooled condenser to the vapor escape port in order to capture the

evaporating water. This will be tried in the next experiment. If this method is successful,

we will return to using PVC pipe for the reactor body because it is completely corrosion

resistant and has a much lower thermal conductivity than aluminum. Finally, we have

designed a thermal cut-off switch to install near the bottom of the reactor in case some

unexpected event causes it to overheat to the point where the PVC pipe might be damaged.

The current series of experiments focus on the behavior of Yucca Mountain tuff

samples in contact with air in the VTGE. However, there are a wide variety of interesting

experiments that could be done in addition to the current ones. Sulfide minerals, such as

pyrite, could be added to the run charge to produce very acidic conditions as a result of the

oxidation of the sulfide to sulfate. This would simulate solfataric alteration. Addition of

calcite to the charge would likely generate a very C02-rich vapor phase that might produce

more aggressive rock alteration than found in the initial experiments. Addition of

montmorillonite and or zeolites to the zone at the bottom of the experiment might imitate the

behavior of the absorptive backfill that will likely be placed around the waste cannisters.

All of the experiments, thus far, have been carried out using distilled water. Saline

solutions of various compositions will be added to future experiments. This should

promote the formation of a different suite of alteration minerals and perhaps accelerate the

transport of some of the mineral constituents. Finally, a gas inlet could be placed near the

bottom of the experiment so the composition of the vapor phase could be controlled (air
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would be excluded by the out flow of the introduced gases). This would allow a very wide

range of geochemical conditions to be duplicated.

The discussion above demonstrates that the total amount of mineral deposition or

alteration on the surface of the crushed grains in this experiment is likely to be very small

unless this experiment is run for a very long time. However, if the flow of the liquid water

from the condensation zone to the boiling zone could be focused into a fracture, it is likely

that much more alteration and precipitation would occur on the fracture surface. Figure 14

shows a scheme to alter the current apparatus to obtain such an experimental design. The

bottom of the reactor would be filled to a depth of about two inches with crushed material.

Then a plug of rock set into a cylindrical epoxy mount and broken to expose fresh rock

faces to the center of the column would be sealed to the walls of the VTGE with silicone

rubber. The overlying volume would be filled with crushed rock. This system would

operate somewhat like a percolator coffee pot with all of the steam and return liquid flow

focussed into the fracture zone. This should produce a highly altered surface

CONCLUSION

We have designed and tested an experiment to simulate the geochemical conditions

expected when high level radioactive wastes are buried in the partially saturated rhyolitic

tuff of the Nevada Test Site. Our experiment develops a boiling zone at the base of a

column of crushed rock and a condensation zone at the top of the rock column. Two runs

were conducted with the reactor, one with 30% of the pore volume and the second with

80% of the pore volume filled with distilled/deionized water. SEM observations of tuff

grains from these experiments revealed extensive mineral dissolution throughout all



Figure 14. Proposed design for an experiment that would focus the flow in the VTGE into
a fracture.
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Figure 2: Streamlines around a cylinder

Figure 1: cross-section of a
bubble at a constriction



portions of the solid sample. Alteration mineral precipitation, including opaline silica, iron

oxyhydroxides, was found to occur in the upper six to nine inches of the column, with

relatively little or no precipitation in the middle section. The bottom zones showed

extensive alteration mineral precipitation including silica, iron oxyhydroxides, zeolites (?),

and perhaps clays (?). In the second experiment with 80% pore volume filled with water,

a layer of tightly cemented rock grains formed at face of the heater assembly. The cement

was amorphous silica and the gains were very tightly indurated. No cementation of rock

grains by amorphous silica was observed in the experiment run with 30% pore fill.
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Introduction

Work has been done on characterizing the transport of radionuclides in the gaseous
and aqueous phases. Three mechanisms of transport have been identified which should be
addressed in the design of a nuclear waste repository. They are vertical transport of gas
bubbles through fractures, the heat pipe effect in heterogeneous media, and non-condensible
gas transport into or out of the low permeability rock.

The vertical flow of gas bubbles in water saturated fractures is of importance in
assessing the mobility of gaseous phase radionuclides. Conventional thought would predict
an immobile gas phase if the fractures are saturated with water. However, fingers protrud-
ing from a gas pocket into a fracture of statistically variable operation are prone to break-
up due to a capillarity driven instability which snaps-off the leading edge of the finger.
The bubbles generated by this snap-off mechanism can be very mobile in the vertical direc-
tion, although predictions of their velocities are not presently available. We seek a more
physically based description of the vertical flow of the gas phase under such conditions.

The heat generation of the high level nuclear waste due to continued radioactive decay
is the major driving force in transport near the repository. The partially saturated initial
conditions of Yucca Mountain, in addition to the heterogeneous nature of the surrounding
rock, produces an extremely complex set of coupled transport phenomena which are poorly
understood. The assessment of the redistribution of the connate water due to the imposed
heat flux is of primary concern in the identification of potential paths of transport of aque-
ous phase radionuclides. The first task is the identification of the conditions necessary to
produce a dry zone above the repository ceiling. Prior research on the heat pipe effect in
porous media has shown that for bottom heating, a critical heat flux exists such that for
fluxes less than the critical value, mobile water will be found at the heated rock face.
Further, a dry zone can be formed only if the applied heat flux is greater than the critical
flux. Therefore, the identification of the critical dryout heat flux for partially saturated,
fractured rock containing non-condensible gases is a necessary component of the
identification of the dominant transport mechanisms.

Finally, the fate of gaseous phase radionuclides which are migrating from the source
cannisters must be better understood. One primary question which has been raised is
whether adsorbtion into the porous rock will immobilize such gaseous radionuclides. To
answer this question, one must identify the direction of the gas mass flux normal to the
fracture/rock interface. While a temperature gradient caused by condensing vapor at the
fracture/rock interface will produce a water vapor partial pressure gradient favoring a net
mass flux into the rock, the associated water saturation gradient will produce the opposite
result due to Kelvin vapor pressure lowering effects. If the vapor pressure lowering effects
overcome the temperature gradient driven vapor pressure gradient, degassing of the rock
will occur, thereby blocking adsorbtion of the gaseous radionuclides which are flowing in
the fractures. Initial work on these three topic is documented in detail in the following
sections.

Vertical Transport of Gas Bubbles Through Fractures

The formation of a bubble occurs when the pressure in a gas pocket in contact with a
fracture exceeds the summation of the surrounding liquid pressure and capillary pressure.
Thus, a gas finger is created and advances into the fracture. Once a gas finger or bubble
has been formed it can rise in a uniform fracture or more likely, it will encounter constric-
tions or expansions. A study was done on the snap-off mechanism by which a finger or
bubble, caught at a constriction would break-up into smaller bubbles. Much work has been
done in this area for flow in horizontal constricted capillary tubes neglecting gravitational



effects. However, little work has been done to document this phenomenon for the case of
a vertical fracture.

Snap-off will occur when the liquid potential at the leading edge of the bubble is
greater than the potential at the constriction. (See Figure 1)

The liquid potentials are defined as

(2a)

(2b)

Substitution into equation (1) for the liquid potentials yields

(3)

Capillary forces are involved since a curved interface exists. Hence,

(4)

The Young-Laplace equation gives P.

(5)

Referring to Figure 1,

(6a)

(6b)

However, for a planar bubble, r1 and r4 are much larger than r2 or r3. Hence,

(7a)

(7b)

Substituting for the liquid pressures and capillary pressures at locations 1 and 2 the snap-



off criterion becomes,

(8)

Since the gas phase is considered
within the bubble is equal.

to be essentially stationary, the gas potential everywhere

(9)

where

(10a)

(10b)

Substitution yields,

(11)

Snap-off will occur when

(12)

This criterion is much less restrictive than the condition for bubble break-up in constricted
horizontal tubes. Rather, equation (12) implies that gas fingers will tend to break into
smaller bubbles of dimension Lb. Thus, the concept of gas phase velocity in a vertical
fracture described by a relative permeability would not be appropriate. However, the
mobility of individual bubbles would be applicable to the description of gas flow through
water saturated vertical fractures.

The terminal bubble velocity can be obtained through a force balance on the bubble.

(13)

where,
(14)

P(a, V) is obtained by solving for the velocity in the potential flow problem around a cir-
cular cylinder and then applying Darcy's law. From potential flow theory, the stream .



function around a cylinder (see Figure 2) is defined by:

(15)

then, the tangential velocity at the cylinder surface is obtained from

= Ua (16)

thus,

(17)

Changing to the frame of reference of motion relative to the wall we have,

(18)

but,

U = Vb (19)

Thus,

(20)

From Darcy's law we have,

Solving for the pressure,

(21)

(22)

The reference pressure, P, is arbitrary and therefore will be set equal to zero. Substituting
equation (22) into the force balance, equation (13), we obtain

(23)



Upon integration we get,

(24)

Defining the Bond number and capillary number as follows,

(25)

(26)

We get the relation

(27)
Ca

This implies that the bubble will attain a terminal velocity, Vb, where the buoyancy forces
are balanced by the viscous forces. We note that the bubble velocity is independent of the
bubble size. This phenomenon occurs for the case of a fully saturated fracture.

The Heat Pipe Effect in Heterogeneous Media

A one-dimensional, constant heat flux model of a composite porous heat pipe is being
developed to analyze the mechanisms by which heat and mass transfer will occur at Yucca
Mountain. The medium is partially saturated and contains a non-condensible gas. The fol-
lowing assumptions are made:
1) At any cross-section the temperature, capillary pressure, and thermodynamic properties

are constant.
2) Variations in the liquid density are negligible.
3) Surface tension, kinematic viscosities of the liquid and gas, and the heat of vaporiza-

tion are constant.
4) The porous medium is incompressible and macroscopically homogeneous.
5) The gas density is much less than the liquid density.
6) The capillary pressure, relative permeability of the liquid, and the effective thermal

conductivity are expressed as single valued functions of the local wetting-phase
saturation.

7) The vapor relative permeability in the low permeability region is a function of the
wetting phase liquid saturation. For high liquid saturations in the high permeability
zones (fractures), the gas mobility is constant.

8) The inert non-condensible gas is transported by gas phase convection, molecular
diffusion and Knudsen diffusion. Surface diffusion and liquid phase convection of
non-condensibles are neglected.



The governing equations in dimensionless form for the composite porous medium are
derived from the conservation laws. They are

(28)

(29)

(30)

(31)

The dimensionless variables are scaled as follows:

(32)

(33)

(34)

(35)

Solution of the problem requires simultaneous integration of equations (28), (29), (30), and



(31). The parameter is obtained from the thermodynamic equation of state for a multi-
phase porous medium. This provides the necessary coupling between the governing equa-
tions and is defined as follows:

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)



(44)

The effective thermal conductivity is defined as

(45)

For the case where region 2 refers to a fracture, the permeabilities are

(46a)

(46b)

The liquid and gas relative permeabilities in the porous region are functions of scaled
liquid saturation.

(47a)

(47b)

where,

(48)

The effective molecular diffusion coefficient for a porous medium can be defined with
respect to the binary diffusion coefficient.

(49)

The effective Knudsen diffusion coefficient is defined similarly.



(50)

where the Knudsen diffusion coefficient is

(51)

The subscript j is either n, for non-condensible gas, or c, for the condensible gas. In this
analysis the capillary number, Bond number and Peclet number are defined as follows.

(52)

(53)

(54)

The actual distribution of the temperature, pressure, capillary pressure (and thus saturation
), and non-condensible gas is obtained from the simultaneous integration of equations (28),
(29), (30), and (31) with consideration of equation (36). Of interest is the critical dry out
heat flux. This is determined by equation (30) by setting

and

There exists a single value of heat flux which satisfies these two conditions. Above this
value of heat flux a dry zone will be created and below this value there will be mobile
water present at the heated interface. Work is presently underway to calculate the dry out
heat flux for various rock permeabilities and fracture apertures as well as the temperatures,
pressures, saturations and non-condensible gas fractions within the two phase zone above
the heat source.



Thermodynamic Analysis or the Capillary Pressure Gradient Required to Cause
Degassing of Rock

From fundamental considerations of the state of thermodynamic equilibrium between a
wetting liquid phase and its vapor within the void of a porous medium, the following equa-
tion of state can be derived.

(55)

To identify the condition necessary for degassing, we specify a positive gradient of
the vapor phase partial pressure. By applying the gradient operator to equation (55) and
imposing the condition of:

(56)

the following can be derived:

(57)

Since the capillary pressure gradient will be positive for a partially saturated rock in
contact with a wet fracture, and the temperature gradient will be negative if condensation is
occuring on the rock face, the net gas flux is predicted to be into the rock. Thus, adsorb-
tion of non-condensible gases in the rock is expected to be augmented by the convective
flux. For the rock face in contact with the heat source such that drying is occurring, the
capillary pressure gradient and the temperature gradient are both expected to be negative,
and equation (57) will determine the direction of the convective flux of gas. After the heat
generation rate has decreased to an extent which allows water percolation back into a dried
region through the fracture network, the rock interior will be hotter than the fracture, thus
producing a positive temperature gradient. Under this condition, the criterion presented by
equation (57) will also determine whether gaseous phase transport will be into or out of the
rock matrix. Definitive conditions which ultimately control the direction of the gas flux
must include detailed analysis of both heat and water transport in order to quantify the
values of VP, VT, and VP.



Nomenclature

radial distance
fraction of cross-sectional area occupied by region i
Bond number
Capillary number
pore diameter
Knudsen diffusion coefficient of component j in region i
molecular diffusion coefficient of gas n or c in mixture n-c
dimensionless capillary pressure
acceleration due to gravity
latent heat of vaporization
effective thermal conductivity
composite medium thermal conductivity when the liquid
saturation is zero
Boltzman constant 1.38066 x 10-23 J/ K molecule
width of region i
molecular weight
mass per molecule
pressure
capillary pressure
dimensionless pressure
mass diffusion Peclet number
radius of curvature
bubble radius
Universal gas constant
heat flux
scaled liquid saturation
liquid saturation ( volume fraction of the pore
occupied by the liquid phase)
saturation of immobile water
temperature
dimensionless temperature
free stream velocity
bubble velocity
distance
mole fraction of non-condensible gas

Greek symbols
angle in the bubble plane (equals zero at the leading edge)
liquid/vapor kinematic viscosity ratio
variable defined by equation (42)
variable defined by equation (39)
dimensionless variable defined by equation (34)
variable defined by equation (38)
variable defined by equation (41)
angle of heat flux above horizontal
permeability of region i
gas relative permeability in region i
liquid relative permeability in region i



ratio of convection heat flux to total heat flux
dynamic viscosity
fluid kinematic viscosity
variable defined by equation (43)
fluid density
vapor-liquid interfacial tension
tortuosity
porosity of region i
potential
stream function
variable defined by equation (40)
variable defined by equation (37)

Subscripts
e effective
n non-condensible gas
c condensible gas
1 liquid phase
g gaseous phase
i region i
j component type j
k Knudsen coefficient
0 liquid saturation equals zero
1 pertaining to the low permeability region
2 pertaining to the high permeability region
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Abstract
Several modifications were made to the VTGE design of Newcomb and Rimstidt

(1988) and Rimstidt et al. (1989) to improve its performance. The external water bath was
altered to facilitate cooling of its contents during experiments. So as to minimize fluid loss

via escape of water vapor from the top of the reactor, a water cooled condenser was

installed. An external run solution reservoir is now used to control the liquid level in the

VTGE at a constant elevation.

Two runs were carried out with the VTGE using non-lithophysal Topopah Springs
member tuff. For both VTGE runs, #4 and #5, near steady-state thermal conditions were

achieved after twenty-four hours with any subsequent fluctuations in the thermal profiles
due to changes by the investigators in the flow rate of water either to the cooling assembly
or through the copper cooling coil in the water bath. The responses of the experimental
system to changes in operational parameters indicates that control of the thermal gradient

applied to the the VTGE is easily manipulated. The loss fluids from the VTGE during run
#4 simulated the gradual dehydration of the partially saturated tuff: heat driven discharge of

fluids greatly exceeded recharge. In run #5 an external run solution reservoir maintained a

constant fluid level over the duration operation the experiment
Samples of the prepared tuff were also used in a bulk dissolution experiment,

carried out in closed volume batch reactors. Teflon batch reactors were set up with sand-
sized non-lithophysal tuff and distilled - deionized water. These reactors were placed in a

waterbath maintained at 980 C for 1250 hours.
For both VTGE runs and the batch reactor experiment, during the first 24 hours,

pH decreased rapidly by approximately one pH unit. Through the initial 100 hours, the
dissolved silica concentration in liquid samples varied inversely as the pH. During run

#4,the silica concentration reached 358 ppm after 190 hours. In contrast, run #5 showed a

more constant concentration for dissolved silica not exceeding 153 ppm after 350 hours.
Batch reactor experiments produced a dissolved silica profile that reached a maximum at 96
hours about equal to saturation for quartz, at 100 C, and then diminished.

The Raman microprobe was used to examine product mineral grains observed to be
growing on the surface of reacted tuff grains. The similarities observed between zeolites of



the same crystal class and differences across classes (Knight, et al., 1989) suggested a
correlation between Raman peak position and structure, which can be used to identify
product zeolites. Stellerite and faujasite were identified in the run products of run #3.



Introduction
The proposed emplacement of high level radioactive waste within a vault housed in

the Topopah Springs member of the Yucca Mountain, Nevada, tuffs will induce a steep
thermal gradient in the surrounding rocks. This will initiate a new stage of diagenesis

within them. The research described in this report is designed to evaluate physical,
chemical and mineralogical changes in the near-field rocks produced by hydrothermal mass
transport liked to this thermal gradient, these changes may jeopardize the integrity of the

proposed repository.
The vertical thermal gradient experiment (VTGE) developed by Newcomb and

Rimstidt (1988) mimics a heat source (waste cannisters) at the base of a column of tuff as

well as a zone of conductive cooling through an impermeable upper layer at the top of the

column. An insulation jacket is used to focus as much heat as possible through the column
(60-80% efficiency). The experiment is essentially a geochemical refluxer, where fluids at
the bottom of the column of tuff are heated to boiling temperatures (96-1000 C), generating

water vapor, which migrates upward until it condenses. Under the influence of gravity, the
condensed liquid travels downward, leaching primary mineral phases, transporting silica,
alkaline and alkaline earth elements. As initially designed, the VTGE was intended to

simulate a vapor dominated geothermal system.
However, early work with the device revealed the need to fill 80% of the pore space

volume between grains with fluid (distilled/deionized water at first) in order to insure that

enough fluid remained in the apparatus for reaction times on the order of 30 days. Fluid

was lost during operation of early experimental runs likely as a result of water vapor escape

through an upper vapor port, designed to maintain equilibrium with atmospheric pressure.
This arrangement produced interesting results with respect to alteration of the tuff matrix,
through the likely recrystallization of endogenic zeolite phases (ie.. clinoptilolite,
mordenite) (Robson and Riley, 1977; Joshi and Joshi, 1980; de las Pozas, et al., 1989) or
other silica rich species (cristobalite, quartz). However, it did not successfully imitate the
large scale features of the vapor dominated system, that is expected to form after the closure
of a high level radioactive waste repository at Yucca Mountain. Rather, the initial
experiments with the apparatus examined the nature of alteration in evaporating liquid.
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Recent modifications of the VTGE produced greater control over loss of water
vapor through the vapor port and allowed the use of smaller quantities of liquid in the

reactor, thereby producing a system that better simulates vapor dominated systems. The
addition of an external liquid reservoir allowed experimental conditions where

approximately 90% of the column length was vapor dominated. Additionally, a technique
to more closely control the temperature of the cooling assembly of the VTGE produced a
more constant thermal profile over the course of an 800 hour experiment.

Liquids in the bottom of the reactor have been analyzed for dissolved silica and pH
in order to monitor the chemical evolution of the system during operation. During the

operation of the modified VTGE, dissolved silica levels are observed to reach near steady

state conditions after 150 hours, suggesting that the rate of dissolution of silica rich phases

in the vapor dominated portion of the experiment equals the silica precipitation rate in the

liquid regime. This observation is in direct contrast to the continually increasing levels of
dissolved silica observed during experiments not using the external liquid reservoir.

Micron-sized grains produced during the operation of the VTGE have been
examined with scanning electron microscopy (SEM) and Raman microprobe. Examination
of reacted tuff grains with SEM revealed the occurrence of amorphous silica, feldspar, and
a variety of crystalline aggregates that resemble zeolites. One of the aggregates possessed a

habit that resembles a sheaf-of-wheat that is suggestive of the zeolite stellerite. The Raman

microprobe has been used to identify product feldspar and two zeolites: faujasite and

stellerite.
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Methods

Modifications to VTGE Experimental Design

Several modifications were made to the VTGE design of Newcomb and Rimstidt

(1988) and Rimstidt et al. (1989) to improve its performance. A cooling coil installed into

the constant temperature bath is used to thermostat the temperature controller by removing

excess heat, therefore producing better temperature control for the cooling assembly. Loss

of steam through the vapor port was reduced through the use of a water cooled condenser.

An external liquid reservoir was added in order to maintain liquid levels at a constant level.

A copper coil was added to the cooling water bath (see Figure 1) and cold tap water

(120 C) was circulated through this coil continuously. This modification offset temperature

increases of the bath produced by the addition of heat from the cooling assembly. A small

amount of copper sulfate was added to the water bath to inhibit bacterial growth in the

cooling assembly and in the diaphragm housing of the metering pump.

A water cooled condenser was installed to minimize water vapor loss from the

vapor escape port. Cold water (120 C) was continuously circulated through this condenser

while the experiment was operating. (see Figure 1)

An external reservoir was used to control the liquid level in the VTGE at a constant

elevation. An additional port was drilled into the side of the PVC reactor body to create a

port which connected to the external reservoir (see Figure 1). The external reservoir, a 5 L

polyethylene bottle with a hose connection on the bottom, was placed on a lab jack. By the

raising or lowering of the reservoir, the level of the fluid in the reactor column can be

maintained at any desired level through equilibration of the hydrostatic pressure within the

column and the external reservoir. If any run solution is consumed during the course of the

reaction it can be replaced by adding more solution to the reservoir. This protects the

apparatus from drying out and reduces the risk the heat damage experienced in previous

runs. Levels of fluid in the reactor were held constant at approximately 10% of the column

height (i.e. two inches above the base of the 24 inch long column).
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Figure 1. Schematic of modified VTGE apparatus
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VTGE Experimental Runs
Non-lithophysal tuffs from the Topopah Springs member ,Yucca Mountain, Nevada,

were prepared in the manner outlined in our 1988 report to Mifflin and Associates. Materials
were crushed, sieved and washed before use in the VTGE.

Two runs were carried out with the VTGE and non-lithophysal Topopah Springs

member tuff. One run, #4, was performed according to the methods used previously with
only the addition of the water cooled condenser and the thermostated cooling assembly

water. During this run, distilled/deionized water was used as the initial fluid in the reactor,
with 45% of the pore space filled at the beginning of the reaction. The apparatus was run

for 619 hours (26 days). The water to the cooling assembly was circulated at variable

rates, averaging 1.32 mL/min. Changes in this flow rate were made as necessary during
the run (± 0.05 mL/min) to maintain a reasonably constant rate of heat removal from the
cooling assembly and to evaluate the thermal response of the apparatus to changes in
operation parameters. The voltage applied to the heat source of the reactor was held

constant at 80 volts.
A second run, #5, was performed using a separate charge of crushed, sieved and

washed non-lithophysal tuff. Distilled/deionized water was used as the initial fluid
composition. The external reservoir was utilized and maintained a level of fluid in the
reactor two inches deep. Water was circulated to the cooing assembly as in the previous

run.

Bulk Dissolution Studies

Samples of the prepared non-lithophysal tuff were used in a bulk dissolution

experiment, carried out in closed volume batch reactors. To the 30 mL teflon screwtop
vials used for the reactors, was added 10 gm of sand-sized tuff and 10 mL distilled
deionized water. These reactors were placed in a water bath held at 98 C for a maximum

of 1250 hours. The reactors were agitated every 24 hours. Solutions from these reactors
was collected at regular intervals and analyzed as described below.
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Analysis of Fluids
Samples were collected at regular intervals from the bottom port of the VTGE reactor

during both runs and batch reactors and placed in acid washed 30 mL Nalgene bottles. Bottles
were acid washed with concentrated HNO3 and rinsed three times with distilled water.
Sampled fluids were allowed to reach room temperature and pH was measured for each sample
with an Orion model 910 pH meter equipped with a Fisher electrode. Subsequently, samples

were acidified with 1.0 mL of concentrated nitric acid, to inhibit formation of polymeric and
colloidal species in solution, and refrigerated until analyzed for metals.

All metal analyses, except silica, were carried out with a Jarrel-Ash simultaneous
determination Inductively Coupled Plasma Emission spectrometer in the Soil and Testing
Laboratories at Virginia Polytechnic Institute and State University. Silica was determined

spectrophotometrically according to the procedure described by Grovett (1961).

Raman Spectroscopy
Raman spectra were obtained for mineral grains observed to be growing on the

surface of the reacted tuff with an Instruments SA Raman spectroscopy system. This
system was comprised of a Jorbin Yvon model U100 optical bench interfaced to an
Olympus BH-2 microscope equipped with 100x objective. Excitation was achieved with a

Spectra-Physics model 2016 argon laser, tuned to the 514.5 nm line, at 100 milliwatts to

the microscope. A dedicated IBM AT was employed for instrument control and data

acquisition using Instruments SA supplied software routines.
Raman spectra for the product grains were recorded from 100 - 1500 Rcm 1 where

Rcm 1 indicates the Raman shift frequency. Scans were produced by stepping 2 Rcm-1 and
counting 2 sec at each step. As the scattering cross section for zeolites is very low, a

spectral addition of five scans was used. This resulted in optimal signal to noise ratios and

the most reproducible spectral results.
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Results
VTGE Experimental Runs

The thermal histories for the control points in the VTGE for the runs completed are
graphically presented in Figures 2 and 3. Run #4 operated for 619 hours before liquid
levels in the reactor were considered too low to continue and it was terminated. Although
the liquid level dropped below the lowest sampling port after 190 hours, however, the run

was continued to further evaluate the thermal stability of the modified apparatus. Run #5
was stopped due to the demise of the metering pump that circulates water to the cooling

assembly. The run lasted 350 hours.
The heat removed by the cooling assembly was calculated for each VTGE run.

These data are represented graphically in Figures 4 and 5. The quantity of heat removed

was determined in the same manner as outlined in our 1988 report to Mifflin and
Associates.

A total of five liquid samples were recovered from the column for both runs, #4 and
#5. The chemical character of these solutions: pH and silica concentrations are listed in
Tables 1 and 2. Graphical representations of the data are shown in Figures 6 and 7. Data
for the bulk dissolution study are listed in Table 3 and are displayed graphically in Figure 8

Raman Spectroscopic Studies

SEM examination of reacted grains from VTGE #3 showed a variety of product
mineral phases growing on samples taken from the lower portions of the reactor (see

Figures 9-12). The Raman spectra for some of these mineral phases are shown in Figures
13 and 14. The complete details of this study are found in Appendix 1, an extended
abstract accepted for presentation at the Microbeam Analysis Society annual meeting in
Asheville, North Carolina, July 20, 1989. In summation, these efforts confirmed the
occurrence of a group 7 (Mumpton 1977) zeolite that resembled stellerite, which was

tentatively identified by crystal morphology with SEM (see Figure 9). However, continued

detailed study of the Raman spectra of natural zeolites resulted in a more specific
identification of stellerite. Faujasite, an extremely rare naturally occurring zeolite mineral,

was also identified by this study, though not observed with SEM. Product feldspar was
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observed to be present in quantities greater than those noted for zeolites produced during

the same run. All product minerals observed to be growing on reacted tuff grains were

noted to be in intimate association with a feldspar substrate, suggesting a possible epitaxial

nucleation process.
Studies relating the frequency of the Raman peak shift to the structural

characteristics of the aluminosilicate framework of zeolites examined the relationship

between the mean fractional s-orbital character of bridging oxygens and the Raman shift for

a series of naturally occurring zeolites. This relationship is discussed in detail in Appendix

2, and is reviewed in Discussion of Results. The crystallographic and Raman data are

given in Table 4.
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Control Point Temperatures, VTGE Run #4

Figure 2. Thermal profile for VTGE run #4. Experimental charge of non-lithophysal tuff combined with

45% pore volume filled with distilled/deionized water.
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Control Point Temperatures, VTGE Run #5

Figure 3. Thermal profile for VTGE nm #5. Experimental charge of non-lithophysal luff, with

distilled/deionized water in the external reservoir.
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Heat Removed VTGE #4
100

Figure 4. Heat removed as a function of time for VTGE #4. Note point of inflection in curve at time of

flow increase through the cooling assembly.
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Heat Removal VTGE #5

Figure 5. Heat removed by cooling assembly as a function of time for VTGE #5
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Table 1. Composition of liquid samples from VTGE #4. Silica in pans per million (ppm).
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Table 2. Composition of liquid samples for VTGE #5. Silica in pans per million (ppm).

Time (hours) pH

0.0 7.00 0.00

48.0 6.13 298.67

144.0 6.70 115.65

238.0 8.03 128.53

288.0 8.82 120.80

362.0 8.85 153.03
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VTGE Run #4

Figure 6. pH and dissolved silica concentrations as a function of time for VTGE run #4
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VTGE Run #5

Figure 7. pH and dissolved silica concentrations as a function of time for VTGE run #5
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Table 3. Data for batch reactor solutions. Silica in parts per million (ppm).

Time (hours) pH
0.0 7.00 0.00

24.0 6.48 40.66
48.0 5.78 45.40
96.0 6.82 57.0

220.0 7.38
288.0 8.03 56.13

672.0 5.76 48.19

1200.0 5.75 40.66
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Bulk Dissolution

Figure 8. pH and dissolved silica concentrations as a function of time in bulk dissolution experiments
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Figure 9. SEM photograph of product stellcrite, VTGE #3
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Figure 10. SEM of product minerals VTGE # 3.
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Figure 11. SEM of product minerals VTGE # 3.
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Figure 12. SEM of product minerals VTGE # 3.
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Figure 13. Micro-Raman spectrum of (a) product stellerite grain, VTGE #3, (b) tuff substrate for product

stellerite, (c) known stilbite sample, (d) known plagioclase.



Figure 14. Micro-Raman spectrum or(a) product mineral grain, VTGE #3 and (b) known faujasite.

24



Table 4. Raman and crystallographic data for natural zeolites used to establish the relationship between

peak shift and framework structure.

Zeolite

Analcime
Chabazite
Clinoptilolite

Eddingtonite

Mordenite

Scolecite
Thomsonite

Mean T-O-T
141.27
145.14
147.41

138.10
149.19

136.09
135.08

fs0
0.43823
0.45073
0.45726

0.42588

0.46205
0.41873
0.41456
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Discussion of Results
Modification of VTGE Apparatus

A near steady-state temperature profile was in achieved in runs #4 and #5 after
twenty-four hours with any subsequent fluctuations due to changes by the investigators in
the flow rate of water in either the convective cooling assembly or through the copper
cooling coil in the water bath. The most striking feature of the profile for run #4 is the
thermal response of the system to changes in the flow rates of cooling fluids. At
approximately fifty hours, the rate of flow of tap water (at 120 C) through the copper coil in
the thermostating water bath was increased a slight but unknown amount. The result was a
drop in the temperature of the water flowing into and out of the cooling assembly of the
apparatus. This response documented the ability of the investigator to increase the capacity
for heat removal by the cooling assembly by varying the temperature of the water circulated
through it. A second change in operational parameters may be seen at 325 hours when the
metering pump rate was altered so as to increase flow to the cooling assembly. This
resulted in a corresponding drop in the temperature at the top of the VTGE (see Figure 2).
A concomitant increase in heat removal was observed for the same time period (see Figure
4). These two observed responses of the experimental system to changes in operational
parameters indicates that control of the thermal gradient applied to the charge in the VTGE
is possible and easily manipulated.

The small, gradual drop in the temperature reading for the top of the VTGE column
in run #4 (see Figure 2) may be related to the consumption/loss of run solution during
operation. As fluids diminished during the course of the experiment, the distance between
the top of the run solution and the cooling assembly increased. More and more, water
vapor produced in the lower portion of the reactor likely lost heat and condensed before
reaching the cooling assembly, resulting in a gradual decrease in the temperature
measurements at the upper control point.

The systematic removal of fluid during the operation of the VTGE essentially
describes the evolution of the system from one that is solution dominated to one that is
vapor dominated. The behavior of the VTGE during this run simulated the gradual
dehydration of the partially saturated tuff: the loss of water vapor exceeded the liquid
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recharge in the system. If allowed to run for sufficient time, all fluid would be lost in the
reactor. However, adding the external reservoir to the VTGE allowed us to simulatea
vapor dominated geothermal environment where recharge is at least equal to loss. Through
the equilibration of hydrostatic pressure inside the reactor with that in the external reservoir,
the level of liquid in the column was accurately maintained at a constant and low level.

The operation of the modified VTGE with the water bath cooling coil and the
external reservoir (run #5) was interupted by a failed metering pump, but produced thermal
profiles that were exceptionally stable and most satisfactory over a three hundred fifty hour

experiment (see Figure 3). Thermal stability of the system is shown to be established after
50 hours of operation. Following the initial 50 hours of operation, the temperatures in the

experimental device do not vary more than 0.5% for the subsequent 300 hours of
operation. Similar to the stability of the control point temperatures, the heat removed by the
cooling assembly of the VTGE shows consistent behavior (see Figure 5). This stable
thermal behavior coupled with the reduced volume of fluid in the reactor column during the

experimental run indicates that we can now simulate mass transfer processes in a vapor
dominated system.
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Chemical Evolution of Fluids
During the course of VTGE run #4, pH displayed decrease over the first 24 hours

of operation from 7.0 (distilled/deionized water) to 6.8. This was followed by a rise in pH
to alkaline conditions of 8.82, after 190 hours of operation (see Figure 6). Over the first
100 hours of the run, dissolved silica levels behaved in a somewhat reciprocal fashion,
becoming progressively more concentrated as the pH dropped (see Figure 6). This is in

accord with an expected increase in the rate of aluminosilicate mineral dissolution at lower
pH. Beyond 100 hours of operation, as pH values continued to rise, silica levels followed

suit.
In contrast to the behavior of run #4, run #5 maintained a steady liquid level over

the duration of its 350 hours of operation. As with the previous run, pH values showed a

decline in the first 50 hours of the run. The decrease in pH for run #5 was greater than in
run #4, with a drop of 0.9 pH units (see Figure 7). The decreased pH of run solution is
probably caused by the oxidation of either Fe(II) or Mn(II) followed by the precipitation of
Fe(III) and/or Mn(IV) oxyhydroxides.

It should be noted that only small amounts of iron must react in this manner to produce to
produce the pH decrease observed in the experiment. In order to produce a solution pH of
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6.1 in the approximately 0.4 L of solution in the reactor, it would require the production of
just 2 x 10-6 hydrogen ions. As the stoichiometry of the above reactions point out, the
relationship between hydrogen ion and iron is such that for each mole of ferrous iron
oxidized, two moles of hydrogen ions are produced.

The source of this iron could be from onc or several species within the tuff matrix.
Examination of polished thin sections revealed the presence ilmenite and magnetite in the

non-lithophysal run material. This observation is supported by studies by Caporuscio and

Vaniman (1985), who also document the occurrence of iron oxide minerals in the tuff

matrix. Iron and manganese could also be leached from the glass and from some of the

aluminosilicate phases. Ferric hydroxides occur throughout the reactor column after

reaction. (see our report to Mifflin and Associates, 1988) The distribution of radionuclides
between iron oxyhydroxides and zeolites remaining in tuff is unknown and should receive
further study. It may be the case that ferric hydroxides will out-compete zeolites in
scavenging radionuclides.

Over the course of the 350 hour experimental run (VTGE #5), silica varies directly
as the hydrogen ion concentration, inversely as the pH (see Figure 7). Silica levels reach a

maximum when pH is lowest, and then drop as the pH increases, reaching what is a steady

state after 150 hours of operation. The steady state levels observed for silica suggest that
the rate of dissolution of silica-rich phases in the vapor dominated portion of the experiment

equals silica precipitation in the liquid regime. Apparently, pH stabilizes after 300 hours,

but longer run times are needed to evaluate this hypothesis.

Batch reactor experiments may be viewed as simulating zeolite grade
metamorphesis of Yucca Mountain tuffs within a closed hydrologic system. The evolution

of fluids in such experiments displays the profile characteristic for both VTGE runs over
the first 50 hours of operation: pH decreases as silica increases (see Figure 8). Sampling

of fluids was possible from these experiments over 1250 hours. Beyond the 300 hour
limit, pH levels reach a maximum, and appear to. approach a steady state. Silica levels in
the batch reactors increase over the initial range of time when pH drops, but never exceeds
levels greater than 60 ppm. This level of silica is approximately the saturation levels for

quartz (Rimstidt and Barnes, 1980), but below what would be expected for more soluble
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amorphous silica (Fournier and Rowe, 1977). Dissolution of primary zeolites and
precipitation of derived aluminosilicates (e.g. zeolites and feldspar) must occur
simultaneuosly. A reaction similar to recrystallization techniques (Robson and Riley, 1977;
Joshi and Joshi, 1985; de las Pozas, et al., 1989) may be applicable to tuff alteration

studies in a solution dominated environment.

Raman Spectroscopic Study of Product Mineral Phases

Scanning electron microscopic (SEM) examination of run solids from previous
work with the VTGE (see report to Mifflin and Associates from this laboratory, 1988)
revealed the growth of product minerals in the lowest portions of the reactor column (see

Figures 9-12). The size of many of the cigar and bow-tie shaped product minerals is very

small (up to 5 x 5 gm) and a very minor component of the matrix, therefore x-ray
diffraction could not be used for a positive identification. Additionally, the inherent
difficulty in isolating individual grains for the production of polished sections to enable

electron microprobe analysis of composition was very nearly impossible. An alternative
analytical methodology was sought to verify SEM observations.

The Raman microprobe was used to examine product mineral grains growing on the
surface of reacted tuff grains. A Raman spectrum was recorded for one particularly well
developed grain of about three microns in size and is displayed in Figure 13a. Well

resolved peaks at 414,480 and 514 cm-1 were noted, with minor signals slightly exceeding

noise levels between 200 and 400 cm-1. The deflection at 514 cm-1 is thought to be
representative of feldspar. Numerous Raman spectra for feldspars recorded at this

laboratory have consistently shown this peak as a characteristic feature of feldspar
minerals, regardless of specific composition. A spectrum of plagioclase is shown in Figure

13d and is typical of all feldspars we have observed. Indeed, comparison of the Raman
spectrum for the substrate mineral (Figure 13b) with that of plagioclase shows an almost
identical match for shift frequencies of 159, 282, 476 and 514 cm-l. It is our conclusion
that presence of the 514 cm-1 band in the product mineral spectrum is representative of

"contamination" by the substrate mineral. This is not a surprising result as the analytical
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volume of excitation by the laser source would likely extend to some degree beyond that
defined by the micron sized mineral grain.

Remaining signals at 414 and 480 cm-1 correlate well with frequencies observed for

zeolites of Group 7, where the group labeling is consistent with that denoted by Mumpton

(1977). This group, the clinoptilolite group, includes stilbite, stellerite, heulandite and

clinoptilolite (Knight, et al., 1989). The correlation of the strongest spectrum signal at 414
cm -1 with 410 cm-1 noted in stilbite is good (Figure 13c); however, it is an identical match

with stellerite . The primary spectral deflection at 405 cm-1 for clinoptilolite and heulandite

do not support these choices for the identity of the product grain. From our experience,
with respect to natural zeolite minerals, the position of the most intense band in the
spectrum, thought to be representative of an oxygen motion perpendicular to the T-O-T
bond's plane, is the most useful in determining its identity. A detailed examination of the

SEM for the alteration product possessing a bundled, "sheaf-of-wheat" morphology
revealed the occurrence of blunted crystal terminations not in agreement with the observed

chevron-like occurence of stilbite (Gottardi and Galli, 1985). While initial SEM

observation of bundled crystal habit and reactor thermal conditions suggest the formation
of stilbite (Kristmanndottir, 1978) we conclude that this product mineral grain is stellerite,
by virtue of its Raman spectrum and crystal terminations. It should be noted that initial
SEM observation of crystal habit is nicely complimented by the structural information

provided by Raman microprobe analysis, resulting in a more complete, accurate analysis.

A particularly large, well developed product grain was observed and noted to be
elongate (2 x 6 microns), oriented such that the direction of elongation was perpendicular to

the substrate surface. Examination of the grain with the Raman microprobe (see Figure

14a), yielded conclusive results. The occurrence of a very sharp band at 506 cm-1 couple
with a second minor deflection at 844 cm-1 indicates that it is a group 4 zeolite. The Raman
spectra for minerals of this group (chabazite, faujasite and gmelinite) are easily resolved

based upon the observed direct relationship between degree of symmetry and frequency
position of the 460-520 cm-1 deflection. (Knight, et al., 1989) The position of a strong
band at 506 cm-1 compared to 505 cm-1 for faujasite (Figure 14b), coupled with the modest
signal at 844 cm-1 is definitive in identifying this analyte as faujasite ((Na2Ca)[Al2SL4OI2J -
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8H20). Examination of the substrate upon which this material formed produced another
spectrum of a feldspar mineral. A spectrum of this mineral is not reproduced here, as it is

very similar to that shown in Figure 13d. For a more complete description of Raman study
to identify alteration products, please see Appendix 2.

The similarities observed between zeolites of the same crystal class and differences

across classes (Knight, et al., 1989) suggests a correlation between Raman peak position
and structure. The correlation of Raman bands arising from motion of the oxygen atom in

the plane perpendicular to the T-O-T bond with alumino-silicate framework structure was

first reported by Dutta, et al (1988). Dutta substantiates the relationship through

Cruickshank's d-p bonding model (Cruickshank, 1961). Through this approach, the 7r-

bond order of a bridging bond should be minimized (i.e. minimum Si-O bond length) when
the T-O-T bond angle is straight, allowing for full participation of 2-p orbitals on oxygen in

the T-O-T system: the T-O-T bond angle varies directly as the T-O bond length. The
observed relationship in Dutta, et al.'s (1988) study shows great promise toward the
evaluation of newly synthesized zeolite structures. Extension of these ideas to the naturally
occurring analogs may serve to refine the linear nature of the correlation and help to
constrain deviation from it.

With respect to the Cruikshank d-p bonding model, we expect a correlation

between the T-O-T angle and the vibrational frequency of the band (i.e. Raman shift for the

out-of-plane oxygen movements relative to T-O-T). Data presented in Dutta, et al. (1988)
show a reasonable linear fit between average bond angle and Raman peak position. For
their data, we have calculated a correlation coefficient of R 2 = 0.86. Hence, the choice of
average T-O-T bond angle is reasonable. However, the mean frictional s-orbital character

of the bridging oxygens in the frame work may offer advantages over the mean T-O-T

angle (see Appendix 2).
In order to confirm the relationship between T-O-T angle and Raman shift and fsO,

we have recalculated the data in Dutta, et al (1988). In performing the calculation on these

data the average T-O-T angle reported was used. Calculation of the the average fsO for
these materials and plotting with respect to Raman shift, produced a slightly improved
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trend, with R 2 = 0.88. Thus, it would appear that the choice of average fsO over average

T-O-T angle may offer a modest improvement toward refining the trend.
Extension of this modified plot to the naturally occurring zeolites was carried out.

In arriving at a value for fsO, the angle formed about each oxygen in the crystalline material

was weighted equally, with no distinction made between general and special positions that

might affect the multiplicity of each bond angle in the determination of the fsO. The results

show an exceptionally strong linear relationship (see figure 15), with R 2 = 0.94. For these

natural materials, the correlation appears to be much more linear than for the data from

Dutta et al.'s (1988) work. This result may reflect a higher degree of crystallinity in the

natural materials relative to synthetic zeolites. Additionally, the crystal refinement data for

the natural zeolites may be more closely representive of the Raman analyte. Note that,

contrary to Dutta et al. (1988) we have plotted the Raman shift as the dependant variable, as

indeed this measured parameter is a function of the crystalline lattice, rather than the

converse. A more complete discussion of this correlation is found in Appendix 2.
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Figure 15. Change in Raman shift for the out of T-O-T plane motion of oxygen in natural zeolites.

Fractional s- character is calculated as 1/(1-secant T-O-T.
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Conclusions
Modifications of the original design of the Vertical Thermal Gradient Experiment

have produced a more thermally stable experiment for studies to evaluate mass transfer
within a column of Yucca Mountain, Nevada tuff. The addition of an external reservoir
made it possible to operate the VTGE with a minimal amount of fluid, thereby simulating

vapor dominated hydrothermal systems more effectively than in previous runs. The

composition and level of run solutions used during the experimental run may now be
varied.

The evolution of the chemistry of fluids within the modified VTGE during the first

300 hours of operation was monitored. Silica and pH levels approach a steady state,

suggesting that these chemical species (particularly silica) are leached from the vapor

dominated portion of the column and deposited as precipitates in the liquid phase at equal
rates. The precipitates formed, as observed with SEM, are varied. (see report to Miffin
from this laboratory, 1988). Use of scanning electron microscopy (SEM) to examine
crystal morphologies of alteration products has been a most useful technique, as mineral

phases formed during the operation of the VTGE are often too small to be isolated for
electron microprobe or x-ray diffraction analysis. Alternate methods of characterizing these

reaction products has been sought, in order to corroborate SEM observations.

Micro-Raman techniques have been developed to identify unknown zeolites

(Knight,et al., 1989; Williamson and Knight, 1989), where the individual grains are on the
order of 5 in size. Identification of specific zeolite types is based on correlating the

most intense band of the Raman spectrum in the 250-550 cm-1 region. Often, this intense

band is the only band observed. This study showed a relationship between structural
characteristics of the alumincisilicate framework and peak positions. Raman spectroscopic
investigation has documented the development of faujasite, stellerite and feldspar. In

accordance with principles outlined by Breck (1973), wherein zeolites will evolve in

solution so as to form progressively denser structures, the following sequence of

mineralization is hypothesized for VTGE runs with non-lithophysal tuff
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precursor minerals ----- > faujasite --> stellerite -- > feldspar.

In the above reaction sequence, it is likely that the dissolution of precursor minerals

(clinoptilolite, mordenite in non-lithophysal tuff) will be the rate determining step, as their

breakdown supplies reactants for VTGE product mineral formation.
Clearly, the nature of minerals formed during the course of the reactivated zeolite

grade metamorphism at Yucca Mountain is of primary interest. Changes in porosity,

volume, and ion exchange properties of the minerals will influence the proposed

repository's performance. (Smyth, 1981; Bish, et al., 1984; Herman, 1989) Study by

Ijima (1980) presents two diagenetic reaction pathways for the evolution of mineral

assemblages experiencing zeolite grade metamorphism. The stepwise alteration of alkalic

dominated lithologies differs slightly from calcic environments. Hence, depending on the

specific combination of the tuff used during a VTG Experiment, and the composition of
fluids present, the alteration minerals formed as a function of time are expected to vary.
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Further Work
Production of data describing the dissolution kinetics of clinoptilolite in both

distilled water and sodium chloride (NaCI) possessing the same ionic strength as J13 well

water (Moore, 1986) will lead to a sounder, more fundamental understanding of the

hypothesized reaction sequence. Indeed, this lack of data for dissolution kinetics of

clinoptilolite, as well as for all zeolites, coupled with the absence of experimentally

determined thermodynamic data suggest avenues for further investigation.

The effect of non-framework cations on zeolite materials produced is not

specifically known, though has received some attention. (de las Pozas, et al., 1989) This

effect may be of some concern in subsequent VTGE runs where distilled/deionized water

will be replaced as the reactor's initial fluid composition. It is possible that experiments

now underway with NaCl solutions of the same ionic strength as J13 well water (Moore,

1986) will produce a different suite of alteration minerals and influence the rate of silica

transport.
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Appendix B-III

List of Presentations

Shettel, D. L., Jr., 1989, Geochemical concerns regarding the disturbed zone at the proposed nuclear
waste repository, Yucca Mountain, Nevada: NWTRB.
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Section C

Geochemistry and Mineralogy Program

Introduction

The activities in the Geochemistry and Mineralogy section of the MAI program support the
following three independent and Interrelated subject areas:

1. Geochemical retardation/transport of radionuclides to the accessible environment.

2. Site-specific mineralogy and geophysical studies to establish the hydrogeology of the vadose
zone.

3. Past climate and related genesis of authigenic desert carbonates and silicates.

Within the classification of these three licensing issues, there are ten intensive review and research
activities that have been performed. These activities are distributed as follows:

1. Geochemical Retardation:

a. An assessment of the potential for radionuclide sorption as a function of authigenic mineral
stability with respect to thermodynamic properties of zeolites, clays, and associated silicates
and oxyhydroxides.

b. Determination and characterization of the behavior of authigenic zeolites, clays, and transition
metal oxyhydroxides during sorption and desorption of radionuclides (and proxies) under
laboratory-imposed repository conditions.

c. An assessment of volcanic glass stability with respect to magnetic and paramagnetic primary
minerals included in the volcanic glasses of Yucca Mountain.

d. An assessment of the geochemical and mineralogical stability of rhyolitic glass at Yucca
Mountain with respect to authigenic mineral production and its relation to geochemical
retardation of radionuclides.

e. An assessment of desert varnish dating to determine its utility with respect to determining the
rates of authigenic mineral formation from rhyolitic glass at Yucca Mountain.

2. Site-Specific Hydrogeology:

a. Utilization of tritium, carbon-14, and iodine concentration exchanged into zeolite supercages
to determine the relative age of last vadose waters of exposure, to assess the rate of fracture
flow in vadose-zone liquid transport.

b. To determine the magnetic stratigraphy for Yucca Mountain for use as a drilling control during
sample collection and search for vadose water.

3. Past climate and desert carbonates:

a. Characterization of diagenetic events at Lake Tecopa for the resolution of hydrostratigraphic
events as they relate to past climate in the region of Yucca Mountain.
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b. An assessment of the genesis of desert carbonates relative to the interpretation of past
climate events as they can be resolved from trenches and ground-water discharge deposits.

c. Characterization of opaline and carbonate deposits with specific reference to Trenches 14,
17, 1, and the sand ramps.

The basic design and focus of the geochemical retardation/transport section of the program is to
address the ability or inability of the natural environment to isolate radioactive waste from the accessible
environment after repository closure. In order to accomplish this task, an assessment of the
thermodynamics of the vadose-zone system with respect to vadose-water chemistry, mineralogy, and
temperature is necessary (see Appendix C-I: Bowers, T. J. and R. G. Bums, 1988). These information
can be utilized to ascertain sorptive mineral stability under repository conditions. However, predictive
value is only as good as input data provided. In this particular case, there is a serious void in good
vadose-water chemistry and therefore until this void is filled, the thermodynamic calculations must remain
tenuous.

In a parallel study, the sorption behavior of single-crystal zeolites are being assessed (see
Appendix C-I: Wood, V. J., et al., 1988 and Bums, et al., 1989). Crystallographic orientation, initial
supercage composition among a host of other parameters, affect the sorption capacity of Yucca Mountain
type zeolites such as clinoptilolite and heulandite. These studies will provide a predictive baseline of
radionuclide behavior with respect to zeolite crystal chemistry and will allow future whole-rock studies.
This overall base of information will provide an ability to address the ultimate goal of the retardation
capacity of fracture surfaces, In the Topopah Springs Member of the Paintbrush Tuff and the Calico Hills
formation. With respect to the Calico Hills formation, there is concern with respect to glass and authigenic
mineral stability. This issue is being addressed by glass studies that are described in this report (see
Appendix C-I: Blundy, J., et al., 1987, 1988, and Burns, et al., 1989).

Site-specific hydrogeology issues being addressed in MAI studies involve drilling and obtaining
fracture and matrix samples that contain zeolites. Utilizing a tandetron, MAI is developing procedures to
analyze for gases such as C-14 and 1-129 to determine the age of the water of last exposure. These
information will assist In better understanding the Yucca Mountain fracture flow mechanism.

Past-climate geochemical studies are primarily support-type studies assisting in the interpretation
of stratigraphic events (see Appendix C-I: O'Hara, P. F., et al., 1988). In addition to these, specific
studies regarding authigenic carbonates and opal are aiding Interpretation of hydrologic and paleoclimatic
events and processes for Yucca Mountain trenches and surrounding desert region.

Appendix C contains abstracts of papers presented at professional symposia and other technical
documents that are offshoots of MAI efforts.
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Geochemical Retardatlon/Transport of Radionuclides to the Accessible Environment.

The capacity for Yucca Mountain tuffs to provide radionuclide retardation, thereby limiting
radionuclide transport to the accessible environment, is an extremely complex issue, which deals with the
identification of: the most likely paths of travel, potentially sorptive mineral availability along those paths,
crystal orientation, chemical composition, mineral and glass stability under natural and Imposed
conditions, colloid formation, precipitation, and diffusion.

Conceptually, the DOE has treated the most likely path(s) of travel" as a generic property, vested
with the illusion of conforming to the storyline developed for favorable site performance only.
Consequently, site-specific paths of travel that could and should be investigated are not being
comprehensively addressed by the DOE. These are predominantly fracture flow pathways that provide
interconnections between the repository horizon and the saturated zone. Much of MAI research is
gearing towards investigating the geochemical properties of what we consider are the site-specific most
likely paths of travel. MAI is concerned with these pathways because they would appear to be:

1. Rapid paths of transport,

2. LImited in their combined ability to provide significant retardation for radionuclides, and

3. Significantly affected by repository heating and therefore are probably site specifically within and
part of the disturbed zone.

The following efforts explore various aspects of the Yucca Mountain natural retardation barrier issue to
assess the capability of that barrier to provide meaningful retardation.
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Geochemistry and Mineralogy

ISSUES:

Determine whether potentially sorptive minerals such as clinoptiolite, mordenite, smectite, and
other authigenics can provide retardation of radionuclides to the extent that credit can be taken by the
DOE for isolation of the radioactive waste from the accessible environment after closure in accordance
with the requirements set forth in 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960. Determine
whether these potentially sorptive minerals will remain actively stable and capable of providing sorption
even under near-field and far-field repository conditions.

Characterization Issues:

Determine whether activity diagrams for clinoptilolite can be constructed to provide sufficient data
relative to the susceptibility of this zeolite to further diagenetic reactions.

Determine whether activity diagrams can be constructed for mordenite.

Determine whether activity diagrams can be constructed for the smectites.

Determine whether sufficient in situ chemical data concerning vadose-water chemistry can be
obtained to be able to construct activity diagrams for the authigenic minerals situated in the vadose zone.

Determine whether sufficient in situ ground-water chemical analysis can be obtained to be able to
construct activity diagrams for authigenic minerals in the saturated zone.

GENERAL OBJECTIVE:

Develop activity diagrams for authigenic mineral stability relating to the geochemistry of the
aqueous fluids and temperatures in the near and far fields, so as to be able to predict their stability under
repository conditions and thereby assist in understanding the role of these minerals during potential
radionuclide retardation.

Specific Objectives:

Review the DOE water-chemistry literature to obtain basic chemical conditions that might be used
for constructing activity diagrams.

Review the open literature for the same purpose, since the DOE literature is Incomplete and
potentially inaccurate.

Review the open literature for basic thermodynamic properties of clinoptilolite and associated
minerals.

Construct multicomponent activity diagrams for clinoptilolite on the basis of aluminosilicate activity
and temperature.

ACTIVITY SUMMARY:

The stability limits of clinoptilolite and its vulnerability to changes In ground-water chemistry
relative to well J-13 have been assessed, by constructing activity diagrams for clinoptilolite solid solutions
In the system Ca-Na-K-Mg-Fe-Ai-Si-H 20 employing available thermodynamic data for relevant oxide and
aluminosilicate phases (see Appendix C-I: Bowers, and Bums, 1988; Bums and Bowers, 1988; and
Bums, et al., 1989).
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FINDINGS:

The results of MAI investigations have been submitted to the American Mineralogist for
publication (see Appendix C-I for a copy of the paper). Significantly, it appears that authigenic minerals
such as clinoptilolite modify and are modified by ground-water compositions. MAI has been unable to
acquire vadose-water compositions to date and therefore can make no comments concerning zeolite
stability in the vadose zone.

INTERPRETATION OF FINDINGS:

The following observations are made:

The coexistence of clinoptilolite with opal correlates with its calculated wide stability field in
aqueous solutions saturated with amorphous silica (high silica activities favor clinoptilolite stability).

Clinoptilolite-smectite assemblages indicate that the zeolite crystallized from ground water with
dissolved Al concentrations lower than those saturation values relative to gibbsite.

Calcium clinoptilolite associated with calcite are consistent with crystallization from fracture-flow

ground water containing Ca+ 2 and HCO3 derived from incipient dissolution of microcrystalline devitrified

tuffs. Alkali-rich clinoptilolites correlate with ground water having elevated Na+ and K+ but depleted Ca2 +
concentrations which are associated with altered vitric tuffs. The stability field of clinoptilolite broadens
with increasing atomic substitution of Ca for Na and K for Ca and reaches a maximum at intermediate
activities of dissolved Al.

The clinoptilolite stability field diminishes appreciably between 25°C and 100 C, correlating with
burial diagenetic reactions; but, confirming doubts about the thermal stability of clinoptilolite when
exposed to repository conditions.

ADDITIONAL WORK REQUIRED:

Obtain vadose-water chemical data and recalculate clinoptilolite stability using these information
(especially Al activity).

Calculate stability fields of the other zeolites and clays that might provide sorption retardation for
radionuclides.

Previous research into zeolite and clay stability will be utilized more heavily in future analytical
efforts.

RECOMMENDED PROGRAM:

To continue the existing program of activities and to collect In situ data using MAI own drilling
technology. These new data could then be utilized to calculate authigenic mineral stability more
accurately than the present analytical efforts.

Principal Investigator:

Dr. R. G. Bums (MIT) with Dr. T. Bowers (MIT) are Co-Principal Investigators on the project.

- Page 27 of 68 - MY891201a



MAI/AR-2
Revision 0

Geochemistry and Mineralogy

ISSUES:

Determine the extent to which, if any, the DOE can take credit for radionuclide sorption by
zeolites, clays, and oxyhydroxides. Determine whether credit can be taken for key radionuclides whose
travel time and concentration limits might otherwise exceed the established limits.

Characterization Issues:

Determine how clays and zeolites behave during sorption/desorption. Determine the extent to
which they favor certain radionuclides. Determine how temperature affects sorption, sorption rates,
desorption, and desorption rates. Determine how radionuclide concentrations affect sorption and
desorption. Determine how zeolite crystal orientation affect sorption and desorption.

Determine how temperature affects sorption, sorption rates, desorption, and desorption rates.
Determine how transition-metal oxyhydroxides respond to actinide transport as colloids. Determine the
extent to which transition-metal oxyhydroxides provide sorption. If sorption Is provided, determine the
mechanism by which this occurs.

Review Issue:

Determine whether sorption/desorption work done by the DOE contractors covers the significant
Issues and whether their methods of analyses are sound to the extent that they report conservative
values.

GENERAL OBJECTIVE:

Determination and characterization of the behavior of authigenic zeolites, clays, and
transition-metal oxyhydroxides during sorption and desorption of radionuclides (and proxies) under
repository near-field and far-field conditions.

Specific Objectives:

Review the sorption/desorption literature provided by the DOE contractors and determine the
value of those data with respect to providing a comprehensive understanding of the retardation
parameters for the Yucca Mountain site. Determine whether these parameters are conservative and are
focused towards obtaining realistic In situ approximations.

Provide basic laboratory analyses on single crystal (pure mineral) sorption/desorption studies
using a variety of proxies for radionuciides. Utilize co-calibrated equipment to insure reproducibility of the
results.

Through experiments with pure minerals, provide an understanding of the efforts of variation in
temperature, crystal orientation, time of exposure, crystal size, radionuclide (proxy) concentrations,
competing cations, sieving effects and other parameters that may be important with respect to predicting
in situ Yucca Mountain sorption/desorption reactions.

Provide an understanding on an atomic/molecular basis of how, where, and why
sorption/desorption take place with respect to each mineral and radionuclide In the potential reaction, so
that there is a sound theoretical basis for future postclosure predictions of potential retardation.

Provide similar basic information as explained in the previous objectives for minerals in fractures
and compare these data to similar information collected for minerals in pores.
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ACTIVITY SUMMARY:

Constant temperature bath exchange solutions have been utilized to explore single crystals of
known composition (by electron microprobe [EM], scanning electron microprobe [SEM], and ion
microprobe analyses [SIMS]). Single crystals of clinoptilolite, mordenite, and analcime have been
studied. Oxyhydroxides have also been studied along with a few whole-rock samples from the Bedded
Tuffs. After experimental exposure, SEM, EM, and SIMS analyses of each crystal with respect to its
crystallographic orientation is performed. These experiments are run with variations in both solutions
(proxies for radionuclides) and variations in temperatures (see Appendix C-I: Wood, V. J., M. S. Hubbard,
and R. G. Bums, 1988).

Magic angle NMR studies have been made on exchanged crystals to determine the sites of
sorption by the radionuclide proxies. Structural refinement studies are in progress to better understand
the crystal chemistry of the zeolites.

Clay minerals have not been utilized as yet during the experiments.

Sorption/desorption data have been reviewed as has been provided by the DOE program.

FINDINGS:

Magic angle studies are beginning to indicate where in the clinoptilolite and heulandite structures
various exchanged ions are located. These information are preliminary and more work is needed to
resolve this basic issue. This activity has been terminated due to funding cuts and structural refinement
work is in progress (see Smyth, 1989).

Analcite is not a very good exchanger, primarily because of its tight structure; consequently, it will
be Insignificant with respect to acting as a sorbing barrier to radionuclide escape from the repository.

Both heulandite and clinoptilolite are relatively good exchangers and both show crystallographic
Influences for Cs (clinoptilolite shows less of an influence than heulandite). The Cs concentration of the
(010) face of heulandite is considerably lower than those of the other two faces, demonstrating that Cs
readily enters the heulandite structure along the open channel [100] and [001] direction. The Cs
concentrations of the heulandite (100) and (001) faces are comparable or slightly greater than
corresponding faces of clinoptilolite which conflicts with older literature which states that the cation
exchange properties of heulandite and clinoptilolite are quite dissimilar (see Appendix C-I).

Cation exchange reactions are crystal structure dependent, the uptake of Cs and Sr being
retarded on high-surface area coffin-shaped (010) faces parallel to the b-axis, the one direction along
which large channels do not exist, and In NaHCO bearing solutions. Competing reactions suggest that
uptake of long-lived Cs-1 35 radionuclides into clinoptilolite may be compromised by short-lived Sr-90 and
daughter Ba-137.

INTERPRETATION OF FINDINGS:

The findings of MAI experiments indicate that various major sorption issues are not being
addressed by the DOE subcontractors. Among these issues are the effects of crystal orientation and
crystal size. The mineralogy investigators working for the DOE do not report crystal orientation for
minerals described from the fractures, therefore, it Is not feasible at present to determine potential
sorption in the fracture system.

MAI has concluded that of the zeolites present clinoptilolite, heulanidite, and mordenite have the
potential to be good sorbing exchangers. Temperature, crystal size, crystal orientation, vadose-water
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chemistry, concentrations of competing cations, interactions with competing exchangers, initial cations
within the supercage of the exchangers, among other controlling parameters greatly affect the potential
sorption ability of the natural environment. Unless these issues are fully addressed, the predictability of
natural barrier sorption for Yucca Mountain is virtually impossible.

ADDITIONAL WORK REQUIRED:

Reestablish MAI program using magic angle NMR.

Continue structural refinement studies of clinoptilolite and start work on mordenite.

Continue MAI standards exchange single-crystal bath studies.

Start oxyhydroxide studies with actinide proxies.

Start clay exchange, ion filtration studies.

Analyze key pore and fracture horizons which may provide the bulk of the potential sorption effort
at Yucca Mountain.

Build a predictive model using the field and laboratory data collected.

RECOMMENDED PROGRAM/EXISTING PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues relative to licensing issues.

Activity:

To continue MAI efforts as outlined in Additional Work Required.

EXISTING PROGRAM:

The existing program is moving ahead with very satisfactory progress. It will be necessary to
obtain in situ samples from Yucca Mountain to bring this research in line with licensing issues.

Principal Investigator:

Dr. R. G. Bums (MIT) is the Principal Investigator of this project.

Dr. J. Smyth (University of Colorado) is doing the structural refinement studies.
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Geochemistry and Mineralogy

ISSUE:

Determine whether glass Instability above and below the proposed high-level nuclear waste
repository will jeopardize the Isolation or assist in the Isolation of radionuclides from the accessible
environment.

Characterization Issues:

Determine the extent to which iron oxides, titanium oxides, and oxyhydroxides as
microphenocrysts provide chemical information regarding geochemical-environmental parameters during
the diagenetic hydration of acid volcanic glass.

Determine the extent to which the iron oxides and oxyhydroxides contribute to volcanic-glass
stability and instability. In this respect, determine whether they contribute to elevated hydration rates of
the glass, and if so, by what reaction mechanism.

Determine how these information can be used to assess sorption chemistry, colloid formation,
and neomineralization of smectites and zeolites.

GENERAL OBJECTIVES:

Determination and identification of magnetic and paramagnetic microphenocrysts in volcanic
glass in tuffs at Yucca Mountain.

Specific Objectives:

Identify micromineral phenocrysts In volcanic glass at Yucca Mountain.

Describe their distribution, magnetic properties and crystal structure.

Describe and identify these minerals with respect to their stratigraphic position above and below
the proposed repository horizon.

Collect similar data from fresh and altered (hydrated) glasses to acquire data on Iron mobility.

ACTIVITY SUMMARY:

No activity In this area due to reduction In funding level.

FINDINGS:

None.

INTERPRETATION OF FINDINGS:

None.

RECOMMENDED PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues.
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EXISTING PROGRAM:

Status of Previous Research:

On hold until funding level returns to normal.

Principal Investigator:

Dr. C. M. Schlinger (University of Utah) is the Principal Investigator of the project.
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Geochemistry and Mineralogy

ISSUES:

Determine whether the stability (chemical and physical) of volcanic glass above and below the
repository horizon at Yucca Mountain can affect the postclosure performance of the proposed repository.

Determine whether the chemical stability of volcanic glass at the desert surface can act as an
analog for past and future geochemical reactions within the vadose zone.

Characterization Issues:

Determine the extent to which there will be an evolution of heat from hydrating volcanic glass
below the proposed repository and to what extent might heat ponding affect repository performance.

Determine the extent to which volcanic glass from Yucca Mountain is chemically stable or
unstable with respect to forming authigenic minerals In the recent past.

Determine whether rates of volcanic-glass hydration can be determined from soil samples.

If volcanic glass is not chemically stable under repository conditions, determine how this might
change water chemistry and thereby affect authigenic-mineral stability and radionuclide retardation.

Determine whether additional authigenic minerals might be formed from future volcanic glass
hydration.

The potential future hydration of volcanic glass might change the physical properties of the vitrifier
below the proposed repository. Determine how this might affect potential future transport of
radionuclides, in particular, travel-time estimates.

Review Issue:

In the EA, DOE states that dissolution is not expected and that volcanic glass that could be
altered has already been altered. Determine the extent to which DOE statements can be supported by
MAI research Into glass stability.

GENERAL OBJECTIVES:

Assess the geochemical and mineralogical stability of rhyolitic volcanic glass at Yucca Mountain,
under present conditions and under proposed repository conditions, so as to be able to predict the rates
of authigenic-mineral formation, the chemistry of fracture flow and pore-water liquids, and whole-rock
stability.

Specific Objectives:

Obtain geochemical data relative to the hydration reactions of volcanic glass at Yucca Mountain.

Obtain mineralogical data for neomineral formation and authigenic-mineral stability.

Obtain rates of potential reactions that are presently occurring at Yucca Mountain.

Assess statements made by the DOE in the literature, which appear to be unfounded based upon
lack of supportive evidence.

Assess authigenic mineral production to assist In resolving issues relative to the genesis of
Trench 14 deposits.
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Obtain basic information as to the heats of reactions for glass hydration, so as to be able to
predict future repository conditions.

ACTIVITY SUMMARY:

None.

FINDINGS:

None.

INTERPRETATION OF FINDINGS:

None.

RECOMMENDED PROGRAM/EXISTING PROGRAM:

As a result of funding cuts, this program has been temporarily suspended. It is recommended
that this program be reactivated as soon as possible.

STATUS OF PREVIOUS RESEARCH:

Awaiting publication of last manuscript.

Principal Investigator:

Dr. R. G. Bums (MIT) Is the Principal Investigator assisted by Dr. M. Morgenstein and Dr. J.
Blundy (Oxford University).
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Geochemistry and Mineralogy

ISSUES:

Determine whether the rates of vadose-zone chemical reactions can be determined to the extent
that the roles of these reactions In providing radionuclide retardation is understood, thereby establishing
isolation of the radioactive waste from the accessible environment after closure In accordance with the
requirements set forth In 40 CFR Part 191, 10 CFR Part 60, and 10 CFR Part 960.

Characterization Issues:

Determine whether desert-varnish dating by cation-ratio techniques can be used to determine
geologic ages of terraces In the Yucca Mountain area.

Determine whether desert-varnish dating by cation-ratio techniques can be used to determine
rates of authigenic mineral formation from rhyolitic glass at Yucca Mountain.

Determine whether desert-vamish dating by cation-ratio techniques can assist in resolving Trench
14 problems and sandramp problems.

Review Issue:

Determine whether desert-vamish dating by cation-ratio techniques utilized by the USGS can be
reproduced with similar results.

OBJECTIVES OF ACTIVITY:

Make an independent assessment of desert-vamish dating cation-ratio technique by doing the
following:

Review the cation-ratio dating literature and determine the methods employed.

Reproduce this established methodology and assess the results relative to those data which have
been reported In the literature.

f the results do not match, determine the reason(s).

Provide support data for the work completed.

ACTIVITY SUMMARY:

The following techniques have been scrutinized with respect to cation-ratio dating of desert
varnish:

Backscatter Electron Microscopy (BSE).

Electron Microprobe (EM).

Scanning Electron Microscope with Energy Dispersive Analyses (SEMIEDX).

PIXE element analysis.

Literature generated by Dom, Harrington, and Whitney have been reviewed.
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Samples of desert varnish have been examined by the various techniques from various locations
In Nevada and South Mountain, Arizona.

FINDINGS:

Preliminarily, there appears to be various serious problems with the established methods of
investigation. Element concentrations and element/element ratios show extreme variability. Potassium,
calcium, K+Ca, and K+Ca/Ti do not consistently decrease with varnish age (depth of the varnish layer) as
the cation-ratio dating method Implies. Since Ba, like K and Ca, is a mobile element, the accuracy of the
cation ratio dating technique Is compromised, (see Appendix C-I: Krinsley, D. and S. Anderson, 1989).

INTERPRETATION OF FINDINGS:

At present, we do not understand why the established cation-dating method appears to give
usable minimum ages. We do not know whether the method as Is or as possibly modified will provide
accurate chronological Information. On these bases, we have been unable to respond to MAI Key Issue
or Characterization Issues. With respect to MAI Review Issue, MAI Investigation results to date do not
match the USGS data.

ADDITIONAL WORK REQUIRED:

Complete analytical data Interpretation and final publication.

RECOMMENDED PROGRAMIEXISTING PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues.

Activity:

To continue MAI efforts by accomplishing the additional work that we stated above.

STATUS OF PREVIOUS RESEARCH:

Although MAI preliminary results Indicate serious problems with the cation-dating method for
desert varnish dating, we must stress that more work is required prior to obtaining reliable conclusions.
The present data Is being analyzed and will be published shortly.

Principal Investigator:

Dr. D. Krinsley (ASU) is the Principal Investigator on this Project.
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Site-Specific Mineralogic and Geophysical Studies to Establish the Hydrogeology of the Vadose
Zone.

The complex and essentially unknown hydrologic conditions in the vadose zone and the general
absence of demonstrated investigative techniques that are powerful enough to characterize this
environment with confidence have stimulated several alternative investigative approaches. The following
efforts explore possibilities that have been recognized as potentially useful in drilling investigations and in
establishing indirect evidence of ephemeral fracture flow.

- Page 37 of 68 - MY89 1201 a



MAI/AR-2
Revision 0

Geochemistry and Mineralogy

ISSUES:

Determine whether there is a method, that complements hydrogeologic observations (water sam-
pling and moisture monitoring), such as utilizing the geochemistry of authigenic zeolites, that will provide
an understanding of fracture flow in the vadose zone. If such a method is developed, determine the
extent to which it predicts the motion of vadose-zone water. And determine how data obtained using
such a method would affect radioactive waste isolation.

Characterization Issues:

Determine whether the tandetron (accelerator mass spectrometer or AMS) can identify the
presence of carbon-14, tritium, and/or iodine in single zeolite crystals. And, if so, determine whether a
technique can be developed to do this on a routine basis.

Determine whether this technique will be able to distinguish between liquid flow and vapor flow.

Determine whether we can distinguish between authigenic zeolites in fracture and matrix with
respect to their exposure to relatively "young" waters.

GENERAL OBJECTIVES:

Utilize AMS (tandetron) technology to develop a new technique whereby tritium, carbon-14, and
iodine can be analyzed in single crystals of zeolites to determine the relative age of last waters of possible
exposures within the zeolite supercage. This will make an assessment of the role of fracture flow in
vadose-zone liquid transport possible.

Specific Objectives:

Develop an ability to utilize more than one key ion so as to strengthen the dating ability of this
technique (such as carbon-i 4 and tritium).

Once developed, test this technique to insure its utility with respect to licensing issues.

Utilize this technique on a survey of fractures and matrix In situ materials obtained from Yucca
Mountain to make a determination of the depth of penetration of "young water through the vadose zone.

ACTIVITY SUMMARY:

Utilizing the tandetron facility at the University of Toronto, MAI subcontractors have been
successful in developing a laboratory technique to measure carbon-14 In clinoptilolite. These results
indicate that 14C (as C02) are exchangeable into clinoptilolite (see abstract and presentation by Baba, et

al., Appendix C-I). The fractionation factors are being worked out for the exchange reaction.
Consequently, we should be able to distinguish the relative activity of vadose fracture flow if and when we
are.able to obtain Yucca Mountain samples.
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MAI is progressing with iodine and tritium techniques so that we would be able to use these in

conjunction with 14c when in situ samples become available.

FINDINGS:

MAI is optimistic about the relevance of this approach since we now beleleve it has the potential
to obtain the ages of the water of last exposure to zeolites in the vadose zone. If actual liquid samples
are not obtained from Yucca Mountain, then whole-rock samples may prove useful in deciphering the
relative importance of fracture flow in the vadose zone.

INTERPRETATION OF FINDINGS:

At present, MAI is unable to make an interpretation of our findings since we have not had the
opportunity to obtain Yucca Mountain samples to apply our laboratory results. With an appropriate drilling
program, MAI will be in a position to be able to distinguish the potential flow paths to the accessible
environment and the mechanism of that transport.

ADDITIONAL WORK REQUIRED:

Continuation of MAI laboratory efforts In development of techniques utilizing the Tandetron.

Acquisition of Yucca Mountain whole-rock samples for pore and fracture analyses.

RECOMMENDED PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues.

Activity:

To continue MAI laboratory efforts and to expand MAI efforts Into a field/laboratory program
specific to Yucca Mountain materials.

EXISTING PROGRAM:

The existing program is moving ahead very slowly due to constraints with funding and obtaining
in situ samples from Yucca Mountain. The design aspects of the program with respect to the
development of new techniques have been extremely satisfying.

Principal Investigator:

The Principal Investigator of the program is Dr. J. C. Rucklidge (University of Toronto, Canada).
Dr. R. G. Bums (MIT) Is assisting with respect to issues In mineralogy.
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Geochemistry and Mineralogy

ISSUE:

Determine whether the geologic barriers will isolate the radioactive waste from the accessible
environment after closure in accordance with the requirements set forth in 40 CFR Part 191, 10 CFR Part
60, and 10 CFR Part 960.

Characterization Issue:

Determine whether magnetic stratigraphy of the volcanic units at Yucca Mountain can be used to
fingerprint time stratigraphic units, thereby aiding the control of depth of drilling stratigraphy.

GENERAL OBJECTIVE:

Determine whether magnetic stratigraphy for Yucca Mountain can be utilized as a drilling control
tool.

Specific Objectives:

Establish the feasibility for using magnetics to determine stratigraphic position during drilling.

Establish the similarities and variabilities of magnetic properties in a lateral extent per unit.

Establish the similarities and differences of magnetic properties in stratigraphic profiles.

ACTIVITY SUMMARY:

None at this time.

FINDINGS:

None at this time.

INTERPRETATION OF FINDINGS:

None.

RECOMMENDED PROGRAM:

A field-sampling program is recommended to obtain detailed magnetic information.

Objective:

The objective of this program is to establish detailed magnetic stratigraphy of Yucca Mountain to
be used in drilling control and to refine MAI understanding of the time stratigraphic units.

EXISTING PROGRAM:

The existing program has been held on standby due to budget constraints.

Principal Investigator:

The Principal Investigator for this project is Dr. C. M. Schlinger (University of Utah).

- Page 40 of 68 - MY891201 a



Past Climate and Related Genesis of Authigenic Desert Carbonates and Silicates.

Geochemical and mineralogic analytical support activities are utilized in aiding climate-change
Investigations. These activities generally seek to establish paleohydrologic conditions of formations
based on textures, mineralogy, geochemistry, and other parameters that can only be established by
indepth laboratory analyses.
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ISSUE:

Determine whether authigenic reactions within volcanic ash can be sufficiently understood so that
these ashes can be correlated across the Tecopa Basin, and can be used in obtaining accurate
stratigraphic data which then can be utilized for interpretation of past climate and paleohydrologic issues.

Characterization Issues:

Determine whether the history of diagenesis in volcanic ashes in the Tecopa region can assist in
studying authigenic reactions in Yucca Mountain volcanic tuffs.

Determine whether the history of diagenesis in volcanic ashes in the Tecopa region can be of
assistance in understanding the paleohydrology of Lake Tecopa with respect to the last 100,000 years.

GENERAL OBJECTIVE:

Characterize the diagenetic geochemical activities that have taken place in volcanic ashes in
Lake Tecopa, to assist in resolving stratigraphic correlation of units and thereby resolving the Interpretive
hydrogeologic activity of the area, as it may relate to past climate In the region of Yucca Mountain.

Specific Objectives:

Develop an understanding of the variation of volcanic-glass diagenesis and authigenic-mineral
production in the Lake Tecopa Basin and margins, with respect to key ash horizons.

Provide geochemical data, which can be utilized to quantify the diagenetic changes across the
Tecopa Basin.

Provide these data to the senior Field Stratigrapher, so that he may utilize these information in
mapping the sediments of the Tecopa Basin.

ACTIVITY SUMMARY:

Field data and samples have been collected from Lake Tecopa and geochemically analyzed.

Laboratory and field data have been provided to Dr. R. Morrison, senior Field Stratigrapher, to
assist him In his efforts.

FINDINGS:

A paper containing MAI findings has been presented at the Denver GSA meeting in 1988. Tuff B
(Bishop Ash) has been found to alter differently depending upon its geographic location. As a
consequence, it is assumed at present that there are three fluid sources reacting with the ash:

a. hot springs;

b. hydrothermal fluids (alkali enriched); and

c. carbonate-enriched ground water venting into the lake as cold springs.

The details of these information will assist in the mapping of the Tecopa Beds (see Appendix C-I:
O'Hara, P. F., et al., 1988).
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INTERPRETATION OF FINDINGS:

At present, the stratigraphic units in Tecopa are being mapped and each bed is being classified
as to the environment of deposition. When this process Is completed, a better history of the hydrogeology
of the Tecopa Basin will be available. These information will then be utilized to understand the regional
past climate and paleohydrology of the southern Great Basin near Yucca Mountain.

ADDITIONAL WORK REQUIRED:

Additional work required in this program will primarily be In resolving various ages of the ashes
located by the principal Investigator. Most of the program is designed to support Dr. R. Morrison's work
on Lake Tecopa stratigraphy and thus, until more field work is completed, it is difficult to predict the
geochemical and mineralogic requirements for the future.

RECOMMENDED PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues and to assist Dr. Morrison with geochemical
and mineralogic sample studies.

STATUS OF PREVIOUS RESEARCH:

The research is progressing at a satisfactory pace.

Principal Investigator:

Dr. D. Krinsley (ASU) is assisting Dr. R. B. Morrison In obtaining basic geochemical and
mineralogic data; and Dr. R. Ku (University of Southern California) is assisting In age dating the
carbonates.
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Geochemistry and Mineralogy

ISSUES:

Carbonates, as sedimentary precipitates forming on the desert surface, in fracture fillings, and as
K horizons in desert soils, have distinguishing characteristics with respect to the environment of
deposition (geochemical and biogeochemical precipitation). If the environment of deposition is affected
by the past climate and paleohydrology, desert carbonates could prove to be of importance with respect
to resolving licensing Issues. Determine whether sufficient paleohydrological information can be acquired
from desert carbonates to assist In Interpreting the past climate for the past 100,000 years.

Characterization Issues:

Determine whether desert carbonates can be distinguished on the basis of petrological and
geochemical evidence to the extent that these information impart Information concerning the environment
of genesis.

Determine the extent to which biological activity such as algal growth promotes carbonate
precipitation in desert marsh lands, desert lakes, and temporary desert ponds.

Determine the extent to which these deposits are different/similar to inorganic-carbonate
precipitation. Determine the extent to which biocarbonate deposits informs us of past climate conditions.

Determine how Trench 1 carbonate sediments compare with modem-day desert-pond sediments.

Determine how marshland sediments differ from desert-lake sediments.

Determine how variable the aerosol-carbonate depositional contribution is to desert soils in the
immediate area of Yucca Mountain. Determine what the relative contribution between aerosol and In situ
biotic transfer carbonate precipitation Is in the immediate area of Yucca Mountain.

GENERAL OBJECTIVE:

Obtain sufficient baseline information concerning the petrographic, geochemical, and
biogeochemical composition of desert carbonates to be able to understand their genesis from the
standpoint of environmental parameters.

Specific Objectives:

Be able to distinguish the mechanism and environment of deposition of carbonate sediments
including clastic deposition and reprecipitation, biocarbonate precipitation, and evaporite precipitation.

Develop petrological tools for distinguishing varieties of carbonate deposition.

Develop geochemical tools for distinguishing varieties of carbonate deposition.

Utilize these information in interpreting the environments of deposition and thereby the
paleohydrology and past climate of the area of deposition.

Utilize these information in interpreting the conditions which promoted sedimentation in Trenches
14,17, and 1.
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ACTIVITY SUMMARY:

Utilizing the SEM, TEM, and electron microprobes determine the fabric and geochemical
compositions of desert carbonates from various known and unknown environments of deposition.

Determine whether the information collected are significant in distinguishing various environments
and mechanisms of carbonate precipitation from each other. Utilize these information to assist in
interpreting past climate conditions and genesis of opal-carbonate deposits.

FINDINGS:

Petrographic and mineral analyses of carbonate sediments from known environments of desert-
marsh lands have been completed. Backscatter SEM data have been obtained from Trench 1 samples
indicating a cool fresh-water environment for carbonate deposition. These information, along with
geochemical data which are yet to be collected, will provide the startup data accumulation for this
program. Trench 14 and sandramp samples have been collected and are planned for future laboratory
analysis. Carbonates from Tecopa have been studied to ascertain the contribution of detrital volcanic
glass and these information have been provided to the Tecopa project personnel.

A master's thesis concerning algal carbonate production has been completed and is being
revised for publication (B. GJoen, 1989, to be published).

INTERPRETATION OF FINDINGS:

At present, MAI findings are Insufficient to obtain firm conclusions. More samples and more
analyses are necessary prior to obtaining usable conclusions.

ADDITIONAL WORK REQUIRED:

Continuation of laboratory efforts in the acquisition of petrographic and geochemical data on
carbonate sediments from Yucca Mountain and surrounding areas.

RECOMMENDED PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues.

Activity:

To continue MAI laboratory and field data collection efforts.

EXISTING PROGRAM:

The existing program will expand its efforts as soon as MAI has completed working on desert-
varnish studies.

Principal investigator:

The Principal Investigator for this effort is Dr. D. Krinsley (ASU), assisted by Mr. J. Quade
(University of Utah), and paleontologists (Columbia University, Lamont-Doherty Geological Observatory).
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Geochemistry and Mineralogy

ISSUES:

Silica and carbonate fracture-filling deposits located in Trench 14 are geochemical precipitates
from aqueous solutions. Determine the extent to which the aqueous solutions responsible for these
authigenic mineral precipitates jeopardize the postclosure performance of the proposed repository at
Yucca Mountain, if the conditions responsible for their formation were to reoccur.

Characterization Issues:

Determine the genesis of fracture-filling opal in Trench 14.

Determine the genesis of fracture-filling carbonates in Trench 14.

Determine the immediate source for ash and blociastic(?) debris in the fracture filling of Trench
14.

Determine whether there is geochemical evidence, such as might be obtained from isotope
analyses, that might suggest the origin and timing of these deposits.

Determine whether there are analog deposits that have known origins that might assist in
interpreting the genesis of deposits in Trench 14.

GENERAL OBJECTIVES:

Provide a comprehensive understanding of the genesis of the carbonate and silicate deposits and
features within Trench 14 and similar and potentially related structures (such as sandramps and Trench
17), to be able to assess their significance on the postclosure performance of the proposed repository at
Yucca Mountain.

Specific Objectives:

Study carbonate and opal deposits of known origin for comparison to Trench 14 deposits.

Analyze Trench 1 deposits from the carbonate characterization study to assess the significance
of biological-carbonate production (in situ) in desert fractures and faults.

Obtain field and laboratory data utilizing paleontological, geochemical, and mineralogical
techniques so that a reasonable understanding is obtained for the genesis of Trench 14 deposits.

ACTIVITY SUMMARY:

Soil-opal genesis from diagenetic reactions of volcanic glass at Yucca Mountain have been
Investigated both geochemically and mineralogically. These information indicate that CT opal is presently
or relatively recently being formed in the desert soils juxtaposed to Yucca Mountain.

Trench 1 studies indicate that biocarbonate precipitate may be more important than previously
recognized and that not all of the desert carbonates are a function of aerosol accumulation.

Field evidence of fracture boundaries indicate that host rocks do not appear to be hydrothermally
altered; consequently, the liquids responsible for the deposition of the opal and carbonates may have
been ambient in temperature.
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SEM backscatter analysis has been determined as a usable tool to distinguish textural carbonate
data important to the project.

FINDINGS:

Desert-soil opal formed from the diagenesis of volcanic glass can be partially and possibly wholly
responsible for the opal deposits as observed In Trench 14. Additionally, other mechanisms of opal
genesis for Trench 14 are certainly possible (see Appendix C-l: Blundy, J., et al., 1987, 1988).

Biotic-carbonate genesis from algal activity In desert environments such as ponding water in
fractures, may be a fairly significant mode of carbonate production (see Appendix C-1).

Calcium is released from volcanic-glass hydration reactions at the desert surface. This release of
calcium may be partially responsible for carbonate precipitation in desert soils. All of the calcium is not
necessarily supplied through aeolian transport and deposition (see Appendix C-1).

INTERPRETATION OF FINDINGS:

At present, there is Insufficient data to resolve the Key and Characterization Issues. Diagenetic
reactions In the soil zone and on outcrops may in part provide sufficient source materials to form opaline
and carbonate deposits. In addition, aeolian transport may contribute to the supply. Since the timing of
these reactions and the relative importance of other variables such as biological precipitation of
authigenic minerals are essentially unknown, it Is presently too early to establish the genesis of these
deposits (see Appendix C-I).

ADDITIONAL WORK REQUIRED:

To continue analyzing desert carbonates using backscatter methods.

To reestablish the volcanic-glass alteration studies and obtain rates of chemical reactions for the
desert-surface authigenics.

RECOMMENDED PROGRAM:

Objective:

To respond to MAI Key and Characterization Issues.

Activity:

To continue MAI efforts as stated In Additional Work Required.

EXISTING PROGRAM:
Status of Previous Research:

As a consequence of funding cuts, we have been unable to continue MAI glass-hydration
research and have had to slowly schedule Trench 1, 14, 17 and sandramp samples into our laboratory.
Consequently, although MAI research is progressing, ur is fairly slow.

Principal Investigator:

Dr. D. Krinsley (ASU) is the Principal Investigator for carbonate research and Dr. R. G. Bums
(MIT) is the Principal Investigator for opal research.
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Appendix C-I

List of Published Papers, Abstracts, and Draft Manuscripts

Anderson, S. W. and D. H. Krinsley, 1989, Criteria for recognition of constructional silicic lava flow
surfaces: implications for cation-ratio dating of rock varnish: GSA abstract.

Anderson, S. W. and D. H. Krinsley, 1989, Textural characteristics of rock varnish as revealed by
scanning electron microscopy: GSA abstract and text.

Baba, N., J. Cresswell, and J. Rucklidge, 1989, Radiocarbon in thermally evolved CO2 from zeolites:
Geological Association of Canada and Mineralogical Association of Canada combined meeting,
abstract and presentation outline.

Blundy, J. D., R. G. Bums, and M. E. Morgenstein, 1988, Non-sorptive minerals forming In rhyolite tuff at
Yucca Mountain, Nevada: diagenesis In a proposed nuclear waste repository (in press).

Bowers, T. S. and R. G. Bums, 1988, Activity diagrams for clinoptilolite: susceptibility of this zeolite to
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Abstract

Scanning electron microscopy in the backscatter mode (BSE) has been used

to image cross sections of rock varnish from the Coso volcanic field in

eastern California, and from South Mountain, near Phoenix. Arizona. Textural

relationships between the varnish and the underlying rock, between different

varnish samples, and within individual varnish layers provide important

insights as to the stability of varnish on the rock substrate, the deformation

of varnish after accretion, and the susceptibility of varnish to the

infiltration of water. BSE images show that varnish thickness and chemistry

may be a function of the stability of the rock substrate: varnish accreted to

mechanically unstable rhyolite flow surfaces is thinner than varnish of the

same age accreted to basaltic lava flows. Deformation in the form of

convoluted varnish lamellae and scalloped texture is common in the midlayers

of an older varnish sample, and may be the result of expansion and contraction

of clay-rich varnish lamellae due to wetting and drying. The observation of

varnish deformation in the mid-layers suggests that the assumption that the

age of a varnish sample increases with depth is only true when it can be

demonstrated that the varnish has not been deformed, and that the lack of

chemical trends with depth typically found in electron microprobe studies of

rock varnish may be due to deformation. The highly porous nature of the

varnish seems to support one of the basic tenants of the cation ratio method

of age dating - that water can easily infiltrate and move through the varnish.

2



Introduction

Rock varnish is an iron/manganese-rich coating found on exposed rock

surfaces in arid environments (see reviews by Dorn and Oberlander, 1982;

Whalley, 1983; Dorn, 1989). Varnish has recently received much attention from

the scientific community because it has been used to date geomorphic surfaces

at the proposed Yucca Mountain Nuclear Waste Disposal Site in Nevada

(Harrington and Whitney, 1987). In addition, varnish may be prevalent on

exposed Martian rock surfaces (Dorn, 1989a), and may be important in the

interpretation of data which will be returned from Mars by the Mars Observer's

remote sensing equipment (Phil Christensen, personal comm.).

Little is known about the microscopic textural features of rock varnish,

as the resolution of the Petrographic microscope is not sufficient to image

the sub-micron sized particles that form the varnish layers (Krinsley and

Anderson. 1989). Scanning electron microscopy in the backscatter mode (BSE)

permits the observation of varnish at the micron scale, and is therefore a

potentially useful tool for evaluating the small-scale textural

characteristics of rock varnish. We have imaged several rock varnish samples

from the Coso Volcanic Field in eastern California and from South Mountain,

near Phoenix. Arizona in BSE at various magnifications in order to study

textural variations within varnish layers, and between the varnish and rock

substrate. An analysis of this photographic data provides insight regarding

the stability of varnish on the underlying rock, the extent to which

individual layers of varnish are deformed, the degree to which an individual

varnish layer varies texturally, and textural differences between varnishes of
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different ages and localities. This information should be useful in

interpreting the effects of varnish on remote sensing data. and may provide a

better understanding of varnish as a dating tool.

Method

Three varnish samples (Coso 1, Coso 28. SM4A) were chosen for detailed

textural study. Coso 1 was collected from a highly vesicular, ~100,000 year

old rhyolite lava flow in the Casa volcanic field, eastern California

(Duffield and Bacon, 1981; Dorn, 1983). Coso 28 came from a basalt flow in

that area and is approximately the same age as Coso 1 (Duffield and Bacon,

1981). SM4A is a varnish sample on granitic gneiss of unknown age from a

metamorphic core complex at South Mountain, Phoenix, Arizona.

Problems arose in the preparation of thin sections, as bonding between

varnish and the rock surface was generally very weak. This was remedied by

embedding the entire rock in epoxy, cutting and reembedding the section to be

ground and polished. After polishing with 0.1 micron diamond paste, the

samples were coated with a thin (~200 angstrom) layer of carbon and examined

with the SEM.

Thin sections of the varnish samples were first examined with the

petrographic microscope. However, grain size and textural features were

generally too small to be imaged. Flat, electron microprobe sections were

then prepared and examined with scanning electron microscopy (SEM) in the

topographic mode. Unfortunately, not a great deal of additional information

was acquired in this mode, as it was difficult to separate individual minerals

via topography.
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We then turned to backscattered electron microscopy (BSE). which produces

atomic number (Z) contrast. Variations in varnish texture are apparent in BSE

because minerals. bands of different compositions. fractures. and host rock

detritus typically have different Z-numbers. However, not all minerals can be

imaged with this technique, as many are smaller than the 0.1 micron resolution

of the instrumental technique. Additionally, energy dispersive X-ray analysis

(EDX) was used on the larger Phases, providing information on chemical

composition.

Textural Variations Within a Varnish Layer

Varnish thickness varies greatly in a single varnish sample. as well as

between different samples (Figure 1). Coso 1 and SM4A have varnish coatings

which range from 0 to 100 microns in thickness, while Coso 28 varies from 40

to 350 microns. Varnish thickness is highly irregular within a given sample,

and may vary by as much as 200 microns over a 0.1mm lateral distance. In all

three samples. the thickest varnish is that which accumulates in depressions.

One of tne post prevalent textural features found in rock varnish layers

are lamellae of varying Z-contrast (Figure 2). These lamellae. are commonly

less than 1 micron thick. and typically extend across the entire thin section

(>2cm lateral extent). They are most common near the rock-varnish contact

(Figure 3) and near the outer varnish surface (Figures2,5); they can be

partially traced across thin sections and are parallel to outer surfaces.

Lamellae near the rock substrate typically mantle the underlying rock, and are
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most commonly found in the larger depressions. Lamellae in samples Coso 1 and

SM4A are commonly present through the entire layer of varnish. but are only

found in the upper and lowermost sections of Coso 28 varnish.

One of the most interesting characteristics of the outermost varnish

lamellae of Coso 28 is that they become more convoluted with depth, eventually

disappearing a few microns beneath the surface (Figure 3). Porosity also

increases as the degree of convolution increases. Lamellae near the rock

substrate are generally not as convoluted as near the varnish surface.

The varnish samples appear to contain much void space consisting of pores

and fractures. The former vary greatly in size, ranging from less than 1

micron to greater than 10 microns (Figure 4); Coso 28 varnish is the most

porous. while SM4A is the least. In Coso 28, the outermost and innermost

layers of varnish have the least porosity, while the middle layers exhibit the

most Porosity and the largest pores. The middle layers of the Coso 28 sample

typically display a scalloped varnish texture in which irregular clumps of

varnish are surrounded by large pores which include vanish fragments (Figures

4.5).

Fractures are also common in the varnish samples (Figure 7 ). with some

cutting completely through the varnish layers perpendicular to the underlying

rock surface. There is usually no offset between individual layers of varnish

across the Plane of fracture. Fractures are geometrically irregular and are

very jagged in cross section. Fractures that are parallel to lamellae bedding

which separate individual varnish lamellae are common in the Coso 28 sample.



Textural Variations between Varnish and the Underlying Rock

Varnish may be partially separated from the rock substrate (Figure 7).

Coso 28 exhibits the greatest amount of separation, with actual displacements

between the rock and the varnish measuring up to 10 microns. Displacements of

varnish from the rock substrate typically measure 2 to 3 microns on Coso 1 and

SM4A.

The amount of varnish material actually in contact with the rock varies

greatly among the three samples. Varnish is attached to the underlying rock

along less than 10 of the contact in Coso 28, whereas varnish is attached

along more than 50 of the contact in Coso 1 and SM4A.

Small (<10 micron), angular fragments of the underlying rock are

occasionally incorporated in the overlying varnish layer, usually near the

rock-varnish contact. This relationship is most evident in the Coso 1 sample.

No rock fragments are evident in SM4A varnish. In Coso 28, minerals with a

very nigh Z-number are commonly found in the lower layers of varnish. These

same minerals (as revealed by EDX) are also common in the underlying basalt

(Figure 6).

Small accumulations of a texturally dissimilar material between the rock

substrate and the varnish in Coso 28 are most prevalent in the deeper

concavities (Figure 8). These accumulations of "grundge" appear to be

composed of several different phases, with each particle measuring a micron or

less. Several electron microprobe analyses of this material indicate that its
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chemistry is quite similar to the whole rock chemistry of the underlying

basalt. These pockets may be quite thick (>50 microns) and appear to grade

into the varnish above.

Discussion

BSE photography has revealed important characteristics affecting the

stability of varnish on various rock substrates. Most notably, the two Coso

varnishes are markedly different in chemistry (see Dorn, 1983) and thickness,

although the ages of the samples are similar. We suggest these differences

are partly due to the relative instability of Coso 1 rhyolitic substrate.

Numerous studies in the past decade have shown that silicic lava flows and

domes are typically capped by a relatively thick (>3 meters) vesicular

carapace which overlies a denser interior (e.g. Fink 1983, Fink and Manley,

1967, Eichelberger et al., 1986, Anderson and Fink, 1989). whereas basalt

flows do not generally exhibit these types of carapaces. These vesicular

zones are highly susceptible to mechanical weathering because the thin bubble

walls which compose the carapace are easily fractured, resulting in carapace

Breakdown and removal of any adhered varnish.

The Coso 1 rock substrate is highly vesicular (Figure 1) and we therefore

suggest that variations in the stability of rock varnish within a given

geographical area are controlled, in part, by resistance of the rock substrate

to weathering. Although Dorn (1989b) has eliminated 4 varnish samples accreted

to rhyolite domes in the calibration of the Coco cation leaching curve because

of uncertainties as to whether the surfaces were constructional, Coso 1 was

felt to represent a constructional flow feature and remains in the
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calibration. However, we feel that the Coso 1 sample is mechanically unstable

because of its hiqh vesicularity and it is unlikely that the surface is

constructional. We also suggest that unless a varnish sample accreted to a

silicic lava flow is taken from an identifiable flow surface feature, such as

a crease structure (Anderson and Fink, 1986; 1987b; 1988, 1989) or a thermally

fractured boulder (Anderson et al., 1989), it should be not be used in the

construction of a cation leaching curve.

Another feature which may affect the stability of rock varnish is the

presence of void space along the rock-varnish contact. This separation is

most Prevalent in the well developed Coso 28 varnish, and may reflect a

weakening of tne varnish-rock contact with time, or Possibly chemical

weathering of the basalt along the varnish-rock contact due to the percolation

of meteoric water through the varnish. Although these separations exist in

Coso 28. they do not seem to have adversely affected varnish stability,

possibly because the thick varnish layer acts as a cohesive covering capable

of holding itself together, requiring few attachment points to the rock

supstrate in order to remain stable. However, if the separations are caused

by chemical weathering of the underlying basalt, the varnish will become less

stable with time. Very old basalts (>100,000 years) should be inspected with

the SEM prior to cation ratio dating to see if varnish erosion has occurred.

The stratigraphic relationships between laterally continuous varnish

lamellae and underlying material suggest that these lamellae are primary

features. Lamellae near the rock-varnish contact mantle the small-scale

topographic changes in the underlying rock; lamellae near the outer varnish

surface are generally parallel to adjacent underlying layers. Development of
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varnish lamellae appears to be analogous to deposition of other airfall

materials, such as tephra from volcanic plumes. where deposits typically

mantle the underlying topography.

Well defined lamellae are present in the outermost layers of Coso 28

varnish, and grade into highly convoluted lamellae in the mid-regions,

apparently the result of deformation of the varnish after emplacement (Figure

We suggest that wetting and drying of the varnish with time results in

the expansion and contraction of clay-rich lamellae, one of the major

constituents of varnish (e.g. Potter and Rossman. 1977). The highly irregular

geometry of the fractures, which extend through the varnish layers, may have

formed as cracks which encountered lamellae of differing competency. The high

porosity of varnish should allow water to infiltrate and exit a varnish layer

with ease. We also suggest that lamellae in depressions near the rock-varnish

contact are well preserved because the surrounding rock acts as a rigid

barrier to expansion of the partially enclosed varnish.

The scalloped texture evident in the mid-reqions of the Coso 28 varnish

sample appears to be the result of lamellae deformation and pore enhancement.

The scallops appear to be oriented in several bands which are approximately

the same width as adjacent lamellae. Separation of varnish lamellae due to

inter-lamallae fractures (Figure 6) is common in the basal layers of varnish.

If these lamellae become physically separated by fractures, increased water

flow due to increase in pore space may enlarge existing pores within each

lamellae. creating the scalloped texture.
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Conclusions

Varnish lamellae and varnish destruction at the mid-layers have

important implications for future fine-scale textural and chemical studies of

rock varnish. First, assumptions that the age of a varnish increases with

depth are only true when it can be demonstrated that the varnish has not been

deformed. Second, varnish lamellae may serve as important "marker" horizons

which may prove useful for relative age-dating and perhaps for climatic

studies. Third, the high porosity of the varnish samples studied supports the

assumption used in the cation ratio method of age dating that water can easily

infiltrate the varnish, permitting the leaching of mobile cations. It does

not seem to support the assumption of a chemically closed system used in

radiogenic dating (e.g. Dorn et al., 1987). Fourth, the lack of chemical

trends with depth found in electron microprobe studies of rock varnish (Smith

and Whalley, 1988: Dragovitch, 1988; Allen, 1978; Krinsley and Anderson, 1989)

may be due to the deformation of varnish in the mid-layers. Finally, TEM

studies could provide an avenue for studying the mineralogy of individual

lamella, help assess how the presence of various minerals affect the mobility

of cations in the varnish, and produce information useful in determining the

composition of airborne fallout in the past.

The volume of underlying rock fragments which are incorporated into the

varnish is difficult to estimate because many of these particles may be too

small to image in BSE. Average electron microprobe silica analyses of these

varnish samples (Krinsley et al., 1989) did not show any correlation with the

silica content of the underlying rock, suggesting the incorporation of
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underlying rock fragments is not a major factor in varnish formation. It

should be noted. however, that incorporated rock material appears to be more

prevalent in the basal varnish layers.

BSE photography clearly images varnish thicknesses across entire thin

sections, and is thus a potentially useful tool for accurately estimating the

varnish thickness on geomorphic surfaces. This technique could be useful in

terrestrial remote sensing studies of coated surfaces (e.g. Christensen and

Thliveris, 1989); one or more thin sections of a given sample might be

photographed, and a statistically significant number of thickness measurements

made from the photographs to determine how varnish thickness affects remotely

acquired spectra.
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Figures

Figure 1a. BSE photomosiac of the SM4A varnish sample.
Magnification = 1OOOX.

Figure lb. BSE photomosiac of the 100,000 year old Coso 1
sample. Magnification = 200X.

Figure Ic. BSE photomosiac of the 100,000 year old Coso 28
sample. Note the difference in varnish thickness between
this sample and Coso 1. even though both are of the same
age and geographical area. Magnification = 200X.

Figure 2. Lamellae of varying Z-contrast in this Coso 28
sample are the most prevalent in the outermost and innermost
layers. Also note irregular fracture extending from base to
top of varnish. Magnification = 300X. BSE.

Figure 3. Lamellae in this Coso 28 sample are more convoluted
with depth, and eventually become indiscernible a few microns
below the upper surface. Magnification = 1,008X. BSE.

Figure 4. Highly porous Coso 28 sample. Black areas are
pores: elongated empty space is a fracture. Magnification
2000X. BSE.

Figure 5. Scalloped texture in the midlayers of the Coso 28
sample. This texture was not observed in the other samples.
Magnification = 300X BSE.

Figure 6. Fractures which separate lamellae are common in
middle and in the basal layers of Coso 28. Minerals with a
high Z number are found both in the varnish and the
underlying basalt. Magnification = 149X. BSE.

Figure 7. Coso 28 varnish is separated from the rock
substrate along most of the rock-varnish contact.
Magnification = 300 X. ESE.

Figure 8. Deposit of fine-grained material in a deep
concavity of the Coso 28 sample. Electron microprobe
analyses of this material indicate that it-is similar to
the underlying basalt in composition. Magnification = 200X.
BSE.

Figure 9. Small, irregular fractures extend completely
through the varnish layer in this photograph of Coso 28.
Magnification = 200X. BSE.
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GACMAC TALK: WEDNESDAY 17th MAY 1989

SLIDE 1 Title slide.
We would like to acknowledge the support of Mifflin Associates of Las
Vegas, Nevada, who have provided funds for this study. The contract
with Mifflin is to investigate the exchange of radioactive isotopes
between minerals and the surrounding ground water. This is of
particular interest in connection with the problem of nuclear waste
storage. At the IsoTrace laboratory at the University of Toronto we
are particularly well placed for analysing Carbon-14 by accelerator
mass spectrometry, and therefore this is one of the first isotopes we
are looking at. This is also a good isotope to study since carbon
dioxide is readily taken up by zeolites, which are major mineral
components of the Yucca Mountain region, which has been selected by
the United States Department of Energy for a future nuclear waste
repository.

Slide 2 Yucca Mountain site, Nevada.
This map shows the area where the repository will be placed. Three
sites were identified as possibilities - Hanford In Washington State,
Deaf Smith in Texas and Yucca Mountain in Nevada. The selection of
the Nevada site was probably made on a mixture of political and
geological grounds.

Geological and mineralogical studies which have been carried out by
the Nevada Department of the Environment and Los Alamos National
Laboratory. The lines on the map mark the geologic cross-sections,
shown on the next slide.

Slide 3 Geologic cross-section: cilnoptilolite horizons.
We see extensive zeolitization of the flat-lying volcanic tuffs of the
area, with clinoptilolite dominating, in places constituting up to 80% of
the rock, with minor quartz, feldspar, smectite and mordenite, which
commonly occurs in a fillform habit.

Slide 4 SEM of Hector clinoptilolite.
as illustrated in this SEM of clinoptilolite from Hector in California.

Zeolites are well known for their highly absorbative properties, due
to the open cage structure of the unit cells. As an example, a kilogram
of artificial zeolite molecular sieve has an effective surface area the
size of a football pitch. The cage structure also serves as an effective
filter and trap for specific molecular and ionic species and they have
become extremely important in industry for their catalytic, and
absorbative properties.



Slide 5 SEM of Castle Creek clinoptilolite.
Before a study of the retention of radionuclides in the zeolites of Yucca
Mountain may be carried out, studies of some well characterized
zeolites have been carried out to evaluate the feasibility of using
radiocarbon as a tracer at the site. The radiocarbon is being
incorporated into the zeolite as a dissolved species In rain and
groundwaters, mainly as carbon dioxide. As well as Hector samples,
material from Castle Creek has been provided by Dr. Roger Burns of
MIT.

Slide 5 TGA/MS. analysis of Castle Creek.
Thermal Gravimetric analysis followed by on-line mass spectrometry
carried out at the ROM, showed three distinct peaks of carbon-dioxide
release from the zeolites. These correspond generally, but not In
detail, to the release temperatures for water. The highest temperature
release of CO, is thought to originate from the thermal breakdown of
carbonates which can be seen to be present from the micrograph shown
in the next slide.

Slide 6 Plane polarized light micrograph of Hector.
This shows one of the samples of clinoptilolite from Hector In plane
polarized light.

Slide 7 Crossed-polarized light micrograph of Hector.
The carbonate can be seen more clearly under crossed polars. The
field of view In both photos is 1mm. Carbonate grains are rare,
however, constituting perhaps 1 of the total slide.

To determine how readily samples will absorb C02, the samples were
heated to 500"C to drive off the low temperature phases, then Immersed
in carbonated water overnight, before re-analysis. This crude
experiment gave some indication of the exchange possibilities between
zeolite and dissolved C0,, but of course did not Investigate the possible
alternative mechanisms of carbon emplacement from carbonate or
bicarbonate species.

Slide 8 TGA/MS of Castle Creek: H20.
Water profiles were very similar for both the fresh and baked and
doped samples.

Slide 9 TGA/MS of Castle Creek: CO2.
The CO, however, exhibited a modified pattern, suggesting incomplete
resorption of the species.

Slide 10 Recycling experiments.
Recycling experiments were conducted by exposing the sample to air
for 24 hours, followed by extraction of the C02. The experiments
suggest that different sites have different absorption rates and
possibly capacities. More studies are being carried out to further
characterize these sites.



Slide 11 Extraction line.
The extraction of the CO Is carried out using a coil furnace to heat the
samples, and cryogenic traps to separate the evolved gases. A liquid-
nitrogen-cooled trap at -196C acts as a sink towards which all evolved
gases are drawn as a pressure gradient is produced as the gases
condense on the cold trap walls. Water however, does not make the
journey past the dry ice/alcohol traps which maintain a temperature
of -78C. CO and other non-condensibles, including oxygen and
nitrogen, are drawn into the liquid-nitrogen trap. By allowing the trap
to warm above the condensing temperatures of oxygen and nitrogen
(-196 and -182C, respectively) the CO2 may be effectively Isolated from
the other evolved gases.

Slide 12 IsoTrace.
As the aim of this study is the use of radiocarbon as an effective
tracer, some radiocarbon analyses of the evolved C02 have been carried
out at IsoTrace, using the accelerator mass spectrometer to analyze the
radiocarbon content of graphite targets produced from the evolved CO2.

Slide 13 Target for radiocarbon analysis
About 1mg, but possibly as little as 100 micrograms, of carbon is
deposited on an aluminium surface for analysis in the mass
spectrometer.

Slide 13 Radiocarbon activity in zeolites.
Up to now only a limited number of analyses have been performed,
and bearing in mind the fact that these samples are surface grab
samples from sites currently not near disposal sites, the results are
quite interesting. Three temperature fractions, chosen to incorporate
the three main evolution peaks, are analyzed, requiring approximately
10g per sample to evolve sufficient gas for analysis. Each sample thus
produces three aliquots of gas for radiocarbon analysis.
The high temperature fraction is thought to be derived largely from
carbonates, and shows possible carbon exchange between the
carbonates and atmospheric CO2.
The lower temperature fractions are enigmatic, and while a number
give radiocarbon contents very close to modern, it is significant that
none plot at the expected value for recent atmospheric C02.

Slide 14 Radiocarbon ages of zeolite CO .
If we can believe that the radiocarbon contents are representative of
the age of the gas trapped n the zeolite, we may convert the
percentages to ages. Again the high temperature phase Illustrates
the exchange of atmospheric and carbonate-derived C02, but it is of
interest to note that while the lower temperature phases from Hector,
appear to be essentially modern, the Castle Creek samples are much
older. Perhaps some organic contamination is present in the lowest
temperature fractions, giving results which depart considerably from
modern carbon. Reasons for this are unknown, and our work Is
continuing in this direction.
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Tritium Assay at IsoTrace

Few attempts have been made to detect tritium using accelerator mass
spectrometry with either a cyclotron or the more efficient tandem accelerator.
Measurements using cyclotrons and Van de Graff accelerators have achieved
detection limits at the ambient tritium level (1-10 TU, 1 TU= I x lo0, T/H). The
cyclotron methods were however highly inefficient, detecting only 0.0001% of the
available tritium.

The low detection limits were made possible by using positively charged ions
as currents of 10's of micro-Amperes to a few milli-Amperes could be produced.
Although t ese high currents contributed to achieving the extremely low detection
limits, the He isobar also forms positively charged ions which must be removed in
addition to the molecular ion interfence from HD, and H3. These backgrounds can
be removed with a cylcotron due to its intrinsicly high mass resolution, but with
the added complication associated with a facility not designed for mass
spectrometry, such as a high operating cost. Negative ion sources do not have the
same problem since the helium negative ion is metastable and tandem accelerators
have been proven successful at removing Isobaric backgrounds for a number of
radioisotopes, in particular for radiocarbon. However typical negative ion currents
of hydrogen rarely attain few micro-Amperes, and it is this factor which will
therefore constrain detection limits. This can In part be compensated by the near
unity transmission effeclency of the tandem accelerator for hydrogen ions.

We have made a number of exploratory measurements to determine the most
appropriate material to use in a sputter ion source for the generation of the
hydrogen negative ion. Although gas ion sources could be purchased which would
be more suited to the production of hydrogen negative ions, the use of the sputter
source arrangement at isoTrace would be more convenient at present, because this
source is also used for radiocarbon and radlolodine measurements. It may in fact
be possible to combine the measurements of more than one radioisotope if a common
source material were found for the sputter source. Sputter ion sources have also
demonstrated lower backgrounds when compared to ion sources that require feed
gas.

A preliminary experiment using graphite has yielded a constant current of
30 nano-Amperes of H. Hydrogen was present in this material as part of the
graphitization process that also produces residual carbon polymers. The
production of a polymeric form of carbon as been studied at IsoTrace as part of the
radiocarbon sample preparation methods. Samples have been produced with
varying polymer content although the effort at present has been directed at
enhancing carbon ion current rather than the currents of hydrogen or hydrides.

We therefore propose to initiate a series of experiments using polymerized
graphite to determine if carbon could be the optimum source material to generate
hydrogen negative ion beams in a sputter source.



Other materials and methods will also be studied. Metals such as palladium
saturated with hydrogen by electrochemical means have been tested but appear to
be unsatisfactory because of the high diffusivity of hydrogen within metals. These
preliminary tests have indicated that the available hydrogen is rapidly liberated
from the metal upon ion bombardment within the source and consequently this
method does not produce stable ion beams. Further experiments are clearly
necessary.

Given the present ion beam intensities using carbon, detection limits of
approximately 10 to 10 T/H may be attainable. These levels are comparable to
those expected near waste repositories, weapons test sites or some reactor facilities.

Ion currents of approximately one micro-Ampere should be feasible given
improvements in sample preparation. This will enable detection limits to approach
the ambient level of 1 to 10 TU within a reasonable measurement time scale.
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Yucca Mt, Thus, diagenetic reactions similar to those between acrated metcoric

water and rhyolitc tuff in desert pavement may be occurring, or have

occurred, in the vadose zone throughout the proposed repository, producing

non-sorptive calcite and opal coatings which may retard cation exchange

reactions of clinoptilolite and clay silicates.

1. Introduction

Located on the southwest border of the Nevada Test Site, 120 km northwest

of Las Vegas, Yucca Mountain consists of a sequence of rhyolitic lavas, ash-flow

tuffs and bedded tuffs which exceeds a thickness of 1800 m and ranges in age

from 16 to 11 million years [1,2]. Yucca Mountain is the site of a proposed

repository for the underground storage of high-level nuclear waste materials [3].

The candidate repository horizon is located approximately 400 m below the

surface in the vadose zone some 170 m above the present-day water-table in

densely welded tuff of the Topopah Springs Member of the Miocene Paintbrush

Tuff unit [4-7]. Numerous drill-core samples taken from widespread locations

through Yucca Mountain indicate that secondary minerals, including clay silicates.

zeolites, opal and carbonate, have formed by alteration of rhyolitic glasses in

certain tuffaceous horizons [8,9]. Zones of zeolitization occur in tuffs now located

both above and below the present-day water table. Such zones are commonly

discordant with bedding and thicken to the northeast. These observations led to

the proposition [9] that extensive zeolitization occurred during elevated heat-flow

associated with caldera development approximately 11 Ma ago and pre-dates

tectonic tilting of the Yucca Mountain sequence. However, detailed studies of

authigenic mineral chemistry through the Yucca Mountain section [9,10] have

revealed that significant modifications to zeolite compositions have occurred

through interaction of zeolitized tuff with groundwater subsequent to 11 Ma.
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Furthermore, zeolites occur along fractures throughout the compacted tuff units,

including the level immediately underlying the proposed repository horizon,

where glass is parially altered to smectite and calcic clinoptilolite-group minerals

[11]. Opal and calcite coatings on fractures have also been observed in the vadose

zone [7,11,12] yielding radiometric ages between 300,000 and 30,000 years

[13,14]. This evidence, that post-Miocene groundwater interactions have modified

pre-existing zeolite compositions and locally precipitated non-sorptive silica and

carbonate phases raises questions about future diagenetic trends at Yucca

Mountain and the long-term sorptive capacity of the repository host-rocks. In

order to assess the nature of vitric tuff/water interactions at Yucca Mountain

under present-day conditions, and their influence on ancient tuff-water

interactions, a suite of clastic pebbles and outcrop surface samples of tuff from

Solitario Canyon adjacent to Yucca Mountain were selected for detailed

geochemical and scanning-electron microscope (SEM) studies. The results

summarized here suggest that zeolitized vitric tuffs adjacent to the proposed

repository are vulnerable to continuing diagenetic reactions.

2. Samples

Solitario Canyon is a prominent fault-bounded depression west of Yucca

Mountain developed subsequent to fault movement about 30,000 years ago [15].

The canyon floor is littered with clastic detritus. derived from erosion of the Yucca

Mountain fault scarp. Particularly prominent amongst this detritus are pebbles of

non-welded bedded tuffs derived from horizons between the Tiva Canyon and

Topopah Springs Members of the Paintbrush Tuff unit, including vitric tuffs from

the Pah Canyon Member, which crop out near the crest of Yucca Mountain above

the proposed repository horizon [15,16]. These non-welded bedded vitric tuff

units have a characteristic orange-brown coloration and abundant yellow-gray
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pumice clasts defining a weak bedding fabric [4,5]. In petrographic and

compositional characteristics, portions of the Pah Canyon Member resemble the

tuffaceous beds of Calico Hills unit which underlies the Topopah Springs Member

throughout Yucca Mountain [4,5]. These tuffaceous beds were deposited on 13.6

Ma-old Crater Flat Tuff units as a sequence of sixteen non-welded vitric ash-flows,

with thin air-fall and reworked tuffs separating each of the ash flows [15,16]. The

interlayered nature of the Calico Hills unit indicates that successive surface layers

were exposed to atmospheric weathering between each eruptive event over a

500,000 year interval before they were covered by ash-flow tuffs of the Topopah

Springs Member 13.1 Ma ago [2]. Resemblances to the tuffaceous beds of Calico

Hills unit make non-welded bedded tuffs below the Tiva Canyon Member a

suitable analogue material for the study of progressive diagenetic processes

affecting vitric tuffs at Yucca Mountain.

Cobbles of the bedded tuff unit occurring in desert pavement at the base of

Solitario Canyon and in outcrop on the west flank of Yucca Mountain display

conspicuous weathering rinds resulting from interaction of the tuff with rainwater

since pavement and outcrop formation. In pavement cobbles these alteration

rinds have a geopedal configuration relative to the desert surface (Figure l),

confirming their origin by in situ diagenesis. The alteration rinds are designated

as zones A, B, C, and D. The cobble surface develops a vinear of red-brown desert

varnish characteristic of arid-climate weathering. The outermost alteration zone

A, 1-2 mm thick, effervesces and is readily leached when treated with dilute HCI,

indicating the presence of calcite. The conspicuous zone B, 3-6 mm wide, is darker

in color, has a vitreous luster, and is only affected by acid in its outer portion.

Zone C, representing the bulk interior of the sample, is unaffected by acid and

resembles fresh samples of the bedded tuff unit collected at outcrop on Yucca

Mountain. Zone D is similar to zone C, but lies below the sediment surface. Two
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such clastic tuff specimens, designated as samples PC1 and PC4, were among

cobbles and pebbles collected in Solitario Canyon from a stable desert pavement

(PC4) and an active erosion scarp (PCI) at the foot of Yucca Mountain. In addition,

two specimens of bedded tuff were collected at outcrop on the western flank of

Yucca Mountain adjacent to the location of drill-core USW G-3 [7]. Sample PC5 was

taken close to the base of the bedded tuff horizon, while sample PC6 was collected

some 20 cm below the basal vitrophyre of the Tiva Canyon Member. Both outcrop

samples have developed alteration rinds on their exposed surfaces resembling the

geopedal zones in clasts described above.

3. Analytical Procedures

3.1. Petrology

Thin-section petrographic examination revealed a similarity between the

interior portions of outcrop samples PC5 and PC6 and central zone C of the clastic

samples PC1 and PC4. Both comprise non-welded vitric tuff in which fresh glass

shards (0.15-1 mm long) and welded vitric clasts (1-3 mm) are set in a matrix of

argillaceous glass fragments, disseminated fine-grained iron oxides and scarce 5-

10 m plates of a yellow-brown clay silicate. The shards are commonly yellow in

color although the vitric clasts and larger shards may have a brown core. Some

glasses show perlitic fractures. Phenocrysts (up to 2 mm long) comprise sanidine,

plagioclase, biotite, and quartz, and constitute less than 10 volume % of the

samples. Pumice clasts up to 1 cm in diameter are invariably altered to fine-

grained aggregates of zeolite, clay, and opaque oxide. There is a weakly

transitional contact towards zone B marked by the local coalescence of the clay

silicate platelets to form irregular lathe-like patches of zeolite, identified as

clinoptilolite by X-ray diffraction (XRD) and scanning electron microscopy (SEM)



measurements described later, having diameters of up to 50 um and partially

enclosing the glass shards. Within zone B these zeolitic masses increase in

abundance but disappear suddenly at the contact with zone A. The interstices in

zone A are filled instead by a cryptocrystalline isotropic colorless phase identified

as opal CT by XRD and SEM measurements.

3.2. Electron Microprobe

Concentrations of major elements were obtained from electron microprobe

(EMP) analyses of individual mineral and glass shards in polished thin sections

using a four-spectrometer JEOL 733 Superprobe with full on-line computerized

matrix correction and data reduction procedures [17]. In measurements of

rhyolitic glasses, a 15 kV accelerating voltage and 10 nA beam current were used

with counting times of 20 seconds for all elements except Na, which was analysed

first and counted for only 10 seconds in order to minimize loss through

volatilization. Loss of volatiles was further reduced by using a defocussed beam

of approximately 10 microns diameter to analyse the glass shards. However, a

more finely-focussed beam was necessary to analyse the thin zeolite coatings on

shards in zone B. To improve precision of elements present in low concentration

(e.g. Fe), counting times were increased to 40 seconds. Calibrations were made

against analysed standards, such as diopside(65%)-jadeite(35%) glass (providing

Ca, Mg, Na, Al, and Si), aenigmatite (Fe, Ti, Na, Si), orthoclase glass (K), and

rhodonite (Mn). Precision values to one standard deviation (1 ) in the EMP

analyses of glasses, which are limited by counting statistics, were as follows: SiQ

0.3%; A1203 0.5%; CaO 0.5%; K20 1.4%; Na2O 1.1%; FeO 4.8%. Overall accuracy of

the EMP-determined concentrations was assessed by analysing the standards as

unknowns during and after an analytical session.



3.3. Ion Microprobe

Trace element concentrations were determined by secondary ion mass

spectrometry (SIMS) on a Cameca IMS 3F ion microprobe using a primary beam of

0- ions with a net energy of 12.61 KeV and ion current of about 0.1 nA. Spot size

was 5-8 microns in diameter. An energy filtering technique [18] was used to

reduce molecular ion interferences. Representative isotopes measured relative to

2 8 Si included 7Li, 23Na, 3 9K, 40Ca, 4 7Ti, 55Mn, 56Fe, 85Rb, 89 y, 90Zr, 93Nb, 13 8Ba,

and 1 39La. Element ratios against 2 8Si were calculated from the background and

deadtime corrected intensities, and an individual correction was made for isotopic

abundances. Calibration was made by establishing empirical working curves [19]

relating relative intensities and absolute concentrations for fused pellets of USGS

granite standards G-2 and GSP-1. Precision limits (to 1 ) based on counting

stastics were as follows: Li 2.3%; NaO 0.5%; MgO 4%; K20 0.4%; CaO 1.4%; TiO2

2.5%; FeO 1.3%; Rb 2.5%; Y 3.3%; Zr 2.9%; Nb 4.2%; Ba 6.2%; La 10%. Overall

accuracy of the SIMS analyses were evaluated by measuring element

concentrations in G-2 and GSP-1 run as unknowns at the end of an analytical

session. Comparison of SIMS and EMP analyses for K2 0 on glass shards revealed a

relative discrepency of only 2%. H20 contents were obtained by subtracting total

oxides (including major elements analysed by EMP and trace elements obtained

from SIMS analyses) from 100% [20,21].

3.4 Scanning Electron Microscope Measurements.

The JEOL 733 Superprobe used to obtain EMP data was employed as a scanning

electron microscope with a reduced condenser aperture and accelerating voltages

of 15-25 kV. Typical beam currents were of the order of 150 pA. Semi-

quantitative analyses were made by energy dispersive analysis (EDS) with

counting times of 20 to 40 seconds.
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4. Results

4.1. EMP and SIMS Data

Electron- and ion- microprobe profiles were made across several glass shards

in each of the clastic and outcrop specimens, including the different weathering

zones A through C of PC1 and PC4. Analyzed shards were generally vesicle- and

fracture-free. Table 1 lists representative average compositions of analysed

centers of glass shards in different samples, which resemble published analyses of

volcanic glasses in drill-core samples from vitric tuffs at Yucca Mountain [9,10],

including specimens from the tuffaceous beds of Calico Hills unit. The close

resemblance of glass compositions between vitric tuffs from surface deposits and

drill-core samples vindicates the importance of studying present-day surface

alteration processes in order to understand diagenetic reactions currently, or

historically, operating at depth. Average trace element concentrations of a glass

shard analysed by SIMS are also given in Table 1. Note the excellent

correspondence between EMP and SIMS values for K 20,CaO,TiO2, andMgO,

testifying to the mutual consistency of these two analytical methods. The

relatively high H 2 0 contents (-4 wt.%) of the glass shards listed in Table 1, which

are significantly higher near perlitic fractures, are comparable to values reported

for other naturally-occurring [20,21] and experimentally-hydrated [22,231

rhyolitic glasses. Such high H 2 0 contents largely represent post-erruptive water

of hydration, since fresh volcanic glasses in pyroclastic rocks rarely exceed 1 wt.%

(24] but undergo hydration rapidly [25,26]. The high water contents of glasses in

drill-core samples [9,10], inferred from differences of total oxides from 100%,

suggests that post-erruptive hydration of vitric tuffs has been pervasive

throughout Yucca Mountain.



9.

Typical concentration profiles of major and minor elements across a glass shard

are shown in Figures 2 and 3. These analytical data illustrate major and minor

element variations generally observed across glass shards from zone C interiors of

clastic and outcrop vitric tuff samples, which include: roughly constant Al, Mg and

Si; losses near margins of Na, Ca, Li, Zr, Mn and Fe; and gains near margins of K, Rb,

Ba and La. Compositional variations between glass shards from outcrop and clast

samples are illustrated in Figure 4. While all analyzed glasses contain

approximately constant molar proportions of K 20 plus Na Q, K20 concentrations

tend to be higher and Na2O concentrations lower in outcrop samples PC5 and PC6.

Furthermore, glasses in stable pavement PC4 cobbles have higher K20 and lower

Na2 O contents than glasses from the active erosion slope PCI sample. Contours of

equal molar alkali concentration in Figure 4 confirm the strongly coupled alkali-

exchange trend associated with glass hydration [20,27,28]. The correlation

between the extent to which this exchange has proceeded and the sample

provenance (pavement or outcrop) suggests that, although initial glass hydration

may have been a relatively early event accompanying tuff emplacement [19],

alkali-exchange through interaction of glass with vadose water is still actively

occurring at the desert surface. Such exchange reaches its greatest extent in PC6

and least in PCI.

4.2. SEM Observations.

Textural features and secondary mineralization associated with glass shards in

zones A-C of freshly fractured rock chips of clastic samples are demonstrated by

the SEM photographs in Figures 5-8. Glasses in zone A, as well as feldspar

phenocrysts, were observed to show extensive pitting indicative of dissolution, in

contrast to zone C in which both phases have smooth fresh surfaces. Calcic

smectite accompanies glass in zone C, occurring both as interstitial platy
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aggregates and as honeycomb texture [29] surface coatings (Figure 5). Similar

textural features were reported [30] in vitric tuff sequences above zones of

clinoptilolite crystallization at Rainier Mesa 50 km north-northeast of Yucca

Mountain. Towards the zone C-B contact, shard surfaces develop mammiform

protruberances (Figure 6A), which become increasingly spherical and develop into

lepispheres of silica (identified by XRD as opal-CT and shown in Figures 6B and C)

in inner zone B (designated later as zones B3 and B 2). The same silica phase takes

the form of botryoidal crusts in outer zone B (zone Bj). Compositionally, the

botryoidal crusts are nearly pure SiO2, whereas the opal-CT lepispheres contain

appreciable Al, K and Na. The opal lepispheres in inner zone B (zone ) are

associated with sheaf-like aggregates of dendritic clinoptilolite (Figures 6D and 7).

Electron microprobe analyses of the zeolite phase in zone B summarized in Table 2

show that the clinoptilolite crystallites contain higher atomic proportions of

(Ca+Mg) than K and Na, with Si/Al ratios of 4.5-5. Such compositions resemble

those reported for clinoptilolites associated with opal in tuffaceous beds of the

Calico Hills unit and along fractures adjacent to the proposed repository horizon in

the Topopah Springs Member [9-12], particularly to the northeast of the

exploration block at Yucca Mountain [9]. Calcite is associated with opal-CT in outer

zone B (zone B 1 ), where clinoptilolite is absent. Two textural associations of calcite

and opal are observed: calcite rhombs with opal lepispheres near the zone B 1-B2

contact (Figure 8C and D); and sparry "dog-tooth" calcite with the botryoidal silica

crusts near the zone B1-A contact (Figure 8A and B). Similar calcite + silica

assemblages have been recorded as fracture-coatings from borehole [11,12] and

trench [13,31] samples at Yucca Mountain. Calcite also occurs in zone A, where

opal-CT is absent, in association with a magnesian clay silicate identified by XRD as

palygorskite, which occurs as ovoid concretions up to 10 microns in length.

Palygorskite + calcite assemblages are common in desert calcretes [32,33], where
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they often display a concretionary habit [34,35]. Some concretion surfaces are

coated with Cl-bearing salts. Manganese and iron oxides occur in the outermost

portions of zone A.

The authigenic mineralogy of the geopedal alteration rinds on clastic pebbles of

the bedded tuff unit summarized in Figure 9. The mineral zonation sequence

resembles portion of that observed in burial diagenesis of thick pyroclastic

deposits [36-38], in which Zone I is zeolite-free and is characterized by glass

shards altering to smectite and opal. Diagenetic Zone II is defined by the

appearance of clinoptilolite in zeolitized rhyolitic tuffs, which is replaced by

analcime in Zone III and by albite in Zone IV. Drill-core samples indicate that

each of these diagenetic zones occurs at progressive depths beneath Yucca

Mountain [9]. Therefore, the glass alteration and mineral sequences observed in

zones C and B of clastic and outcrop samples are analogous to those documented in

diagenetic Zones I and II, respectively.

5. Discussion

The microprobe analyses demonstrate that glasses in vitric tuffs have

interacted with aqueous solutions, during which dissolution, leaching, cation

exchange and hydration reactions have occurred. Some of the water involved in

these reactions may have been derived from volatiles originally present in the

volcanic debris [38], although the variation in the extent of alkali-exchange with

sample provenance (pavement versus outcrop) shown in Figure 4 indicates that

glass hydration is still occurring at the desert surface. Hence it is inferred that a

significant component of meteoric water is involved in these-reactions.

The geopedal configuration of the alteration rinds in clastic pebbles suggests

that reactions involved a radial movement of solutions between clast core and

surface. Evaporation is an important process in arid-climate weathering [33].
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Hence, reactions in clast are likely to have involved both the influx and efflux of

water, and to be accelerated by day-time high temperatures in desert

environments. The zonal mineralogy appears to be determined by the relative

solubility of the dissolved species, which is typical of low-temperature,

kinetically-controlled glass-water reactions [39]. Evaporation-driven efflux of

variably saturated pore fluids towards the clast surfaces caused progressive

outward migration of the more soluble species (e.g. Ca) while less soluble species

(notably Al) are retained in the sample core. Consequently aluminous phases such

as Ca-bearing smectite and clinoptilolite occur in zones C, P , and B 2 , while calcite

and palygorskite prevail in zones Bj and A. The clinoptilolite-opal-calcite

assemblage delineating the zone B 1-B 2 boundary in geopedal alteration rinds

(Figure 9) is also consistent with equilibrium activity diagrams calculated for

clinoptilolite solid-solutions [40]. The Na+ and K+ ions are also mobile but are

occupied principally in cation-exchange reactions within silicate glass.

Nonetheless the salty taste of clast outer surfaces testifies to some precipitation of

sodium chloride at the sample surface.

The chemistry of the solutions from which the authigenic phases precipitate

during evaporation is made up of rainwater and windblown aerosols together with

solutes derived from tuff dissolution. Studies of chemical weathering of the 1980

Mount St. Helens ash-fall deposits [41] have demonstrated the importance of

dissolved C0 2 , derived from the atmosphere and from plant respiration, in

chemical weathering reactions of silicates, during which Ne, Ca2+ and HCO3- ions

are released. Silica-rich glasses are particularly vulnerable to chemical attack

[30]. These solutions percolate into clasts and surface exposures during periods of

precipitation. Dissolution may be both congruent (c.f. surface pitting of glass

shards and feldspar phenocrysts in zone A) and incongruent (e.g., the losses near

shard margins of Na, Ca, Fe, Zr, Li, and Mn; Figures 2 and 3). The aqueous phase a%



it penetrates the bedded vitric tuff, deposits sequentially calcite, opal, calcic

clinoptilolite and smectite phases in a zonal front onto glass shards and transports

soluble ions to greater depths in downward-percolating surface waters. Similar

glass dissolution, ion migration and mineral deposition might occur deeper in

pyroclastic tuff terranes if the aqueous solutions were to migrate along fractures.

Therefore, continued diagenetic alteration of buried vitric tuffs induced by

meteoric water is possible.

Presumably similar surface weathering reactions occurred when vitric tuffs in

the Calico Hills unit were exposed to the atmosphere between 13.6 and 13.1 Ma

ago. The numerous ash-fall and reworked tuff sequences constituting the

tuffaceous beds of Calico Hills probably represent periods during which hydration

of the vitric tuffs and diagenetic alteration to clay silicate-clinoptilolite-opal-

calcite assemblages occurred between successive volcanic eruptive episodes

within the 500,000 year period prior to burial by the Topopah Spring Member the

ash-flow deposits 13.1 Ma ago. Although extensive zeolitization of the vitric tuffs

in the Calico Hills unit may have taken place during caldera development to the

north of Yucca Mountain 11 Ma ago [2,9], further diagenetic reactions producing

mineral zonations of calcic clinoptilolite-opal-calcite assemblages could occur in

the presence of bicarbonate-rich fracture-flow groundwater with a high meteoric

water component. On the other hand, calcic clinoptilolite and calcite-lined

fractures occurring throughout Yucca Mountain probably formed by precipitation

from descending surface water rather than from upwhelling groundwater from

underlying Paleozoic carbonate aquitards [42].

6. Conclusions

The tendency of present-day reactions between surface rainwater and bedded

tuff to replicate diagenetic and textural features of similar lithologies at depth



(e.g., tuffaceous beds of Calico Hills [10,11]]), as well as fracture-coatings within

the Yucca Mountain sequence [12,13], raises fundamental questions about the

agents and mechanisms of future diagenetic reactions within Yucca Mountain.

Rainwater under desert conditions is a powerful agent of diagenetic alteration of

tuff deposits. Notwithstanding the low precipitation at Yucca Mountain, the

presence of such water at depth raise doubts about the long-term sorptive

capacity of the host-rock adjacent to the proposed repository for nuclear waste.

Contaminated fluids leaking from the repository may pass not through highly

sorptive zeolite-rich tuffs altered 11 million years ago, but along fractures lined

with more recently formed authigenic minerals containing non-sorptive calcite

and silica assemblages which prevent zeolites and clay silicates from immobilizing

radiogenic elements in the groundwater.

A cknowled gments

This study was funded by the State of Nevada, Nuclear Waste Project Office, under
the Department of Energy grant from the Nuclear Waste Fund. We gratefully
acknowledge the assistance of Dr. N. Shimizu in carrying out the ion-microprobc
measurements and the helpful comments made by Dr. J. A. Apps who read an early
draft of the manuscript.



References
1 Lipman, P. W., R. L. Christiansen and J. T. O'Connor, A compositionally zoned ash-

flow sheet in southern Nevada, USGS Prof. Pap. 524-F (1966) 47pp.

2 Byers Jr, F. M., W. J. Carr, P. P. Orkild, Q. D. Quinlivan and K. A. Sargent, Volcanic
suites and related cauldrons of Timber Mountain-Oasis Valley caldera complex,
southern Nevada, USGS Prof. Pap. 919 (1976) 70pp. (1976).

3 U. S. Department of Energy, Site characterization plan, Yucca Mountain Site,
Nevada, research and development area, Nevada. Report DOEIRW-0160 (1988) 8
vols.

4 Spengler, R.W., D. C. Muller and R. B. Livermore, Preliminary report on the
geology and geophysics of drill hole UE25a-1, Yucca Mountain, Nevada, USGS
Open-File Rep. 79-1244 (1979) 43pp.

5 Spengler, R. W., F. M. Byers Jr. and J. B. Warner, Stratigraphy and structure of
volcanic rocks in drill hole USW GI, Yucca Mountain, Nye County, Nevada, USGS
Open-File Rep. 31-1349 (1981) 50pp.

6 Maldonado, F. and S. L. Kocther, Stratigraphy, structure and some petrographic
features of Tertiary volcanic rocks at the USW G-2 drill hole, Yucca Mountain, Nyc
County, Nevada, USGS Open-File Rep. 83-732 (1983) 53pp.

7 Scott, R. and M. Castellanos, Preliminary report on the geologic character of drill
holes USW GU-3 and USW G-3, USGS Open-File Rep. 84-491 (1984) 121pp.

8 Bish, D. L. and D. T. Vaniman, Mineralogic summary of Yucca Mountain, Nevada.
U.S. Nat. Tech. Inform. Service LA-10543-MS (1983) 55pp.

9 Broxton, D. E., D. L. Bish and R. G. Warren, Distribution and chemistry of diagenctic
minerals at Yucca Mountain, Nye County, Nevada, Clays & Clay Min. 35 (1987) 89-
110.

10 Broxton, D. E., R. G. Warren, R. C. Hagan and G. Leudenmann, Chemistry of
diagenetically altered tuffs at a potential nuclear waste repository, Yucca
Mountain, Nyc County, Nevada, U.S. Nat. Tech. Inform. Service LA-10802-MS
(1982) 47pp.

11 Levy, S. S., Studies of altered vitrophyre for the prediction of nuclear waste
repository-induced thermal alteration at Yucca Mountain, Nevada, Mat. Res. Soc.
Symp. Proc. 26 (1984) 959-974.

12 Carlos, B. A., Minerals in fractures of the unsaturated zone from drill core USW G-4.
Yucca Mountain, Nye County, Nevada, U.S. Nat. Tech. Inform. Service LA-10415-
MS (1985) 55pp.

13 Szabo, B. J. and T. K. Kyscr, Uranium, thorium isotopic analyses and uranium-scrics
ages of calcite and opal, and stable isotopic compositions of calcite from drill cores
UE25a#1, USW G-2 and USW G-3/GU-3, Yucca Mountain, Nevada, USGS Open-File
Rep. 85-224 (1985) 25pp.



14 Rosholt, J. N., D. A. Bush, W. J. Carr, D. L. Hoover, W. C. Swadley and J. R. Dooley Jr.,
Uranium-trend dating of quaternary deposits in the Nevada Test Tite area, Nevada
and California, USGS Open-File Rep. 85-540 (1985) 72pp.

15 Caporuscio, F., D. T. Vaniman, D. L. Bish, D. E. Broxton, B. Arney, G. Heiken, F. M.
Byers Jr., R. Gooley and E. Semarge, Petrologic studies of drill cores USW G-2 and
UE25B-1H, Yucca Mountain, Nevada, U.S. Nat. Tech. Inform. Service LA-9255-MS
(1982) 111pp.

16 Bish, D. L., D. T. Vaniman, F. M. Byers Jr. and D. E. Broxton, Summary of the
mineralogy-petrology of tuffs of Yucca Mountain and the secondary phase
thermal stability in tuffs, U.S. Nat. Tech. Inform. Service LA-9321-MS (1982)
47pp.

17 Albcc, A. L. and L. Ray, Correlation factors for electron probe microanalysis of
silicates, oxides, carbonates, phosphates and sulfates, Anal. Chem. 42 (1970) 1408-
1414.

18 Shimizu, N. and A. P. LeRoux, The chemical zoning of augite phenocrysts in
alkaline basalts from Gough Island, South Atlantic, J. Volc. Geotherm. Res. 29
(1986) 159-188.

19 Shimizu, N. and S. R. Hart, Applications of the ion microprobe to geochemistry and
cosmochemistry, Ann. Rev. Earth Planet. Sci. 10 (1982) 483-526 (1982).

20 Jczck, P. A. and D. C. Noble, Natural hydration and ion exchange of obsidian: an
electron microprobe study, Amer. Mineral. 63 (1978) 266-273.

21 Froggatt, P. C., Toward a comprehensive Upper Quaternary tephra and ignimbritc
stratigraphy in New Zealand using electron microprobe analysis of glass shards,
Quatern. Res. 19 (1983) 188-200.

22 Colella, C., R. Aiello and C. Forcelli, Hydration as an early stage in the zeolitization
of natural glass, In: Natural Zeolites Occurrence, Properties, Use. (F. A. Mumpton
and L. B. Sands, eds; Pergamon Press, 1978) p.345-350.

23 Delaney, J. R. and J. L. Karsten, Ion microprobe studies of water in silicate melts:
concentration-dependent water diffusion in obsidian, Earth Planet. Sci. Lett. 52
(1981) 191-202.

24 Newman, S., E. M. Stolper and S. Epstein, Measurement of water in rhyolitic glasses:
Calibration of an infrared spectroscopic technique, Amer. Mineral. 71 (1986)
1527-1541.

25 Frieman, I. and W. Long, Hydration rate of obsidian, Science 191 (1976). 105-121.

26 Michels, J. W., I. S. T. Tsong and C. M. Nelson, Obsidian dating and East African
archeology, Science 219 (1983) 361-366.

27 Noble, D. C., Sodium. potassium, and ferrous iron contents of some secondarily
hydrated natural silicic glasses, Amer. Mineral. 52 (1967) 280-286.



28 Lipman, P. W., R. L. Christiannsen and R. E. Van Aistinc, Retention of alkalis by
calc-alkaline rhyolites during crystallization and hydration, Amer. Mineral. 34
(1969) 286-291.

29 Odom, I. E., Smectite clay minerals: properties and uses, Phil. Trans. Royal Soc.
London 311A (1984) 391-409.

30 White, A. F., H. C. Claassen and L. V. Benson, The effect of dissolution of volcanic
glass on the water chemistry in a tuffaceous aquifer, Rainier Mesa, Nevada, USGS
Water-Supply Paper 1535-G (1980) 34pp.

31 Vaniman, D. T., D. L. Bish and S. Chipera, A preliminary comparison of mineral
deposits in faults near Yucca Mountain, Nevada, with possible analogs, U.S. Nat.
Tech. Inform. Service LA-10901-MS (1988) 31 pp.

32 Velde, B. and A. Meunier, Petrogic phase equilibria in natural clay systems, C h.9
in: Chemistry of Clays and Clay Minerals (A. C. D. Newman, ed.) Min. Soc. Monogr.
6 (1987) 423-458.

33 Vanden Heuvel, R. C. The occurrence of sepiolite and attapulgite in the calcarcous
zone of a soil near Las Cruces, New Mexico, Clays & Clay Min. 13 (1966) 193-200.

34 Yaalon, D. H. and M. Weider, Pedogenic palygorskitc in some arid brown
(calciorthid) soils of Israel, Clay Min. 11 (1976) 73-80.

35 Hay, R. L. and B. Wiggins, Pellets, ooids, sepiolite and silica in three calcretes of the
southwestern United States, Sedimentology 27 (1980) 559-576.

36 Iijima, A., Effect of pore water in clinoptilolite-analcime-albite reaction series,
Journ. Fac. Soc. Univ. Tokyo, Sec.II 19 (1975) 133-147.

37 Iijima, A., Geology of natural zeolites and zeolitic rocks, Proc. Ffth Intern. Conf.
Zeolites (L. V. C. Recs, ed; Heyden & Co, London, 1980) p. 103-118.

38 Smyth, J. R., Zeolite stability constraints on radioactive waste isolation in zeolite-
bearing volcanic rocks, Journ. Geol. 90 (1982) 195-202.

39 Dibble Jr. W. E. and W. A. Tiller, Kinetics of glass dissolution and zeolite formation
under hydrothermal conditions, Clays & Clay Min. 29 (1981) 323-339.

40 Bowers, T. S. and R. G. Burns, Activity diagrams for clinoptilolite: susceptibility of
this zeolite to further diagenetic reactions, Amer. Mineral. (in press).

41 White, A. F., L. V. Benson and A. Yee, Chemical weathering of the May 18, 1980,
Mount St. Helens ash fall and the effect on the Iron Creek watershed, Washington.
Ch. 14 in: Rates of Chemical Weathering of Rocks and Minerals (Academic Press.
Inc.. 1986), 351-375.

42 Snyder, D. B. and W. J. Carr, Preliminary results of gravity investigations at Yucca
Mountainm and vicinity, southern Nye County, Nevada. USGS Open File Rep. (1982)
82-701 3 6pp.



Table 1. Average compositions of analysed glasses

Oxide PC1.G1 PC4.Gl PC4.G2 PC4.G3 PC4.G4 PC4.G5 PC4.G2*
Wt.% [C](4) [C](15) [B](8) [B](7) [B](1) [A](11) [B](13)

SiO2 74.00 73.95 73.72 73.92 73.05 75.10

A12 O3 12.03 12.01 11.89 11.98 12.00 11.86

TiO2 0.13 0.13 0.12 0.12 0.12 0.12 0.13

FeO 0.75 0.77 0.81 0.73 0.76 0.71

MgO 0.05 0.03 0.04 0.03 0.05 0.03 0.033

CaO 0.20 0.14 0.13 0.18 0.09 0.03 0.124

Na2 O 3.92 3.72 3.68 3.19 3.04 3.66

K2O 4.67 5.25 5.25 5.50 5.46 5.40 5.36

MnO 0.11 0.10 0.11 0.09 0.08 0.07

H2O** 4.15 3.90 4.34 4.33 5.35 2.99

* Analysis by SIMS. Other minor elements analysed (in ppm)
included: Li, 30.6; Rb, 232; Zr, 410; Ba, 27; La, 42

** Determined by difference

[C], etc.: center of glass shard from zone C, etc.
(4), etc.: number of analyses used in the average
PC1.Gl: 1.70 mm, pertilic glass shard from zone C
PC4.G1: 0.43 mm. vesicular shard 9 mm from zone B
PC4.G2: 0.84 mm, glass shard at zone C-B contact
PC4.G3: 2.09 mm. pertitic shard at zone B-C contact
PC4.G4: 0.23 mm. glass shard within zone B
PC4.G5: 0.22 and 0.14 mm.,adjacent shards in zone A.



Table 2. Microprobe analyses of
zeolites on glass shard surfaces

Oxide PC1 Z1 PC4.Z2 PC5.Z3
Wt.% [B](3) [B](4) [B](1)

SiO2 55.8 58.9 64.0

A1 2O3 10.4 .9.1 11.9

TiO2 0.1 0.1 0.1

FeO 0.9 0.7 1.4
MgO 1.5 1.9 4.0
CaO 3.4 1.3 1.5
Na2O 1.5 2.5 2.2

K2O 2.6 2.4 1.9

Total* 76.2 76.9 86.8

* Low totals reflect the difficulty
of analysing thin surface coatings
of clinoptilolite on glass shards
(see Figure 7).



Captions to Figures

Figure 1. Photograph of a sectioned slab through a clastic cobble of the
non-welded bedded tuff unit showing the surfacial alteration rind. The top
outermost weathered zone A is separated from the interior zone C by the
conspicuous dark vitreous band designated as zone B.

Figure 2. Compositional profiles measured by electron microprobe across
a glass shard in zone B of a clastic cobble of non-welded bedded tuff.
Water estimated by difference is -3-4 wt.%.

Figure 3. Compositional profiles measured by ion microprobe across the
same glass shard used in Figure 2. The two figures together illustrate the
general trends: uniform Si, Al and Mg; losses of Na, Ca, Li, Zr and Fe; and
gains of K, Rb, Ba and La towards the margins of the glass shard.

Figure 4. Correlations of K 2 O versus Na2O in interiors of glass shards from
zone C of clastic and outcrop samples of the non-welded bedded tuff unit.
Contours of constant molar concentration suggest a strongly coupled alkali
exchange trend during glass hydration.

Figure 5. Scanning electron microscope photographs of smectite in Zone C
(A,B) coating glass shards; and (CD) associated with glass in the
groundmass. The vertical bar at bottom left of each photograph represents
10 microns.

Figure 6. Scanning electron microscope photographs of surfaces of glass
shards near the Zone B-C contact (A) with mammiform protuberances of
silica, which become increasingly spherical (B,C) and associated with
acicular zeolite crystallites (D).

Figure 7. Scanning electron microscope photographs showing dendritic
clinoptilolite crystallites associated with lepisheres of opal CT in Zone B.

Figure 8. Scanning electron microscope photographs of calcite in Zone B.
(A,B) as sparry dog-tooth crystallites with botryoidal silica near the zone
B-A contact; and (C.D) as rhombs associated with lepispheres of opal CY
near the Zone B-C contact.

Figure 9. Zonal mineralogy patterns observed in alteration rinds on non
welded vitric bedded tuffs. The visual zone B of Figure I is subdivided
into three subzones B,. , and B 3. based on mineral assemblages identified
by SEM and XRD measurements.
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outermost weathered zone A is separated from the interior zone C by the
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(A,B) coating glass shards; and (C,D) associated with glass in the
groundmass. The vertical bar at bottom left of each photograph represents
10 microns.
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Figure 8. Scanning electron microscope photographs of calcite in Zone B.
(A,B) as sparry dog-tooth crystallites with botryoidal silica near the zone
B-A contact; and (C,D) as rhombs associated with lepispheres of opal CY
near the Zone B-C contact.

Figure 9. Zonal mineralogy patterns observed in alteration rinds on non-
welded vitric bedded tuffs. The visual zone B of Figure 1 is subdivided
into three subzones B 1, B 2 and B 3 , based on mineral assemblages identified
by SEM and XRD measurements.
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ABSTRACT

Clinoptilolite is the predominant zeolite in diagenetically altered volcanic rocks

at Yucca Mountain, Nevada, having formed by post-eruptive reactions of

groundwater with vitric tuffs in the pyroclastic deposits there. Compositional

variations of clinoptilolites in the fractures and zeolitized tuffs not presently in

contact with groundwater and the vulnerability of zeolites to burial diagenesis

raise questions about the long-term stability of clinoptilolite. Equilibrium activity

diagrams were calculated for clinoptilolite solid-solutions in the seven-component

system Ca-Na-K-Mg-Fe-Al-Si plus H20 employing available thermodynamic data

for related minerals, aqueous species and water. Stability fields are portrayed

graphically on plots of log(aNa+/aH+) versus log(acR2+/(aH+) 2 ), assuming the

presence of K-feldspar, saponite and hematite and using ranges of activities for

SiO2 and A13+ defined by the saturation limits for quartz, amorphous silica,

gibbsite, kaolinite and pyrophyllite. Formation of clinoptilolite is favored by

higher SiO2 activities than allowed for by the presence of quartz, thus accounting

for the coexistence of clinoptilolite with opal-CT in zeolitized vitric tuffs. The

clinoptilolite stability field broadens with increasing atomic substitution of Ca for

Na, and K for Ca, reaches a maximum for intermediate activities of dissolved Al,

and decreases with increasing temperature. The thermodynamic calculations

show that sodium bicarbonate-type groundwater, such as reference J-13 well-

water collected from fractured devitrified tuffs at the adjacent Nuclear Test Site in

Nevada, is approximately in equilibrium at 25 C with calcite and several zeolites

including heulandite and Ca-bearing clinoptilolite. Mg-rich clinoptilolites are

stabilized in groundwater depleted in Ca2+. Decreasing A13+ activities result in

the association of clinoptilolite with calcite and opal-CT observed in weathered

zeolitized vitric tuffs at Yucca Mt. The activity diagrams indicate that prolonged

diagenetic reactions with groundwater depleted in Al, enriched in Na or Ca and

heated by the thermal envelope surrounding buried nuclear waste may eliminate

sorptive calcic clinoptilolites in fractured tuffs.



INTRODUCTION.

Clinoptilolite, ideally (NaKCao.5)6Si30Al6O72.24H20, is an abundant natural

zeolite that is common in diagenetically altered volcanic rocks where it forms by

post-eruptive reactions of water with rhyolitic glass shards in tuffaceous air-fall

and ash-flow deposits (Hay, 1966; Hay and Sheppard, 1977; Iijima, 1975, 1980),

Such silicic ash-flow tuffs are the predominant rocks at Yucca Mountain, Nevada,

the site of the proposed repository for burial of high-level nuclear waste (U.S. DOE,

1988). The repository horizon at this site is a densely welded and devitrified tuff

unit underlain by vitric to zeolitized non-welded tuffs containing high proportions

of clinoptilolite (Broxton et al., 1987). Because of its favorable cation exchange

reactions, clinoptilolite is assumed to serve as an agent for immobilizing several of

the soluble cations and to be an effective barrier to radionuclide migration (Ogard

et al., 1984) should water entering the repository cause leakage of fission products

in the future.

Clinoptilolites analyzed in drill-core samples throughout Yucca Mountain and

its immediate vicinity display wide compositional variations, particularly in

fractures adjacent to the repository horizon in the Topopah Spring Member of the

Paintbrush Tuff unit (Levy, 1984) and in underlying zeolitized vitric tuffs

(Broxton et al., 1987). In the vadose zone beneath Yucca Mountain, clinoptilolites

with high Ca and Mg contents line fractures in the Topopah Spring Member

(Carlos, 1985; Broxton et al., 1986, 1987). In underlying bedded tuffs, the

clinoptilolites display regional and depth variations (Broxton et al., 1986, 1987).

On the western side of Yucca Mountain the clinoptilolites are Na-K-bearing and

become Na-rich with depth. To the east, the clinoptilolites are Ca-K-bearing and

become Ca-rich with depth. Similar regional and depth variations occur in

zeolitized tuffs at the Nevada Test Site (Hoover, 1968). Such compositional
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variations of clinoptilolite not presently in contact with groundwater and the

susceptibility of zeolites to further dragenetic reactions (Moncure et al., 1981;

Smyth, 1982) suggest that the long-term thermodynamic stability of clinoptilolite

should be examined.

Although the Topopah Spring Member tuff and underlying zeolitized vitric

tuffs lie in the unsaturated or vadose zone well above the present-day water table

beneath Yucca Mountain, these formations dip to the east so that at the location of

the nearest water-supply well, designated J-13 and located 6 km to the east at

Jackass Flat on the Nevada Test site, the Topopah Spring Member lies beneath the

water table. As a result, the major producing horizon for J-13 well-water is a

highly fractured interval within the Topopah Spring Member (Delany, 1985). The

chemical composition of the sodium bicarbonate-type groundwater obtained from

well J-13 has been monitored for several years (Daniels et al., 1982; Bish et al.,

1984; Kerrisk, 1987) and serves as a reference standard in laboratory

experiments and geochemical modeling studies for characterizing the Yucca

Mountain exploration block (e.g. Oversby, 1985; Delany, 1985; Knauss et al.,

1985a,b; Moore et al., 1986; Thomas, 1987; U.S. DOE, 1988, p. 4-51). Whether or

not J-13 well-water is of an appropriate composition for prediction of authigenic

mineral reactions in the unsaturated zone beneath Yucca Mountain requires

critical evaluation.

In order to assess the stability limits of clinoptilolite and its vulnerability to

changes of groundwater chemistry relative to the composition of J-13 well-water,

equilibrium activity diagrams have been calculated for clinoptilolite solid-

solutions in the system Ca-Na-K-Mg-Fe-Al-Si-H20 employing available

thermodynamic data for oxide and aluminosilicate phases. Although low-

temperature processes are subject to many kinetically-controlled variables, the

assumption of thermodynamic equilibrium provides a reference frame from



which to assess observed mineral relations. Results reported here indicate that

authigenic minerals such as clinoptilolite modify, and are modified by,

groundwater compositions.

CALCULATIONS OF ACTIVITY DIAGRAMS

Sources of Thermodynamic Data.

The method for calculating activity diagrams is described in Bowers et al.

(1984), who also tabulated thermodynamic data for many of the phases

considered here (Table 1). Additional thermodynamic data for zeolites including

clinoptilolite, heulandite, natrolite, scolecite and mesolite are provided by

calorimetric measurements made by Johnson et al. (1982, 1983, 1985) and

Hemingway and Robie (1984).

The clinoptilolite measured by Hemingway and Robie (1984) from altered tuffs

of the Big Sandy Formation, Mohave County, Arizona (Sheppard and Gude, 1973)

was formulated by them as

and, as indicated in Table 2, resembles some of the (Ca + Mg)-rich clinoptilolites

lining fractures in the Topopah Spring Member and present in underlying

zeolitized vitric tuffs, particularly beneath the north-eastern block of Yucca

Mountain (Broxton et al., 1987).

Several minerals of interest in this study, including clinoptilolite, have

measured heat capacity and entropy data, but no Gibbs free energy of formation

at 25 C (AGo0). When this is the case, free energies can be estimated by various

component-summation methods. The method of Chen (1975) was used here for

Na-phillipsite, K-phillipsite and (NaK)-phillipsite. This method involves summing

several sets of components, including oxides, simple silicates and components of



similar structural type. The resulting free energy determinations are fit with an

exponential curve which asymptotically approaches a low value that is used as

. Chen (1975) reported an estimated error in obtained in this manner of

less than 0.6% for a number of minerals when compared to their experimental

values. An attempt was made to estimate free energies for clinoptilolite,

heulandite, Ca-phillipsite, stilbite, chabazite and epistilbite using Chen's (1975)

method. In each of these cases the independent estimates of from summing

various components did not fall along an exponential curve, but decreased linearly

such that an exponential fit could not be made. Chen (1975) noted a similar

difficulty with some minerals. The free energy of formation for these minerals

was therefore taken as the lowest value obtained from the various component-

summation schemes and generally involved summing over zeolite and other

hydrous components including natrolite, scolecite, K-phillipsite, brucite, kaolinite,

quartz and hematite. The error associated with this method will be somewhat

higher than the 0.6% estimated by Chen (1975). All estimated and data

used in this study are listed in Table 3. In addition, since mordenite frequently

coexists with clinoptilolite in zeolitized tuffs at Yucca Mountain (Sheppard et al.,

1988), its was also estimated by Chen's (1975) method. However, because no

measured thermodynamic data are available for mordenite, this zeolite was used

only in activity diagrams calculated at 25 C. Note that several of the minerals

listed in Table 1 that were considered in this study do not exhibit stability fields

within the pressure and temperature ranges of the calculations.

Previous estimates of thermodynamic properties of clinoptilolite, heulandite

and mordenite were made by Kerrisk (1983). However, these calculations were

made prior to recently published calorimetric data (Johnson et al., 1982, 1983,

1985; Hemingway and Robie, 1984). Direct comparisons between Kerrisk's (1983)

estimates and those presented here cannot be made because he estimated logk's



of specific hydrolysis reactions rather than free energies of the minerals

themselves.

Table 4 contains estimated free energies of formation for compositionally

variable clinoptilolites. Independent substitutions were allowed of Na for Ca, K for

Ca, and Ca for Mg, where charge balance and Si/Al ratios are maintained.

Corresponding values were estimated from the value given for clinoptilolite

in Table 3 by a component-summation method using natrolite, scolecite and H20

for Na-Ca substitution; K-phillipsite, scolecite, quartz and H20 for K-Ca

substitution; and scolecite, brucite, kaolinite and quartz for Ca-Mg substitution.

These correction mechanisms resulted in lower free energies for Ca over Na, K

over Ca and Ca over Mg-rich clinoptilolites.

Composition of Groundwater.

Because the Topopah Spring Member tuff is the major producing horizon for

water pumped from the J-13 well, it has been generally assumed (Oversby, 1985)

that the composition of J-13 well-water approximates the prevailing water

chemistry of the proposed repository horizon in the same formation at Yucca

Mountain even though the Topopah Spring Member there is in the unsaturated

zone. As a result, J-13 well-water continues to be widely used as the reference

aqueous phase for calibrating numerous environmental parameters relevant to

the Yucca Mountain repository horizon (Oversby, 1985; Delany, 1985; Knauss et

al., 1985a,b; Moore et al., 1986; Thomas, 1987; U.S. DOE, 1988, p. 451). The

chemical composition of J-13 well-water has been monitored for several years

(Daniels et al., 1982; Kerrisk, 1987) and typical concentrations of dissolved species

in it are summarized in Table 5. Small fluctuations of concentrations with time

have been recorded, but the variations are minor compared with other variables

in experiments in which J-13 well-water was used (Daniels et al., 1982).
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However, during experiments in which J-13 well-water was contacted with tuff

samples of the Topopah Spring Member taken from a drill core at the appropriate

region of main water production of the J-13 well, concentrations of many

constituents changed slightly (Table 5), particularly Mg and Al which decreased

after 3 weeks at room-temperature (Daniels et al., 1982). Moreover, filtration

affected the composition of some elements, particularly Fe, Al and Mg, which were

drastically reduced in samples passed through 0.05 micron Nuclepore membranes

compared to those obtained from 0.45 micron Millipore filters (Daniels et al.,

1982). The Al concentration, for example, decreased from 40 mg/L (0.45 mm

filter) to <0.01 mg/L (0.05 mm filter) (Daniels et al., 1982). The Al concentration

of J-13 well-water (0.012 mg/L) represents one of the lowest values reported for

drill holes throughout Yucca Mountain (Ogard and Kerrisk, 1984).

Cation concentrations in solutions contacted with vitrophyre samples from the

Topopah Spring Member at 152 C showed significant increases of dissolved Si, Fe,

Al, K and Na and a decrease of dissolved Mg, which were attributed to dissolution

of glass and precipitation of clays (Daniels et al., 1982). A specimen of zeolitized

tuff reacted with J-13 well-water at 152 C showed marked dissolution of

clinoptilolite and disappearance of mordenite and cristobalite (Daniels et al.,

1982). In later experiments, Knauss et al. (1985a,b) studied compositional

changes of J-13 well-water after reacting it with crushed tuff and polished wafer

samples of the densely-welded, devitrified ash-flow tuff in a drill core taken from

the repository level in the Topopah Spring Member. The modal mineralogy of this

horizon consists of -98% microcrystalline sanidine-cristobalite-quartz and

accessory (<2%) biotite-montmorillonite (Bish et al., 1984; Broxton et al., 1989).

Reactions were performed for 2-3 month intervals at temperatures of 90, 150 and

250 C and pressures of 90-100 bars. Results from the l500C experiments are

summarized in Table 5, where it can be seen that dissolved SiO2 concentrations



increase and are close to the cristobalite saturation value (Knauss et al., 1985a).

Sodium also increased during the experiments, Ca and Mg decreased, and Al and K

both increased rapidly and then decreased. These effects were attributed to

dissolution of montmorillonite and precipitation of calcite and illite. The

experiments at 90 C and 2500C produced similar results. Phases identified by

scanning electron microscopy included illite, Mg-Ca or Fe-rich clays, gibbsite,

calcite and a pure SiO2 phase considered to be cristobalite (Knauss et al., 1985

a,b).

Studies to determine compositional changes of groundwater as it passes

through the unsaturated zone in tuffaceous deposits have been conducted at

Rainier Mesa located 50 km to the north-northeast of Yucca Mountain (Benson,

1976; White et al., 1980). At Rainier Mesa welded and vitric tuffs overlie

zeolitized tuffs, resembling the sequence of ash-flow tuffs at Yucca Mountain.

Concentrations of Ca and Mg in interstitial waters decreased as a function of depth

and were generally lower than those in J-13 well-water, whereas opposite effects

were observed for Na (Benson, 1976; White et al., 1980). The concentration of

dissolved K was lower at depth, and SiO2 higher, than J-13 well-water

compositions, whereas Cl-decreased and HC03-increased with depth. The

maximum compositional variations of the interstitial water occurred in alteration

zones containing clinoptilolite and montmorillonite (Benson, 1976; White et al.,

1980). Water seeping through fractures in tunnels beneath the zeolitized tuffs

was HC03--rich and had lower Ca, Mg and SiO2 contents, variable K and higher Na

concentrations than J-13 well-water (Benson, 1976; White et al., 1980). The

clinoptilolites along fractures were Ca-Mg-K-rich, correlating with the depletion of

these cations in the groundwater, whereas the fracture-flow water was enriched

in HC03- relative to the more Cl--rich interstitial water. Comparisons made with

dissolution experiments in vitric and crystalline tuffs demonstrated the rapid



release of Na and SiO2 but retention of K in glass-bearing tuffs, whereas

dissolution of crystalline tuffs containing sanidine, quartz, biotite and

clinopyroxene phenocrysts and sanidine-cristobalite groundmass resulted in

solutions rich in Ca, Mg and HCO3- (White et al., 1980). White et al. (1980) thus

concluded that fracture-water compositions, such as J-13 well-water, are

dominated by dissolution of vitric tuffs, but are modified by infiltration through

zeolitized tuffs.

The composition of J-13 well-water not only plots in the field of the Rainier

Mesa interstitial and fracture waters, but analyses also lie in the middle of

compositional ranges for groundwater pumped from several wells throughout

Yucca Mountain originating from various depths in the saturated zone (Ogard and

Kerrisk, 1984) at temperatures rarely exceeding 400C. In the Yellowstone

hydrothermal environment, downhole water compositions at 1400 C show

appreciably. higher concentrations of SiO2, HCO3-, Na and K, and lower Ca contents

than the lower temperature J-13 well-water (310C). Clinoptilolites there are

enriched in K and Na but are depleted in Ca (Keith et al., 1978; Sturchio et al.,

1989). These results, and the experimental observations described earlier, clearly

show that zeolitized rhyolitic tuffs affect groundwater chemistry and suggest that

compositional variability of clinoptilolites influence, and are influenced by,

groundwater compositions. They also indicate that potassic clinoptilolites are

stable to at least 1400C.

Recently, attempts were made to measure compositions of pore water

extracted by triaxial compression of non-welded tuffs from the unsaturated zone

at Yucca Mountain (Yang et al., 1988). The extracted water samples have much

higher Ca, Mg, K, Sr, C1-, S042-, and SiO2 concentrations than J-13 well-water, and

extracted water compositions are influenced by changes of axial stress on the

compressed tuffs. Unfortunately, pH HCO3- and dissolved Al data were not



reported for these tuff samples so that the pore water compositions could not be

used in the present thermodynamic calculations.

Representation of Activity Diagrams.

A number of activity diagrams are presented here, initially for simple three-

component systems and subsequently for the more complex multicomponent

systems that are required for depicting stability fields of clinoptilolite in felsic

rocks. Although the chosen three-component systems serve as a necessary

reference frame for establishing stability fields for clinoptilolite in the

multicomponent systems discussed later, they also contain useful information for

diagenetic and low-temperature metamorphic reactions involving other zeolites in

felsic and mafic rocks.

Three- and four-component plus H20 systems can be readily represented in

two dimensions. For example, in the system Ca-Al-Si-H2 0, two components are

selected for the x and y axes, a third component is balanced upon, leaving the

activity of H20 to be assigned, commonly equal to unity. A reaction between

amorphous silica and heulandite can be represented by writing a hydrolysis

reaction for each mineral:

Combining reactions [1] and [2] and eliminating SiO2caq) from the equations gives:

A logk as a function of pressure and temperature can be calculated from

thermodynamic data for this reaction and is expressed as:

If the x and y axes are chosen as log(aAl3+/(aH+)3) and log(aca2+I(aH+) 2),

respectively, reaction [4] is the equation of a line with a slope of -2 and a y.



intercept of logk that forms the boundary on an activity diagram between

amorphous silica and heulandite (see Figure 2a discussed later). Similar

calculations are performed for all mineral pairs and the resulting intersecting

lines form the boundaries of the phases that appear on the stability diagrams

presented here.

Four- (or more) component systems plus H 2 0 are calculated in a similar

manner, but with the inclusion of an additional mineral(s) assumed to be at

saturation to constrain the fourth (or more) component. For example, the system

Ca-Na-Al-Si-H20 might have Ca and Na on the axes, be balanced on Al, and have

coexisting amorphous silica, as in reaction [3]. Alternatively, this four-component

system could be balanced on SiO2 and have the Al component constrained by a

saturation phase such as gibbsite:

Gibbsite, however, provides a theoretical maximum activity of the A13+ component

that may not be desirable in all circumstances. Saturation with respect to any Al-

bearing mineral in the four-component system can be assumed, although if the

chosen saturation phase includes the components plotted on the axes of the

diagram it will change the topology of the other fields. At Yucca Mountain, drill

core samples in the vadose zone have established the presence of opal and

smectite as coexisting authigenic SiO2 and A13+-bearing phases, respectively, with

some authigenic K-feldspar and minor amounts of cristobalite, quartz and calcite

(Broxton et al., 1987; Bish, 1989). These phases, together with the composition of

J-13 well-water summarized in Table 5, serve to define the ranges of silica and

A13+ activities shown in Figure 1 which were used to construct the activity

diagrams presented here. Thus, lines labelled D and H on Figure 1 represent the

extremes of dissolved silica saturation limits corresponding to quartz and

amorphous silica, respectively; cristobalite has an intermediate saturation level



approximated by line E; line F corresponds to coexisting kaolinite and pyrophyllite;

and line G is the activity of dissolved-SiO2 in J-13 well-water. Similarly, for

dissolved Al3+, lines A, B, and C correspond to saturation values for coexisting

amorphous silica plus pyrophyllite, coexisting pyrophyllite plus kaolinite, and

gibbsite, respectively, while line I represents an arbitrary low value of dissolved

Al which, as shown later, is consistent with the coexistence of opal, calcite and

clinoptilolite. Note, that although gibbsite, kaolinite and pyrophyllite have not

been reported at Yucca Mountain, their ideal end-member compositions serve as

useful constraints for dissolved A13+ and SiO2 activities. Smectite, which is

pervasive at Yucca Mountain (Bish, 1989) has crystal structure similarities to

pyrophyllite. If smectite were used to constrain Al activities, its value would fall

in the general range for pyrophyllite depending on the smectite composition. The

reported analysis of Al in J-13 well-water, 0.012 mg/L, which as noted earlier is

one of the lowest concentrations reported for groundwater at Yucca Mountain

(Ogard and Kerrisk, 1984), is too high to be equilibrium controlled. The fluid

speciation program used to calculate cation activities (EQ3NR of Wolery, 1983)

indicates that at the measured pH of J-13 well-water (-7.5), dissolved Al occurs

predominantly as A1(OH)4-, with a calculated equilibrium value for [A13+] of - 2 x

10-1 1M. Using an activity coefficient of -0.6 for A13+ gives a value for

log(aA13+/(aH+) 3) of 9.6, significantly in excess of the gibbsite saturation value of

approximately 7.9 (Figure 1). This value is inconsistent with the equilibrium

coexistence of J-13 well-water with any of the observed mineral assemblages at

Yucca Mountain and other areas for which dissolved Al concentration data are

available and cannot be used to constrain calculations presented here. As noted

earlier, a possible interpretation of this discrepancy is that the Al in J-13 well-

water contains unfiltered particulate matter which passes through membrane

filters (Daniels et al., 1982). In calculating the activity diagrams, the activity of



H 2 0 is taken to be unity, and the calcite boundary is added to appropriate

diagrams by assuming a dissolved HCO3-content equivalent to that of J-13 well-

water (Table 5) and using the 90 C and 150 C analytical data in the activity

diagrams calculated at 100 C and 150 C, respectively.

RESULTS

Three-Component plus H 2 0 Diagrams

A series of three-component plus H 20 diagrams are shown in Figures 2 to 4 for

the systems Ca-Al-Si, Na-Al-Si, and K-Al-Si, respectively. All of these diagrams

are balanced on SiO2. Quartz has been suppressed throughout the calculations

described here in favor of amorphous silica because opal is the commonly

observed authigenic SiO2 phase in zeolitized ash-flow tuffs at Yucca Mountain

(Broxton et al., 1986, 1987; Bish, 1989). As a result, each of the three-component

diagrams in Figures 2-4 has amorphous silica as the stable phase in the bottom

left-hand corner. Amorphous silica occupies a relatively smaller stability field

than would quartz had quartz not been suppressed. Figures 2a-c, which are

particularly relevant to low-temperature alteration of basalts, illustrate the

changes in mineral phase relations for the system Ca-Al-Si with increasing

temperature at 25oC, 100 C, and 200 C with pressures corresponding to the

steam saturation curve. Note that the heulandite field at 25 C is replaced by Ca-

phillipsite at higher temperatures. The scolecite field decreases in size with

increasing temperature and this zeolite is no longer stable at 200 C (Fig. 2c). The

Ca-beidellite field apparent at 200 C may exist at lower temperatures as well, but

does not appear in Figures 2a and b possibly because of inaccuracies in the

thermodynamic data for Ca-beidellite or adjacent phases. The stable limits of

these and other activity diagrams described later are delineated by the dashed

lines labelled gibbsite (or diaspore at 200 C) and calcite. Higher Al or Ca activities



can only result from supersaturation of the fluid with respect to these phases. As

noted earlier, j-13 well-water is unconstrained on the Al axis because its

measured Al content cannot be reconciled with existing thermodynamic data. It is

apparent from Figures 2a and b that in the simple Ca-Al-Si system, J-13 well-

water is somewhat undersaturated with respect to calcite at 25 C and would be

slightly oversaturated at 100 C.

Activity diagrams for the system Na-Al-Si are illustrated in Figures 3a and b.

The 25 C diagram (Fig. 3a) contains a stability field for mordenite. However, due

to lack of thermodynamic data for mordenite, this zeolite was not included in

high-temperature calculations in Figure 3b. Its absence from Figure 3b is not

indicative of stability limits for mordenite; indeed, mordenite occurs at -1700C in

drill holes through the Yellowstone hydrothermal environment (Keith et al., 1978;

Sturchio et al., 1989). Thus, in the absence of mordenite the stability field of abite

widens at 1000C and Na-beidellite also becomes stable (Fig. 3b). Figures 4a and b

show activity diagrams for the system K-Al-Si at 25oC and 100 C in which K-

phillipsite is joined by K-feldspar at high temperatures. J-13 well-water is

consistent with equilibrium with respect to either mordenite or albite (Fig. 3) and

either K-phillipsite or K-feldspar (Fig. 4).

Multicomponent Diagrams

The three-component diagrams in Figures 2 to 4 provided simplified reference

activity diagrams for comparison with the more complex four- and five-

component plus H 2 0 systems necessary for plotting the stability fields of

clinoptilolite. Figures 5-8 are activity diagrams for the system Ca-Na-K-Al-Si.

Values of log(aNa+/aH+) and log(ac1L2+I(aH+)2) are plotted on the x- and y-axes,

respectively, in each diagram. Either Al (Figs. 5 and 6) or Si (Figs. 7 and 8) has

been used as the balancing component. In each case, two additional components



need to be specified. The component K+ is constrained by assuming the presence

of K-feldspar, since it occurs as aN authigenic mineral (Broxton et .al., 1987). and as

a phenocryst and groundmass mineral in the rhyolite tuffs at Yucca Mountain.

The other component, A13+ or SiO2, is assigned the series of values such as those

shown in the plot of log(aA13+/(aH+) 3) versus logaat 25 C in Figure 1. The

activity diagrams in Figures 5a-d are balanced on Al at 25 C and have logasio2

specified by the lines labelled H, G, F, E and D in Figure 1. The activity diagrams in

Figures 6a and b are balanced on Al with amorphous silica and quartz saturations,

respectively, at 100 C. Figures 7a-d are balanced on Si at 250C and have A13+

concentrations constrained by values corresponding to lines labelled I, A, B, and C,

respectively, on Figure 1. The diagrams in Figures 8a-c are balanced oh Si at

lO0C with Al constrained by pyrophyllite-amorphous silica, kaolinite-

pyrophyllite, and gibbsite saturations, respectively. The 150 C diagram shown in

Figure 8d is also balanced on Si with Al constrained by pyrophyllite-amorphous

silica. Clinoptilolite is included in each of the diagrams, where stable, by

considering it to be in equilibrium with Ca-saponite (smectite) and hematite to

constrain the small amounts of Mg and Fe in the clinoptilolite specimen measured

by Hemingway and Robie (1984). As noted earlier, limited thermodynamic data

for mordenite enable its stability field to be shown on 250C diagrams only. On all

of the activity diagrams shown in Figures 5 to 8, calcite is plotted with a dashed

line by assuming a bicarbonate ion content comparable to J-13 well-water, and

the circular symbol labelled J-13 corresponds to Ca and Na activities of this

reference groundwater.

By comparing the activity diagrams shown in Figures 5-8 through changing

temperature, or for different activities of Al or Si, trends in the relative stability

of various zeolite phases may be easily recognized. For example, Figure 5 shows

that: (1) clinoptilolite is stable at high activities of silica and its field decreases in



size with decreasing silica activity; (2) the mesolite stablility field, which exists at

low activities of silica, narrows and then disappears with increasing silica activity;

and (3) at low silica activities, scolecite and albite are stabilized relative to

heulandite and mordenite, respectively.

The effects of temperature can be seen by comparing Figure 5a (solid lines)

with Figure 6a (corresponding to amorphous silica saturation) and Figure 5d with

Figure 6b (quartz saturation), where it is apparent that both clinoptilolite and

mesolite have smaller regions of stability at 100 C than at 25 C, and that Ca-

phillipsite replaces heulandite at low activities of silica.

The effects of variable Al activity at 25oC can be observed in Figure 7.

Clinoptilolite is not stable at high Al activities corresponding to gibbsite saturation

(Fig. 7d), but appears with decreasing Al activities (Figs 7a-c). Its stability field

maximizes in size at an intermediate Al activity constrained by the coexistence of

amorphous silica and pyrophyllite (Fig. 7b), and then becomes smaller with

further decrease in Al activity (Fig. 7a). The stability field of mesolite, on the

other hand, increases with rising Al activity, and maximizes at gibbsite saturation

where the heulandite, mordenite and phillipsite fields disappear (Fig. 7d). Note

that circles representing Ca and Na concentrations of J-13 well-water plot close to

the join of mordenite, clinoptilolite and amorphous silica in Figure 7a. Effects of

temperature may be seen in Figures 8a-c, which show that the clinoptilolite

stability field at 100 C decreases with increasing temperature and appears only at

low Al activities. At 1500C with Al activity corresponding to coexisting

pyrophyllite and amorphous silica, clinoptilolite still has a small stability field (Fig.

8d). Thus, clinoptilolite is expected to persist to at least 150 C, as indicated by its

occurrence in drill holes at Yellowstone (Keith et al., 1978; Sturchio et al., 1989),

but under a significantly reduced range of Al activities.



In Figures 9a and b, the system Ca-Na-K-Al-Si is represented with

log(azc+)/(aH+) replacing log(aN&+)I(aH+) on the x-axis and albite replacing K-

feldspar as the saturation phase. Figure 9a is balanced on Al and amorphous

silica is the saturation phase, whereas Figure 9b is balanced on Si with A13 +

activity controlled by coexisting amorphous silica plus pyrophyllite. These two

representative activity diagrams based on K+ activities are very similar to their

Na-counterparts except that K-silicate phases replace Na-silicate minerals. The

stability field of clinoptilolite is again largest at high silica activities, intermediate

A13+ activities, and low temperatures.

Activity Diagrams for Clinoptilolites of Variable Compositions.

Since clinoptilolites at Yucca Mountain occurring in zeolitized tuffs vary from

Ca-rich compositions in the east to (Na + K)-rich compositions in the west (Broxton

et al., 1986, 1987), and are (Ca + Mg)-rich in fractures in the Topopah Spring

Member tuff (Levy, 1984; Carlos, 1985; Broxton et al., 1987), activity diagrams

were calculated for variable Na-Ca, K-Ca and Ca-Mg contents of the zeolite. The

results are shown in Figure 10. The stability fields are identified in Figure 10a,

which is related to the activity diagram in Figure 7b where Si is balanced and Al

activities are constrained by the pyrophyllite-amorphous silica (plus K-feldspar

for K+ activity) assemblage, corresponding to conditions of maximum clinoptilolite

stability at 250C.

Figure l0b shows that with increasing atomic substitution of Na in

clinoptilolite, the cinoptilolite stability field narrows. Conversely, the clinoptilolite

stability field widens for clinoptilolites with higher Ca contents and merges into

the heulandite field. Clinoptilolites more sodic than Nao.56Ca1.5 are no longer in

equilibrium with J-13 well-water, suggesting that groundwater with higher Na



higher Na and lower Ca concentrations, perhaps derived from altered vitric tuffs

(White et al., 1980), is necessary to stabilize sodic clinoptilolites.

Potassium has the opposite effect on the clinoptilolite stability field (Figure

10c), which widens considerably with increasing atomic substitution of K for Ca in

clinoptilolite. Clinoptilolites less potassic than K0.g8Cal.5 would no longer be in

equilibrium with J-13 well-water. Magnesium replacing Ca in clinoptilolite

displaces its stability field to lower Ca activities (Figure 10d). Clinoptilolites more

magnesian than Ca1 . 7Mg1.03 would not be in equilibrium with J-13 well-water.

DISCUSSION

The activity diagrams demonstrate that the formation of clinoptilolite is

favored by higher SiO2 activities than allowed for by the presence of quartz. This

is clearly demonstrated by Figure 5 and is achieved, for example, when

clinoptilolite coexists with opal in diagenetically altered volcanic glasses. Such

assemblages are commonly observed in vitric tuff samples from drill cores at

Rainier Mesa and Yucca Mountain (Benson, 1976; White et al., 1980; Broxton et al.,

1987) and from surface desert pavement and outcrop locations (Blundy et al.,

1989).

Clinoptilolite has a maximum stability field at an intermediate aluminum

activity value, but shrinks with either increasing or decreasing activities of

aluminum. This is indicated by Figure 7 in which the clinoptilolite stability field is

largest when aluminium activities are controlled by the amorphous silica-

pyrophyllite assemblage (Fig. 7b). Furthermore, since the composition of J-13

well-water appears to be approximately in equilibrium with respect to calcite, the

J-13 CaW+INa+points plotted in Figures 7b and 7c suggest that if J-13 is in

equilibrium with clinoptilolite, then the aluminum activities should lie between

the values for kaolinite-pyrophyllite and pyrophyllite-amorphous silica. Such



aluminum activities also indicate that 3-13 well-water could be in equilibrium

with other zeolites represented on the activity diagrams including heulandite and

mordenite (Fig. 5b), and possibly mesolite (Figs 7c and 9b), particularly when the

stability field of Na-rich clinoptilolites is diminished (Fig. 10b). These

observations for calcic clinoptilolite, heulandite and mordenite correlate with the

occurrence of these zeolites lining fractures in welded and devitrified tuffs in the

vadose zone throughout Yucca Mountain (Broxton et al., 1987; Levy, 1984).

Chabazite occurring with coatings of fine-grained heulandite in fractured

vitrophyre below the water table in well J-13 (Carlos, 1989) may be metastable

with respect to mesolite or scolecite.

The clinoptilolite stability field decreases in size with increasing temperature

between 25 C and l500C (Figs 6a, 8a, 8b and 8d), and likely disappears by 200oC.

This correlates with hydrothermal experiments (Boles, 1971; Knauss et al.,

1985a,b; Hawkins et al., 1978) and observed geological occurrences of

clinoptilolite (Hay, 1966; Hay and Sheppard, 1977). However, potassic

clinoptilolites have been identified at 120-140 0C in drill cores from the

Yellowstone hydrothermal environment (Keith et al., 1978; Sturchio et al., 1989),

which correlates with the increased stability field of K-rich clinoptilolites (see Fig.

Zeolite diagenetic zones have been suggested for alteration of vitric tuffs based

on the appearance and disappearance of clinoptilolite in buried pyroclastic

deposits (Iijima, 1975, 1980; Smyth, .1982). Zone I, for example, is characterized

by large-scale preservation of glass in vitric tuffs above the water table and

incipient alteration of glass shards, particularly in groundmass, to smectitce and

opal. The Topopah Spring Member at Yucca Mountain, lying well above the water

table, falls into Zone I. However, Ca-rich clinoptilolites occur in fractures through

lower welded tuff and vitrophyre horizons of the Topopah Spring Member and

may be indicative of groundwater interactions, perhaps with microcrystalline



devitrified tuffs which produce relatively high concentrations of dissolved Ca2+,

Na+ and HCO3- in fracture-flow water.(White et al., 1980). The 25DC activity

diagrams consistently show that calcic clinoptilolites are stable in the presence of

fracture-flow J-13 well-water originating from microcrystalline devitrified

Topopah Spring Member tuffs, even though such zeolites have not been observed

as fracture-lining minerals at this level in J-13 drill cores (Carlos, 1989). The

abundance of drusy quartz coating fractures at that level (Carlos, 1989) may

depress the silica activity below that necessary to crystallize clinoptilolite.

Diagenetic zone II, which characterizes the bedded tuffs below the Topopah

Spring Member, represents extensive zeolitization of vitric tuffs to clinoptilolite-

bearing assemblages, and is promoted by water enriched in alkali cations and by

slightly elevated temperatures (Smyth, 1982). Progressive hydration and

dissolution reactions of the rhyolitic vitric tuffs increase the concentrations of

SiO2 , Na+, and ultimately K+ in groundwater (White et al., 1980) from which

cinoptilolite-clay silicate-opal assemblages are derived. The presence of Ca-poor,

K-Na-rich clinoptilolites in diagenetic zone II conforms with the activity diagrams

which consistently show the clinoptilolite stability field moving away from 3-13

well-water compositions at elevated temperatures, as well as by increased Na, but

depleted Ca, concentrations in groundwater.

Deeper drill-cores through Yucca Mountain have yielded analcime instead of

clinoptilolite which is indicative of diagenetic Zone III, whereas Zone IV is

represented by the breakdown of analcime to albite. The clinoptilolite-analcime

transition was suggested to depend on the concentration of dissolved Na and the

Zone II - Zone III boundary was estimated to lie between lOO C and 150 C for

present-day groundwater compositions at Yucca Mountain (Smyth, 1982).

However, Kerrisk (1983) concluded from reaction-path calculations that the

clinoptilolite-analcime transition is controlled by the activity of dissolved



silica,.Mordenite coexists with clinoptilolite in zeolitized tuffs at Yucca Mountain.

Textural evidence (Sheppard et al. 1988) suggests that some mordenites have

formed at the expense of clinoptilolite during late-stage dissolution, and this

observation is consistent with our activity diagrams. However, mordenite also

persists at higher temperatures (-1700C) than clinoptilolite (-1400C) in drill-holes

through the Yellowstone hydrothermal environment (Keith et al., 1978; Sturchio et

al., 1989), but this observation cannot be correlated with activity diagrams

calculated at elevated temperatures due to lack of thermodynamic data for

mordenite. The inability to include mordenite in such activity diagrams may be

responsible for the stability fields of albite or phillipsite abutting the clinoptilolite

field in the 100 C (Figs 6a and 8a) and 1500 C (Fig. 8d) diagrams. Effects of

temperature on the clinoptilolite and heulandite stability fields also suggest that

calcic clinoptilolites are the ones most vulnerable to thermal decomposition. Such

Ca-rich zeolites occur in fractures and vitrophyre in the vicinity of the heat

envelope surrounding radioactive waste to be buried at Yucca Mountain, fluid

temperatures near which could exceed 1500C within a radius of 10 m of the

repository (U.S. DOE, 1988, p. 4-118).

Several observed reactions suggested by phase assemblages in weathered

vitric tuffs (Benson, 1976; White et al., 1980; Blundy et al., 1989) can be

demonstrated on the activity diagrams. For example the reaction of glass + clay

silicates to clinoptilolite plus opal plots at the intersection of amorphous silica +

pyrophyllite, mordenite and clinoptilolite in Figures Sa and 7b, but requires lower

calcium activities in the coexisting fluid than that of J-13 well-water. Low Ca and

slightly reduced K activities of rainwater would account for the assemblage glass-

opal-clay silicates-authigenic K-feldspar forming on weathered vitric tuffs and

outcrops and in detritus forming. desert pavement (Blundy et al., 1989). The



assemblage of clinoptilolite-calcite-opal also found in weathered vitric tuffs is

represented on Figure 7a requiring, however, very low activities of Al.

CONCLUSIONS

The calculated activity diagrams presented here quantify observed field

occurrences and verify deductions made about the stability of clinoptilolite during

burial diagenesis of vitric tuffs. The coexistence of clinoptilolite with opal

correlates with its calculated wide stability field in aqueous solutions saturated

with amorphous silica. Clinoptilolite-smectite assemblages indicate that the zeolite

crystallized from groundwater with dissolved Al concentrations lower than

saturation values with respect to gibbsite and lower than the reported

measurements of J-13 well water. Calcic clinoptilolites associated with calcite are

consistent with crystallization from fracture-flow groundwater containing Ca2+

and HCO3- derived from incipient dissolution of microcrystalline devitrified tuffs.

Alkali-rich clinoptilolites, on the other hand, correlate with groundwater having

elevated Na+ and K- but depleted Ca2+ concentrations which are associated with

altered vitric tuffs. Although the crystallization of clinoptilolite may be promoted

by groundwater enriched in silica and alklai metals, the clinoptilolite stability field

diminishes appreciably between 25 C and l50 C, correlating with burial

diagenetic reactions and confirming doubts (Smyth, 1982) about the thermal

stability of calcic clinoptilolite in close proximity to buried radioactive waste.
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FIGURE CAPTIONS.

Figure 1. Ranges of dissolved silica and aluminum activities used in the

calculations of activity diagrams. Silica activities correspond to amorphous silica

(H), J-13 well-water (G), coexisting pyrophyllite-kaolinite (F), cristobalite (E) and

quartz (D) saturated solutions. Aluminum activities are those for solutions

saturated by pyrophyllite-amorphous silica (A), pyrophyllite-kaolinite (B), and

gibbsite (C) assemblages and an arbitrary low value (I).

Figure 2. Activity diagrams for the three-component Ca-Al-Si plus H20 system

balanced on Si (a) at 250C; (b) at 100 C; and (c) at 200oC and 15.5 bars.

Figure 3. Activity diagrams for the three-component Na-Al-Si plus H20 system

balanced on Si (a) at 25 C; and (b) at 100oC.

Figure 4. Activity diagrams for the three-component K-Al-Si plus H20 system

balanced on Si (a) at 25oC; and (b) at l00oC.

Figure 5. Activity diagrams for the Ca-Na-K-Al-Si plus H20 system balanced on Al

at 25oC for different silica activities (a) amorphous silica and J-13 well-water

(dotted lines); (b) pyrophyllite-kaolinite; (c) cristobalite; and (d) quartz.

Saturation phases also include K-feldspar, hematite and Ca-saponite.

Figure 6. Activity diagrams for the Ca-Na-K-Al-Si plus H20 system balanced on Al

at l00oC for different silica activities (a) amorphous silica; and (b) quartz.

Figure 7. Activity diagrams for the Ca-Na-K-Al-Si plus H20 system balanced on Si

at 250C for different aluminum activities (a) low Al activity corresponding to line



I in Figure 1; (b) pyrophyllite-amorphous silica; (c) kaolinite-pyrophyllite; and (d)

gibbsite. Saturation phases again include K-feldspar, hematite, and Ca-saponite.

Figure 8. Activity diagrams for the Ca-Na-K-Al-Si plus H20 system at elevated

temperatures balanced on Si for different aluminum activities (a) pyrophyllite-

amorphous silica at 100 C ; (b) kaolinite-pyrophyllite at 100 C; (c) gibbsite at

1OOoC; and (d) pyrophyllite-amorphous silica at 150 C.

Figure 9. Activity diagrams based on K and Ca activities in the Ca-Na-K-Al-Si plus

H20 system at 25oC (a) balanced on Al with silica saturation by amorphous silica;

and (b) balanced on Si with aluminum saturation by pyrophyllite plus amorphous

silica. Saturation phases include albite, hematite and Ca-saponite.

Figure 10. Activity diagrams for clinoptilolites having variable cation

compositions. The calculated 25oC stability fields correspond to aluminum

saturation by pyrophyllite plus amorphous silica and are balanced on Si (compare

Fig. 7b).

(a) reference diagram for the clinoptilolite composition Nao.56Ko.g8Caj.5oMg1.23;

(b) Ca-Na variations:
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TABLE 1. Minerals and formulas
Quartz
Amorphous silica
Gibbsite
Diaspore
Kaolinite
Pyrophyllite
Wollastonite
Grossular
Anorthite
Gehlinite
Prehnite
Margarite
Ca-beidellite
Lawsonite
Wairakite
Laumontite
Chabazite
Ca-phillipsite
Scolecite
Epistilbite
Heulandite
Albite
Nepheline
Paragonite
Na-beidellite
Na-phillipsite
Analcime
Natrolite
Mordenite
K-feldspar
Kalsilite
Muscovite
K-beidellite
K-phillipsite
Phillipsite
H-beidellite
Stilbite
Mesolite
Clinoptilolite
Ca-saponite
Hematite



TABLE 2. Representative chemical compositions and
formulas of clinoptilolite

[1] [2] [3] [4]

SiO2 62.78 65.5 68.6 68.1

TiO2 0.28 0.02 0 0

A12 03 12.33 13.3 12.4 12.2

Fe2 03 1.41 0 0 0

MgO 1.99 0.86 0.07 0.09

CaO 3.10 5.19 3.59 1.11

BaO 0.13 0.03

Na2 O 0.63 0.17 1.13 2.84

K 2 0 1.67 0.21 3.00 4.20

Total 84.32 85.2 88.8 88.5

Formulae calculated for 72 oxygens

Si 29 29.2 29.7 29.8

Ti 0.01 0 0

Al 6.7 6.98 6.35 6.28

Fe 0.3 0 0 0

Mg 1.23 0.57 0.04 0.06

Ca 1.50 2.48 1.67 0.52

Ba 0.02 0.00 0.01 0.01

Na 0.56 0.15 0.95 2.41

K 0.98 0.12 1.66 2.35

%K 23 4 16 44

%Na 13 4 31 45

Si/Al 4.33 4.18 4.68 4.75

[1] Hemingway and Robie (1984): Thermodynamic data

[2] Topopah Spring Member fractures; Broxton et al. (1987)

(3] Tuff of Calico Hills, eastern YM; Broxton et al. (1987)

[4] Tuff of Calico Hills, western YM; Broxton et at. (1987)



TABLE 3. Estimated free energies and enthalpies

Na-phillipsite -1,851,376. -2,003,469.

K-phillipsite -1,871,460. -2,025,549.

Ca-phillipsite -1,860,596. -2,010,073.

Phillipsite -2,112,851. -2,294,159.

Mordenite -1,465,647.

Epistilbite -2,065,242. -2,234,763.

Chabazite -1,712,637. -1,866,861.

Stilbite -4,833,571. -5,247,477.

Heulandite -2,326,575. -2,519,882.

Clinoptilolite -9,057,789. -9,811,932.

*Mineral formula given in Table I



TABLE 4. Estimated free energies for

compositionally variable clinoptilolite

Na-Ca substitution

K-Ca substitution

Ca-Mg substitution



TABLE 5. Chemical composition of J-13

well water (mg/l)

[1] [2] [3] [4] [5] [6] [7]

Li 0.042 0.06 0.05 0.05

Na 43.9 55 58.5 44 45 51 54.1

K 5.11 7.5 5.58 4.4 5.3 4.9 6.4

Ca 12.5 11.5 6.46 13 11.5 14 11

Mg 1.92 1.1 0.315 2.0 1.76 2.1 0.95

Sr 0.035 0.05 0.002

Al 0.012 0.999 1.64 0.03 0.03 0.01

Fe 0.006 0.04 0.04 0.004

SiO2 57.9 53 148 59 64.3 66 71.6

NO3 9.6 9.0 9.5 8.7 10.1 5.6

F 2.2 2.3 2.4 2.2 2.1 2.2

Cl 6.9 7.2 7.4 6.4 7.5

HC0 3 125.3 178.8 61.0 120 143 120

SO 4 18.7 18.3 18.5 19 18.1 22

pH 7.6 7.27 6.97 7.5 6.9 7.1

[1] Delany (1985)

[2] J-13 reacted with TS tuff at 90 C;

Knauss et aL (1985)

[3] J-13 reacted with TS tuff at 150°C;

Knauss et al (1985)

[4] Moore et al. (1986)

[5] Ogard and Kerrisk (1984)

[6] Daniels et al. (1982)

[7] Daniels ct al. (1982), after J-13 water reacted with

TS tuff at 25°C
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ABSTRACT

Calcic clinoptilolites, occurring throughout the

undersaturated zone at Yucca Mountain as secondary minerals in

fractured tuffs, also form at the surface by interaction of

rainwater with vitric tuffs. Sequential replacement of glass

shards by authigenic clay silicate-opal-clinoptilolite-calcite

assemblages as a result of interactions with bicarbonate-

bearing solutions is consistent with equilibrium thermodynamic

calculations, which show that the formation of clinoptilolite

is favored by high silica activities. The stability field of

clinoptilolite broadens with increasing atomic substitution of

Ca for Na and K for Ca, reaches a maximum at intermediate

activities of dissolved Al, and decreases with increasing

temperature. Cation exchange reactions are crystal structure

dependent, the uptake of Cs and Sr being retarded on high-

surface area coffin-shaped (010) faces parallel to the h axis,

the one direction along which large channels do not exist, and

in NaHCO3-bearing solutions. Competing reactions suggest that

uptake of long-lived 135Cs radionuclides into clinoptilolite

may be compromised by short-lived 90Sr and daughter 137Ba.

DEC 06 1989
NUCLEAR WASTE PROJECT OFFICE



I. INTRODUCTION

Clinoptilolite, the most abundant zeolite in

diagenetically altered volcanic rocks at Yucca Mountain, has

formed by post-eruptive reactions of water with vitric tuffs

in the pyroclastic deposits there. In the unsaturated zone,

the zeolite is present in fractures near the proposed

repository horizon in densely welded, devitrified tuffs of the

Topopah Spring Memberl,2 and is a major constituent of the

underlying zeolitized tuffaceous beds of Calico Hills unit.3,4

Ideally, clinoptilolite is formulated as

with (Na+K)>Ca and Si/A4. Compositional variations of

clinoptilolites in tuffs throughout Yucca Mountain3,4 and the

vulnerability of zeolites, in general, to undergo diagenetic

reactions5,6 raise questions about the long-term stability of

clinoptilolite to environmental changes. There is also

concern that in the vicinity of the thermal envelope

surrounding buried fission products, cation exchange

properties of heated zeolites might be affected adversely,

thereby reducing their ability to immmobilize radionuclides

such as 1 3 7 Cs, 13 5 Cs and 9 0 Sr should leakage occur from the

repository. These potential problems motivated three lines of

research. One study examined the formation of authigenic

minerals in vitric tuffs exposed to meteoric water. 7 In the

second study, calculations were made of equilibrium activity

diagrams for clinoptilolite solid-solutions at elevated

temperatures employing available thermodynamic data for

relevant oxide and aluminosilicate phases.8 The third

investigation involved measurements of cation exchange

reactions of clinoptilolite at elevated temperatures with

dissolved Cs, Sr and Ba individually, in competition with one

another, and in the presence of NaCl or NaHC03. 9

II. ZEOLITES IN WEATHERED VITRIC TUFFS

A. Background



Numerous drill-core samples throughout Yucca Mountain10 -13

indicate that secondary minerals, including clay silicates,

zeolites, opal and carbonates, have formed by alteration of

rhyolitic glasses in certain tuffaceous horizons now located

both above and below the present-day water table, including

vitric tuffs in the tuffaceous beds of Calico Hills.3,4,14, 15

The latter were deposited on the 13.6 million-year (Ma) old

Crater Flat Tuff Member as a sequence of several non-welded

ash-flows, with air-fall and reworked tuffs separating each of

the ash-flows. The interlayered nature of the tuffaceous beds

of Calico Hills suggests that successive surface layers were

exposed to atmospheric weathering between each eruptive event

spanning the 500,000 year interval prior to burial 13.1 Ma ago

by the thick ash-flow tuffs of the Topopah Springs Member.16,17

Non-welded bedded vitric tuff units, including the Pah Canyon

Member, were subsequently deposited onto the Topopah Spring

Member and were later covered by the Tiva Springs Member

tuffs, and now outcrop along the fault scarp forming the

western edge of Yucca Mountain.18

Zones of zeolitization now located both above and below

the present-day water table, particularly in the tuffaceous

beds of Calico Hills, are commonly discordant with bedding and

thicken to the northeast.3,4 These observations led to the

proposition4 that extensive zeolitization occurred during

elevated heat-flow associated with caldera development 11 Ma

ago and pre-dates tectonic tilting of the Yucca Mountain

sequence. Furthermore, detailed studies of authigenic mineral

chemistry through the Yucca Mountain section suggest that

significant modifications to zeolite composition have occurred

through interactions of zeolitized tuffs with groundwater

subsequent to 11 Ma.3,4 Thus, clinoptilolite compositions

display regional and depth variations. On the western side of

Yucca Mountain the clinoptilolites are Na-K-bearing and become

Na-rich with depth. To the east, the clinoptiolites are Ca-K-

bearing and become Ca-rich with depth.3,4 Calcic

clinoptiloltes are also present, particularly lining fractures

through the Topopah Springs Member,2 including the basal

vitrophyre.1 In addition, opal and calcite, having

radiometric ages between 300,000 and 30,000 years, occur as

coatings on fractures in the vadose zone.19'20 This evidence,



that post-Miocene groundwater interactions have modified pre-

existing zeolite compositions and locally precipitated non-

sorptive silica and carbonate phases led to studies summarized

here to assess the nature of vitric tuff/water interactions at

Yucca Mountain under present-day conditions, and whether such

interactions with surface water occurred soon after ancient

tuffs were deposited.

B. Observations and Results

Detailed geochemical and scanning electron microscope

measurements were made on samples collected at outcrop

surfaces on Yucca Mountain and from desert pavement in

Solitario Canyon, a prominent fault-bound depression to the

west of Yucca Mountain developed subsequent to fault movement

about 30,000 years ago.16 The canyon floor is littered with

clastic debris, including cobbles of Pah Canyon vitric tuff,

which has a characteristic orange-brown coloration and

abundant yellow-gray pumice clasts defining a weak bedding

fabric. Its petrographic and compositional character resemble

portions of the tuffaceous beds of Calico Hills unit,3,4,14,15

rendering non-welded Pah Canyon tuffs ideal analogue materials

for studying diagenetic reactions of vitric tuffs with surface

water at Yucca Mountain.

Cobbles of non-welded Pah Canyon vitric tuffs in the

desert pavement, and also samples collected at outcrop

surfaces on Yucca Mountain adjacent to the location of drill-

core USW G-3,13 display conspicuous weathering rinds resulting

from interaction of the tuff with rainwater. In pavement

pebbles these alteration rinds have a geopedal configuration

relative to the desert surface, confirming their origin by in

situ diagenesis. The geopedal structure consists of a

conspicuous dark vitreous layer (zone B) 3-6 mm wide

separating the outermost layer (zone A) 1-2 mm thick from the

relatively unweathered bulk interior (zone C) of the vitric

tuff specimens. Electron and ion microprobe analyses, x-ray

diffraction (XRD) measurements, and petrographic and scanning

electron microscope (SEM) observations of glass shards in

these three zones revealed how glass is progressively altered

to secondary clay silicate-clinoptilolite-opal-calcite



assemblages towards the exteriors of outcrop surfaces.7

Concentration profiles across individual glass shards in the

tuffs show uniform Al and Mg, losses near margins of Na, Ca,

Li, Mn, Fe, and Zr, and gains of K, Rb, Ba and La. Shards

from zone A have highest Si contents. Water contents

estimated by difference indicate pervasive glass hydration by

rain water, decreasing from -4 wt.% H20 (zone C) to <3% H20

(zone A). These relatively high H20 contents are comparable

to values reported for other naturally-occurring21, 22 and

experimentally hydrated23 ,24 rhyolitic glasses. Such high H20

contents largely represent post-eruptive water of hydration,

since fresh volcanic glasses in pyroclastic rocks rarely

exceed 1 wt.%25 but undergo hydration rapidly26,27. Similar

high water contents of glasses from drill-core samples,3,4 also

inferred from differences of total oxides from 100%, suggest

that post-eruptive hydration of vitric tuffs has been

pervasive throughout Yucca Mountain and could have originated

from interactions with meteoric water.

Comparisons of zone C glass shards between pavement and

outcrop samples reveal that at outcrop surfaces total (mole %)

alkali contents remain approximately constant, with higher K

and Rb and lower Na, Li, and Ca. This indicates a strongly

coupled alkali exchange trend associated with glass

hydration.28, 29 The correlation between the extent to which

this exchange has proceeded and sample provenance (pavement

versus outcrop) suggests that, although initial glass

hydration may have been a relatively early event accompanying

tuff emplacement,21 alkali-exchange through interaction of

glass shards with meteoric water is still actively occurring

at the desert surface.

Suptle variations in Si and Al concentrations in the

glasses correlate with changes of textures and mineralogy of

shard surfaces from zone A to zone C, which is demonstrated by

the photographs shown in Figure 1. Glasses in zone A, as well

as feldspar phenocrysts, show extensive pitting indicative of

dissolution, in contrast to zone C in which both phases have

smooth fresh surfaces. Calcic smectite accompanies glass in

zone C, occurring both as intersticial aggregates and as

honeycomb texture surface coatings (Fig. 1A). Towards the

inner zone C-B contact, shard surfaces develop mammiform



protuberances (Fig.1B), which become increasingly spherical

and develop into lepispheres of silica (opal-CT) in inner zone

B (Fig. 1C). The same silica phase takes the form of

botryoidal crusts towards the outer zone B-A boundary.

Compositionally, the botryoidal crusts are nearly pure SiO2,

whereas the opal-CT lepispheres contain appreciable Al, K, and

Na. The opal lepispheres near the zone B-C contact are

associated with sheaf-like aggregates of dendritic

clinoptilolite (Figs 1D and E). Electron microprobe analyses

show higher atomic proportions of (Ca+Mg) than K and Na with

Si/Al ratios of 4.5-5. Such compositions resemble those

reported for clinoptilolites associated with opal in the

tuffaceous beds of Calico Hills and along fractures in the

vadose zone adjacent to the repository horizon in the Topopah

Springs Member, particularly to the northeast of the

exploration block at Yucca Mountain. 1-4 Calcite is associated

with opal-CT towards the zone B-A boundary where

clinoptilolite is absent (Fig. 1F). Such calcite + silica

assemblages have been recorded as fracture coating from bore-

hole1,2 and trench samples. 19 ,30 Calcite also occurs in zone A,

where opal-CT and clinoptilolite are absent, in association

with palygorskite and with Mn-Fe oxides in outermost surfaces

of zone A.

C. Discussion

The microprobe analyses demonstrate that glasses in

vitric tuffs have interacted with aqueous solutions, during

which dissolution, leaching, cation exchange and hydration

reactions have occurred. Some of the water involved in these

reactions may have been derived from volatiles originally

present in the volcanic debris,31 although the variation of

alkali-exchange with sample provenamce (pavement versus

outcrop) indicates that this reaction is still occurring at

the desert surface. Hence, it is inferred that a significant

component of meteoric water was involved in these reactions.

The geopedal configuration of the alteration rinds in clastic

pebbles suggests that reactions involved a radial movement of

solutions between clast core and surface. Evaporation is an

important processes in arid-climate weathering, so that



reactions in clasts are likely to have involved both the

influx and efflux of water, and to be accelerated by day-time

high temperatures in desert environments. The zonal

mineralogy appears to be determined by the relative solubility

of the dissolved species. This is typical of low-temperature,

kinetically-controlled glass-water reactions 32 Evaporation-

driven efflux of variably saturated pore fluids towards the

clast surfaces caused progressive outwards migration of the

more soluble species (Ca and Mg) and retention of less soluble

species (notably Al) in the interiors. Consequently,

aluminous phases such as Ca-smectite and clinoptilolite occur

in zone C and interior of zone B, respectively, while

palygorskite and calcite prevail in zone A and at the zone B-A

contact. The Na and K are also mobile but are occupied

principally in cation-exchange reactions within the silicate

glass. As noted later, the clinoptilolite-opal-calcite

assemblages in zone B are consistent with thermodynamic

calculations.

The chemistry of the solutions from which the authigenic

phases precipitated during evaporation is made up of rainwater

and windblown aerosols together with solutes derived from tuff

dissolution. Studies of the 1980 Mount St. Helens ash-fall

deposits33 have demonstrated the importance of dissolved C02,

derived from the atmosphere and from plant respiration, in

chemical weathering reactions of silicates, during which Na+,

Ca2+ and HCO3- ions are released. Silica-rich glasses are

particularly vulnerable to chemical attack.34 These solutions

percolate into clasts and surface exposures during periods of

precipitation. Dissolution may be congruent (c.f. surface

pitting of glass shards and feldspar phenocrysts in zone A)

and incongruent (e.g. losses near margins of Na, Ca, Fe, Zr,

Li, and Mn). The aqueous phase as it penetrates bedded vitric

tuffs deposits sequentially calcite, opal, calcic

clinoptilolite and smectite in a zonal front onto glass shards

and transports soluble ions to greater depths in downward-

percolating surface waters. Similar glass dissolution, ion

migration and mineral deposition might occur deeper in

pyroclastic tuff terranes if the aqueous solutions were to

migrate along fractures. Therefore, continued diagenetic



alteration of buried vitric tuffs induced by meteoric water is

possible.

Similar surface weathering reactions probably occurred in

pyroclastic deposits forming Yucca Mountain when successive

ash-flows were exposed to the atmosphere 16 to 11 Ma ago. In

particular, the numerous ash-fall and reworked tuff sequences

constituting the tuffaceous beds of Calico Hills may represent

periods during which hydration of the vitric tuffs and

diagenetic alteration to clay silicate-clinoptilolite-opal-

calcite assemblages occurred between each volcanic eruptive

episode within the 500,000 year period prior to burial by the

Topopah Springs Member ash-flow deposits 13.1 Ma ago.

Although extensive zeolitization of these vitric tuffs may

have taken place subsequently during caldera development to

the north of Yucca Mountain 11 Ma ago,4'18 further diagenetic

reactions producing mineral zonations of calcic

clinoptilolite-opal-calcite assemblages could occur in the

presence of bicarbonate-rich fracture-flow groundwater with a

high meteoric water component. On the other hand, calcic

clinoptilolite and calcite-lined fractures occurring

throughout Yucca Mountain probably formed by precipitation

from descending surface water rather than from upwhelling

groundwater in contact with underlying aquitards in Paleozoic

carbonates.35

III. THERMODYNAMIC STABILITY OF CLINOPTILOLITE

A. Background

As noted earlier, clinoptilolites analysed in drill-core

samples throughout Yucca Mountain and its immediate vicinity

display wide compositional variations, ranging from high Ca

and Mg contents in zeolites lining fractures adjacent to the

repository horizon in the Topopah springs Member, to regional

and depth variations of Na, K, and Ca concentrations of

clinoptilolites in the underlying zeolitized tuffaceous beds

of Calico Hills.1-4 Such compositional variations of zeolites

not presently in contact with groundwater and the

susceptibility of zeolites to further diagenetic reactions,

such as those with rain water described earlier, suggest the



need to assess the long-term thermodynamic stability of

Although low temperature processes are

subject to many kinetically-controlled variables, the

assumption of thermodynamic equilibrium provides a reference

frame from which to assess observed mineral relations.

'Results summarized here indicate that authigenic minerals such

as clinoptilolite modify, and are modified by, groundwater

compositions.

Although the Topopah Spring Member tuff and underlying

zeolitized tuffaceous beds of Calico Hills lie in the

unsaturated zone well above the present-day water table

beneath Yucca Mountain, the two formations dip to the east so

that at the location of the nearest water-supply well,

designated J-13 and located 6 km to the east at Jackass Flat

on the Nevada Test site, the Topopah Spring Member lies

beneath the water table. As a result, the major producing

horizon for J-13 well-water is a highly fractured interval

within the Topopah Spring Member.3 6 The chemical composition

of the sodium bicarbonate-type groundwater obtained from well

J 13 has been monitored for several years3 7 and serves as a

reference standard in laboratory experiments and geochemical

modeling studies for characterizing the Yucca Mountain

exploration block.3 6 4 1 The J-13 well-water composition also

served as a frame of reference for calculations of the

thermodynamic stability of clinoptilolite described below.

Previous estimates of thermodynamic properties of

clinoptilolite,4 2 made without resource to more recently

published calorimetric data, 43-47 were based on specific

hydrolysis reactions rather than free energies of formation of

individual minerals.

B. Calculations of Activity Diagrams

In order to assess the stability limits of clinoptilolite

and its vulnerability to changes of groundwater chemistry

relative to the composition of J-13 well-water, equilibrium

activity diagrams were calculated for clinoptilolite solid-

solutions in the seven-component system: Ca-Na-K-Mg-Fe-Al-Si

plus H20, employing available thermodynamic data for oxide and



aluminosilicate phases, aqueous species and water, 43-47

including a clinoptilolite formulated as47

the composition of which resembles some of the (Ca + Mg) -rich

clinoptilolites lining fractures in the Topopah Spring Member

and present in underlying zeolitized vitric tuffs,

particularly beneath the north-eastern block of Yucca

Mountain.1-4

Stability fields are portrayed graphically on plots of

logtaNa+/aH+] versus log[aCa2+/(aH+)2], such as those shown in

Figure 2, using ranges of activities for dissolved silica

defined by saturation limits for quartz, cristobalite and

amorphous silica, and for aqueous A13+ corresponding to

saturation by gibbsite, kaolinite and pyrophyllite. In

calculations of equilibrium boundaries in these activity

diagrams, reactions may be balanced either on Al for a range

of dissolved silica activities, or on SiO2 for a range of

aqueous A13+ activities. At Yucca Mountain, drill-core samples

in the vadose zone have established the presence of opal and

smectite as coexisting authigenic SiO2 and A13+-bearing phases,

respectively, with some authigenic K-feldspar and minor

amounts of cristobalite, quartz and calcite.3,4,15 These

phases, together with the composition of J-13 well-water,

serve to define the ranges of silica and A13+ activities used

to construct the activity diagrams presented here. Athough

gibbsite, kaolinite and pyrophyllite have not been reported at

Yucca Mountain, their ideal end-member compositions serve as

useful constraints for dissolved Al3+ and SiO2 activities.

Smectite, which is pervasive at Yucca Mountain,15 has crystal

structure similarities to pyrophyllite. If smectite were used

to constrain Al activities, its value would fall in the

general range for pyrophyllite depending on the smectite

composition.

The activity diagrams illustrated in Figure 2a are

balanced on Al with silica activities corresponding to opal

and the composition of J-13 well-water. The stability field

of clinoptilolite disappears at lower SiO2 activities given by

cristobalite and quartz.8 In Figure 2b balanced on Si,



stability fields corresponding to an Al3+ saturation value for

the opal + pyrophyllite (smectite) assemblage is shown. The

clinoptilolite field shrinks at higher and lower values of Al3+

activities.8 The effect of elevated temperatures is indicated

in Figure 2c which shows that the clinoptilolite stability

field narrows as temperature increases from 25 C (Fig. 2b) to

1000C (Fig. 2c). At 150 C, clinoptilolite has a small

stability field,8 consistent with its occurrence with

mordenite in drill-cores through the Yellowstone hydrothermal
environment.48,49 The stability field of mordenite is not

shown in Figure 2c due to inadequate thermodynamic data for

this zeolite at elevated temperatures. The effect of variable

cation compositions is indicated in Figure 2d, which shows

that with inceasing atomic substitution of Na for Ca, the

clinoptilolite stability field narrows. Clinoptilolites more

sodic than Nao.56Cal.5 are no longer in equilibrium with J-13

well-water. On all of the activity diagrams shown in Figures

2, calcite is plotted with a dashed line by assuming a

bicarbonate ion content comparable to J-13 well-water, and the

circular symbol labelled J-13 corresponds to Ca and Na of this

reference groundwater composition. Similar diagrams for K

Ca and Ca Mg substitutions show that the clinoptilolite

stability field increases with increasing K and decreasing Mg

contents.8

C. Conclusions

The formation of clinoptilolite is favored by higher SiO2

activities than allowed for by the presence of quartz, thus

accounting for the coexistence of clinoptilolite with opal CT

in zeolitic vitric tuffs at yucca Mountain. The

clinoptilolite stability field broadens with increasing ratio

of Ca to Na, reaches a maximum size for intermediate A13+

activities, and decreases at elevated temperatures. The

thermodynamic calculations show that sodium bicarbonate-type

groundwater, such as that sampled from the J-13 well at the

adjacent Nuclear Test Site, is approximately in equilibrium

with calcite and several zeolites including calcic

clinoptilolite. Decreasing Al3+ activities result in the

association of clinoptilolite with calcite and opal CT



observed in vitric tuffs exposed to meteoric water described

earlier. The activity diagrams indicate that prolongued

diagenetic reactions with groundwater enriched in Na, depleted

in Al and heated by the thermal envelope surrounding the

nuclear waste repository may eliminate sorptive calcic

clinoptilolite occurring in fractures in the unsaturated zone,

although K-bearing clinioptilolites may be stablized at

elevated temperatures.

IV. CESIUM UPTAKE BY CLINOPTILOLITE CRYSTALS

A. Background

Clinoptilolite is renouned for its desirable ion exchange

properties, which have been investigated more extensively than

those of any other natural zeolite.50 The high cation-exchange

selectivity of clinoptilolite for Cs, and to a lesser extent

Sr, was demonstrated in tracer experiments involving

measurements of radionuclides either adsorbed by powdered

zeolites in an exchange column or removed from spiked aqueous

solutions emerging from the ion-exchange column. 5 1- 5 8 Little

attention was paid in these experiments either to

crystallographic orientation or to the chemical composition

and homogeneity of individual zeolite crystals involved in the

cation exchange measurements. Euhedral clinoptilolite

crystals, such as those illustrated in Figure 3a, occur along

joints and fractures in densely-welded tuffs throughout Yucca

Mountain,2 particularly in the vicinity of the proposed

nuclear waste repository. Since the possibility exists that

the uptake of cations may be influenced by crystal habits and

dimensions, as well as groundwater compositions, cation

exchange measurements summarized here were made on oriented

clinoptilolite crystals.

B. Cation Exchange Reactions

To assess the efficiency of zeolites for removing Cs from

groundwater containing dissolved Na+, C1- or HC03- ions, Cs-

exchange experiments were performed on polished mounts of

several clinoptilolite specimens, using both 1 mm clumps of



microcrystalline samples from Castle Creek (Idaho)5 9 and Hector

(California)6 0 and single crystals from Succor Creek (Oregon)9

oriented parallel to their (010), (001), (100) and (101) faces

illustrated in Figure 3b. The composition of the Succor Creek

clinoptilolite,9

bears resemblances to calcic clinoptilolites occurring in

fractures in the unsaturated zone at Yucca Mountain. 1-4

Reactions were carried out at 60 C for 1 to 8 weeks in a

shaking water bath with CsCl solutions ranging in

concentration from 1M to 10-4M, with and without 1M NaC1 or

NaHCO3 present. Competing exchange reactions involving Cs+,

Sr2 + and Ba2 + cations were also studied.

Electron microprobe analyses of reacted surfaces revealed

that microcrystalline clinoptilolites from Castle Creek and

Hector attain higher Cs concentrations in shorter time-periods

than do mounted single crystals from Succor Creek which are

compositionally zoned. In the more coarse-grained Succor

Creek clinoptilolite, the Cs uptake from 1M CsCl solutions is

initially lowest on (010) crystal faces. These are normal to

the one direction (parallel to the b axis) along which

channels do not exist in the clinoptilolite crystal structure

illustrated in Figure 3c.61 After a month the Cs contents of

all mounted Succor Creek crystals approach those of the

microcrystalline Castle Creek and Hector samples (~22.5 wt.%

Cs from 1M CsCl). The Cs exchanged into all clinoptilolite

samples decreases with CsCl dilution (e.g. -12.5% and -7.4% Cs

from 10-2M and 10-4M CsCl) and in the presence of dissolved Na+

ions, particularly when added as NaHCO3 (e.g. -7.1% and 1.4%

Cs from 10-2M and 10-4M CsCl). Strontium showed more

pronounced orientation effects than Cs, with Sr concentrations

of (010) faces being about 10% smaller than those on other

crystal faces (-4 wt.% Sr), even after reacting with 1M SrC12

for 8 weeks. In competition with Sr and Ba, the uptake of Cs

into all clinoptilolites was lowered significantly,

particularly in the presence of Ba. For example, in reactions

with 10-2M solutions of CsCl and SrC12 or BaC12, the Castle

Creek clinoptilolite acquired -12.8% Cs + -0.7% Sr and -5.3%



Cs + -3.9% Ba, respectively. However, the addition of 1M NaCl

did not significantly affect the relative concentrations of

these competing cations.

C. Conclusions

The Na+ and Ca2+ ions originally located in structural Mi

and N2 positions in large channels parallel to the a

crystallographic axis of clinoptilolite ace more readily

replaced by Cs+, Sr 2 + and Ba 2 + ions than are the K+ ions

situated in 13 positions in channels parallel to the a axis.6 1

However, cation exchange is less effective through (010)

crystal faces because no zeolitic channels exist along the b

axis. Since naturally-occurring aggregates of clinoptilolite

crystallites in zeolitized tuffs are dominated by large

surface areas of the pinacoidal (010) faces, the cation

exchange measurements suggest that such (010)-dominated

crystals may be inefficient at immobilizing radiogenic Cs,

particularly in NaHCO3 -bearing fracture-flow groundwater.

Although clinoptilolite has a very high selectivity for Cs+

compared to other cations,5 0-58 competition with other large

and highly charged ions such as Sr2 + and Ba2+ reduces the

cesium uptake in zeolites. As a result, in the early stages

of the repository, 90Sr (t1/2 = 28.8 yr) in groundwater would

reduce the capacity of clinoptilolite for uptake of dissolved
135Cs (t1/2 - 3 x 106 yr) and 137Cs (tj/2 - 30.2 yr). In later

stages, however, the uptake of long-lived 135Cs would be

compromised by daughter 137Ba.

VI. SUMMARY OF CONCLUSIONS

The mechanism of formation of secondary minerals in tuff

deposits in the unsaturated zone at Yucca Mountain is revealed

by studies of weathered vitric tuffs at the surface.

Interactions of glass shards with rainwater have produced clay

silicate-opal-clinoptilolite-calcite assemblages along zonal

fronts, suggesting that exposure to the pre-historic

atmosphere and meteoric water was responsible for the

formation of calcic clinoptilolites at weathered surfaces and

along underlying fractures.



High activities of dissolved silica associated with opal

favors the formation of clinoptilolite, along with

intermediate activities of aqueous A13+, lower temperatures,

and increasing atomic substitution of Ca for Na and K for Ca.

Cation exchange reactions of clinoptilolite crystals show

crystallographic dependencies, with Cs and Sr uptake being
favored along the a and c axes but not in predominant

pinacoidal (010) faces. The Cs uptake decreases with

dilution, in the presence of NaHCO3, and in competition with

dissolved Sr and Ba.
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Figure 1. Scanning electron microscopy photographs of

textural features and secondary minerals associated with glass

shards in clastic cobbles of vitric tuffs. (A) Glass shard

from interior zone C coated with smectite. (B) Glass shard

from the zone C-B contact with mammiform protuberances of

silica. (C) Lepispheres of opal in zone B. (D) and (E)

Dendritic clinoptilolite crystallites associated with opal

spheres in zone B. (F) Calcite rhombs and opal spheres near

the zone B-A contact.

Figure 2. Activity diagrams for the system: Ca-Na-K-Al-Si

plus H20. (a) Balanced on Al at 25 C with SiO2 activities

corresponding to amorphous silica (and to J-13 well-water,

dotted lines). (b) Balanced on Si at 25 C with Al3 + activities

corresponding to the pyrophyllite-amorphous silica assemblage.

(c) Similar to (b) but at 100 C. (d) Similar to (b) but for

clinoptilolites with variable Ca-Na compositions.

Figure 3. Clinoptilolite crystal morphology and structure.

(a) Euhedral coffin-shaped crystals in the Succor Creek

clinoptilolite dominated by (010) pinacoids and coexisting

with fibrous mordenite. (b) Orientation of crystal faces used

in cation exchange measurements. (c) Portion of the

clinoptilolite crystal structure showing large channels

parallel to the c axis. Channels also occur parallel to the A

axis but not to B.









REACTIVITY

FORMING IN VITRIC TUFFS IN THE

NEVADA

by

R..G.Burns. T.S.Bowers, V.J.Wood. J.D.Blundy. and M.E.Morgenstein

(1) HOW DID CALCIC CLINOPTILOLITES FORM ALONG FRACTURES IN

THE UNSATURATED ZONE?

(2) WHAT IS THE THERMODYNAMIC STABILITY OF THESE CALCIC

CLINOPTILOLITES?

(3) HOW DO ENVIRONMENTAL PARAMETERS AFFECT CATION

EXCHANGE REACTIONS OF CLINOPTILOLITE CRYSTALS?



CONCLUSIONS #1

(1) GLASS SHARDS IN VITRIC TUFFS REACT WITH RAIN

WATER: HYDRATION, LEACHING. AND ALKALI EXCHANGE

(2) SEQUENTIAL REPLACEMENT OCCURS OF GLASS

SMECTITE CLAYS; CALCIC CLINOPTILOLITES; OPAL; CALCITE

(3) SIMILAR MINERAL DEPOSITION IS CONTINUING ALONG

FRACTURES THROUGHOUT THE UNSATURATED ZONE

(4) PRE-HISTORIC WEATHERING OF ASH-FLOW DEPOSITS FORMING

YUCCA MOUNTAIN OCCURRED BETWEEN SUCCESSIVE ERUPTIVE

EPISODES

(5) OPAL AND CALCITE IN TRENCH 14 FORMED FROM DESCENDING

METEORIC WATER AND NOT BY UPWELLING OF GROUNDWATER

FROM DEEP-SEATED CARBONATE DEPOSITS



(1) FORMATION OF CLINOPTILOLITE IS FAVORED BY HIGH SILICA

ACTIVITIES

(2) CLINOPTILOLITE STABILITY FIELD:

--- BROADENS WITH INCREASING RATIO OF CA TO NA, AND K TO CA

--- IS A MAXIMUM FOR INTERMEDIATE ACTIVITIES OF DISSOLVED AL

--- DECREASES AT ELEVATED TEMPERATURES

(3) CALCIC CLINOPTILOLITES (COEXISTING WITH OPAL. CALCITE AND

SMECTITE) ARE IN EQUILIBRIUM WITH J-13 WELL-WATER

(4) POTASSIC CLINOPTILOLITES ARE STABILIZED AT ELEVATED

TEMPERATURES



CATION EXCHANGE BY CLINOPTILOLITE

(1) UPTAKE OF CS. AND PARTICULARLY SR AND BA, INTO

CLINOPTILOLITES ARE CRYSTALLOGRAPHIC DEPENDENT:

LEAST ON (010) FACES PERPENDICULAR TO THE b AXIS.

(2) CS UPTAKE DECREASES WITH DIMINISHED CONCENTRATIONS OF

DISSOLVED CS

(3) PRESENCE OF SODIUM BICARBONATE OR NACL REDUCES THE

CS UPTAKE

(4) CS UPTAKE IS REDUCED BY COMPETING SR AND BA.

AND VISA VERSA: EFFECT OF BA > SR

(5) UPTAKE OF 1 35CS AND 137CS WILL BE COMPROMISED BY

COEXISTING 9 0 SR AND 1 3 7 BA IN GROUNDWATER

FISSION PRODUCTS



SUMMARY OF CONCLUSIONS

(1) INTERACTION OF RAIN WATER WITH GLASS SHARDS IN VITRIC

TUFFS PRODUCED CLAY SILICATE-ZEOLITE-OPAL-CARBONATE

ASSEMBLAGES ALONG ZONAL FRONTS
--- EXPOSURE TO PRE-HISTORIC METEORIC WATER CONTRIBUTED TO

THE FORMATION OF CALCIC CLINOPTILOLITES ALONG FRACTURES
IN THE UNSATURATED ZONE AT YUCCA MOUNTAIN

(2) CLINOPTILOLITE FORMATION IS FAVORED BY:

--- HIGH DISSOLVED SILICA ACTIVITIES (OPAL)

--- INTERMEDIATE AL ACTIVITIES (SMECTITE PLUS OPAL)

--- LOW TEMPERATURE
--- INCREASING CA NA AND K CA ATOMIC SUBSTITUTIONS

(3) [A] CATION EXCHANGE REACTIONS OF CLINOPTILOLITE ARE

CRYSTALLOGRAPHIC DEPENDENT
--- CS AND SR UPTAKE LESS FAVORABLE ALONG THE b AXIS

[BI UPTAKE OF CLINOPTILOLITE DECREASES WITH:

DILUTION

PRESENCE OF SODIUM BICARBONATE GROUNDWATER

COMPETITION WITH DISSOLVED SR AND BA

[C] UPTAKE OF 1 35CS AND 1 37Cs BY CLINOPTILOLITE WILL BE

COMPROMISED BY 9 0 SR AND 1 3 7 BA.
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DESERT VARNISH: A NEW LOOK AT CHEMICAL AND TEXTURAL VARIATIONS
KRINSLEY, David, and ANDERSON, Steven, Geology Department,

Arizona State University, Tempe, AZ 85287
We have combined several analytical techniques and used them to
acquire chemical and textural information from rock varnish samples.
Polished sections of varnish and underlying rock material were
photographed at both low and high magnification (up to 15,OOOX) using
scanning electron microscopy (SEl) in the backscattered electron mode
(BSE). Photomosaics show the relations between the varnish and the
underlying rock, including textural variations and chemical
differences within the varnish layers. Sections were analyzed with
the electron microprobe to obtain major element distributions. Water
content and trace element data on the same section were then acquired
using the ion microprobe. Chemical analyses were related to depth In
the varnish layers, overall varnish thickness, and structure within
the varnish. The percentage of water at a number of points in cross
section was compared to chemical composition and texture.

BSE microphotography has shown that the contact between the
varnish and the rock substrate is very sharp and distinct, with no
evidence of chemical weathering. This suggests that either the rock
to which the varnish adheres is resistant to chemical weathering, or
varnish accretion begins soon after the rock has become mechanically
stable; the latter is probably more likely. There also does not
appear to be chemical exchange between rock and varnish. In
addition, porosity decreases with depth, and 1-2 micron lamellae are
concentrated at the bottom of the varnish near the rock-varnish
interface.

Preliminary analysis of ion and electron microprobe data from
South Mountain, Arizona and Coso volcanic field, California varnish
samples has revealed a highly varied chemistry. Major elements, trace
elements, water contents, and the cation ratios (Ca+K/Ti) do not show
any clear trends with depth.
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Draft for Nature

Desert varnish, a dark, thin layer composed of clay minerals, manganese and
iron oxides. and a variety of minor and trace constituents, forms on rocks exposed
to arid environments over periods of thousands of years. The cation ratio (CR)

method of dating varnish coatings on rock surfaces is being used to study faulting
and erosional history of the proposed Yucca Mountain Nuclear Waste Repository site
in southern Nevada (Harrington and Whitney, 1987). This method relies on the
assumption that the mobile cations Ca and K are slowly leached from the desert
varnish: thus with time the (K+Ca)/Ti ratio of the varnish will decrease. The
difference in the CR of varnishes from different geomorphic surfaces in the same
renion should then provide a relative age sequence (Dorn, 1983; Dorn et al.. 1986;
Harrington and Whitney, 1987). Radiometric ages of the underlying rock or nearby
soil can be used to calibrate the cation ratios, provided that the varnish began
to accrete soon after rock or soil formation (Dorn, 1983; Harrington and Whitney,
1987 . We report here two main problems associated with the technique which has
been used for relative and absolute dating of rock surfaces. We feel that both of
these Problems can be easily rectified, increasing the reliability of the process,
and the quality of the data. There are number of other objections which will be

reported elsewhere (Anderson and Krinsley. in preparation).
The established technique for rock varnish dating has been to use energy

disparsive x-ray analysis (EDX) with the scanning electron microscope (SEM) or
with proton induced x-ray emission (FIXE) to obtain information on the cation
ratio (Dorn. 1983, 1987; Kunz and Cole, 1937). PIXE can be used with either EDX
or wavelength dispersive energy analysis (WDX); most of the analyses reported in
the literature were done with EDX. Assuming that EDX is used, peaks of barium and
titarium overlap such that the energy spectrum cannot be accurately deconvoluted

to separate the two elements. The Four closely spaced strong to medium strength
lines of barium (L betas, L beta2, and LIIIab) completely overlap the two

principle lines of titanium (K alphai and K alpha2). Although Lakin et al. (1963)
analyzed both Ti and Ba, most subsequent workers who determined chemical

composition of varnish have not included Ba on their list of elements to be
analyzed. The present literature on desert varnish rarely mentions barium, but

emphasis is placed repeatedly on titanium as determined with EDX. Dorn and
Oberlander (1962) show several EDX plots with major element chemistry of varnish

from several locations. Some samples with relatively high "titanium" contents
show "titanium " peaks with the distinctive 4-peak shape of barium. Harrington
and Whitney (1987) ignored and/or were unaware of the Ti-Ba overlap. We have

found that, on the average, as much barium as titanium is present in varnish, and
if barium, a mobile to moderately mobile element (Marchland, 1974; Yaalon et al.,
1974; Aubert and Pinta, 1977; Eggleton et al.. 1987) is lumped together with

titanium, the varnish cation ratio is no t accurate. If barium is present in
significant quantities, the (K+Ca)/(Ti+Ba) ratio could vary such that an overly

might result.
Dragovitch (1982) has recently used electron microprobe analysis with

wavelenght d spersive x-ray techniques (WDX, capable of separating Ti and Ba) to
analyze desort varnish in Australia for a number of elements, including Ba and Ti.

He concluded that the (K+Ca)/Ti did not decrease with depth, as we have suggested
above, but apparently did not realize the EDX techniques used by Dorn and others

were unable to distinquish Ba from Ti. Smith and Whalley (1988) also used the
electron probe with WDX to investigate varnish, but did not report the presence of

1



Da, perhaps because they did not search for it. Thus, we suggest the
implementation of WDX chemical analyses for future varnish studies in order to
examine the {K+Ca)/Ti ratio without inadvertently including Ba in the formula.

The second major problem with the present CR dating method arises when
absolute dates of volcanic rocks are assigned to the cation ratio of the accreted
varnish (e.g. Dorn, 1983). A major assumption implicit in this method of absolute
age-dating is that the radiometric age of a given volcanic rock is a good estimate
of the age of its varnish layer. Dorn (1983) assigns radiometric dates of lava
flows and domes to the cation ratio of yarnish samples from the surfaces of these
flows in order to establish a "cation-leaching curve". This curve can then be
used to obtain the absolute date of an erosional surface by simply calculating the
cation ratio of the accreted varnish.

However, the varnish samples used to construct the cation-leaching curve have
not been taken from original lava flow surfaces. Darn (1983) maintained that
although there was no way to estimate the time required to mechanically weather an
unstable lava flow surface to a more massive. stable structure, there was no
reason to suspect that the rates would vary among different flows in a given

region. He therefore believed that the radiometric date of a lava flow is a good
estimate of the accreted varnish age.

Numerous studies in the past decade have delineated the textural variability
exhibited on lava flow and dome surfaces (e.g. Peterson and Tilling, 1979; Fink,
1983; Fink and Manley, 1987; Manley and Fink, 1988; Anderson and Fink, 1988). The
surfaces of certain flows are smooth and dense while others are capped by a highly
vesicular carapace. These different textures do not weather at the same rate, as
evidenced by comparing recent lava flows to older, inactive flows. Lava flow
surface stability, therefore, is highly variable and dependent upon the surface
lava texture, suggesting that Dorn's "homogenous weathering rate" assumption may
be incorrect.

For example, the surface of the 9000 year old block lava flow on the north
flank of Mount Shasta, California (Harris, 1980) appears to be as pristine as the
surface of the active block lava flow at Santiaguito Dome. Guatemala (Rose et al.,
1988). On the other hand, most of the vesicular surface of the Miocene-aged

Middle Dome in Arizona (Manley and Fink, 1988) has been eroded away, exhibiting
textures similar to those in the interior of the 400 year old Obsidian Dome,
California as revealed by research drilling (Fink and Manley. 1987; Manley and
Fink, 1988). This suggests that the surfaces of nonvesicular block lava flows are
far more stable than the slowly eroding vesicular capped silicic lava domes.
Thus, if similar-aged block-lava flows and vesicular capped silicic domes exist in
the same area where desert varnish formation is prevalent, the varnish accreted to
the smooth block-lava flows would be far older than the varnish on the eroded,
interiors of the silicic domes.

Surface stability may be highly variable on a single flow as well. For
example, the outer margins of the Mount St. Helens June 1981 lobe were covered

with a 2 to 3 meter thick scoriaceous carapace, and the center of the lobe
consisted of a smooth, dense surface. (Anderson End Fink, 1986). The latter
Should be far more resistant to weathering than the highly vesicular outer
margins. If this same type of lava dome occurred in an area where desert varnish
formation was prevalent, the varnish accreted to the smooth surface would be far
older than the varnish on the eroded, dense interior of the lobe.

There is ample reason to suspect that the rates at which lava flow surfaces
weather are highly variable, even in the same region, and on the same flow. It is
suggested that if the cation ratio method is used to estimate the absolute ages of



geomorphic surfaces, the cation leaching curve must be constructed by using
varnish samples which have accreted to original lava flow surfaces. This will
reduce the uncertainty associated with assigning radiometric dates of surficially
unstable lava flows to the cation ratios of the accreted varnish.

We have found that the addition of Barium to the cation ratio formula
produces an overly low value and an overly old age. Ignoring the effects of lava

flow surface weathering also has the same effect. Both of these
misinterpretations result in the illusion that a given surface is older than it
actually is. This has direct applicability to the proposed Nuclear Waste
Repository, as Harrington and Whitney's method of age-dating will lead to the
belief that the Yucca Mountain erosional surfaces are more stable than is actually
the case.
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ABSTRACT

The use or multielement geochemical suites to deduce chemical
processes in fossil hydrothermal systems has created a situation where
voluminous databases are presented in professional journals or are
available in property submittals. Government agencies and academic
institutions have been presenting this type of data over the past ten
years. The current availability of commercial packages of multielement
geochemistry at reasonable prices now allows the individual geologist or
corporate geochemist to routinely use this data. In most cases data is
not reported with spatial coordinates or with detailed information
concerning the geologic nature of each sample. The chemical zonation

diagram was created to quickly generate elemental associations, to
deduce chemical processes and to present the theoretical spacial
relationships between samples which best represent these processes.

Combining multivariate statistical techniques with topologic
concepts (similar to phase equilibria studies) allows construction of
the diagram, Analysis of the diagram pattern demonstrates rates relative
2-dimensional spatial zonation of pathfinder element assemblages and
deduced alteration processes. This information can be used an a
geochemical exploration model or can be used In the preliminary stages
of property evaluation.
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ABSTRACT
We believe that backscattered

electron microscopy is a technique
that will revolutionize the study of
fine-grained sediments and sed-
imentary rocks and the fine-grained
components of coarse-grained
materials such as sandstones. The
technique produces images with
resolutions about ten times better
than those obtained with the visible-
light petrographic microscope. Ad-
ditionally, the mineral contrast
obtained is a function of the average
atomic number of the atoms in the
minerals imaged, and is thus related
to mineralogy, which can be deter-
mined by using energy-dispersive X-
ray analysis in combination with
backscattered electron microscopy.

Three examples of applications
of the method to sandstones, desert
varnish and granite weathering are
described below. The results ob-
tained could not have been acquired
either by visible-light petrography or
any other common method. Finally, it
appears that the technique will be
commonplace in the next decade
and should be available to both un-
dergraduate and graduate students.
Researchers will also find the tech-
nique of inestimable value in the
study of fine sediment and rock com-
ponents.

Key words: Apparatus; petrology-
general; petrology-igneous and
metamorphic; petrology-sedimen-
tary; review article.

statement, the manner in which the
change will take place and its conse-
quences.

For over a hundred years, the visible-
light petrographic microscope has been
one of the foremost tools of the working
geologist. Henry Clifton Sorby (1877) in-
itiated the use of the technique in geol-
ogy, and in the process founded the
sciences of petrography and metallurgy.
Other techniques for observing fine
structures were discovered as time pro-
gressed; the transmission electron
microscope (TEM) was invented before
World War I (Oatley, 1972) and came into
general use after that war. It took awhile
for geologists to discover that they
needed and could use the instrument,
and today various types of microscopy
are carried out with the TEM, including
high-resolution work (with resolutions of
about O.1 nm). The TEM has the abilityto
image ultra-thin sections and replicas
but does not provide the same type of

petrographic information at high resolu-
tion as the visible-light petrographic
microscope.

The scanning electron microscope
(SEM) first saw general use in the 1960s,
and for the first time rock specimens
could be studied directly with very little
preparation. Until quite recently, most
geologists who worked with the SEM Im-
aged topography only; all chemical in-
formation was obtained with an
energy-dispersive X-ray unit (EDX). This
chemical information could be translated
into mineralogical data, but the process
was neither precise nor easy. The type of
information obtained was not at all
similar to what could be done with the
visible-light microscope, even though
SEM resolutions were about a hundred
times better.

Why bother with greater and greater
resolution? One of the better examples
can be found in the field of sedimentary
petrography. A great deal is known

A note about the figures: All of the
photographs provided here are back-
scattered electron micrographs. The
first figure in the black area under the
photograph represents the magnifica-
tion. For instance, 0.0351 represents
35X 0.351 represents 350X, and
3.5 represents 3,500X.

A new technique, backscattered
electron microscopy (BSE), will greatly
enhance the fields of igneous, metamor-
phic and sedimentary petrography in the
next few decades. This paper will explain
the technique, the basis for the above

Figure 1. Upper Rotliegendes Sandstone, Permian Basin, North Sea. Grain
labeled IB Is quartz and in the first stages of dissolution. Note small holes.
Grain A shows advanced quartz dissolution with edges which have gone into
solution and cracks throughout. The large grain on the left with black holes is
potassium feldspar with smaller pods of sodium plagioclase within it. The
larger grain in the upper right is also potassium feldspar with less sodium
plagioclase, and perhaps this is the reason that the grain has not suffered a
great deal of dissolution. X350.
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about the petrography (and thus the
grain-to-grain relations) of sandstones
and carbonates, and this information is
used to distinguish sedimentary environ-
ments, to study transportation histories,
to unravel diagenesis and so forth. But
very little is known about the petrography
of shales, even though shales compose
two-thirds of all the sediments on the
face of the earth.

The fundamental reason is that the
grains in shale are usually too small to be
resolved with the visible-light micro-
scope. Furthermore, several grains may
overlap within the thickness of a single
thin section and refract the light that has
passed through the section. Fine-
grained organic material and hematite
may obscure small grains that ordinarily
might be observed with the light micro-
scope (Blatt and others, 1980). In any
case, the result is that we have no sub-
stantial knowledge of grain-to-grain rela-
tions in the majority of sedimentary
rocks. Nor can fine-grained materials in
other sedimentary, igneous and meta-
morphic rocks be resolved to any great
extent, and thus Information that might
help the petrographer unravel the history
of a given rock is often not available.

It would, therefore, seem appropriate
to use some type of electron microscope
to image the fine-grained components in
various types of rocks. However, the
TEM is not used regularly to study tex.
tural relations in rocks because (1)
sample preparation is difficult, (2) inter-
pretation of images requires a great deal
of training, (3) the amount of area one
can study is extremely limited, and (4) it
is very difficult to locate the specific sites
in a sample that have been studied pre-
viously with the petrographic micro-
scope. The SEM in the topographic
mode has been used fairly extensively to
image many different types of rocks and
sediments; as such it has been an ad-
junct to the light microscope. In general
the SEM has been used to identify crys-
tallographic form and with the EDX to as-
certain the types of minerals present,
and thus indirectly their mineralogy. It
has also been used to study grain-
surface roughness (for example,
Krinsley and Doomkamp, 1973). The dif-
ficulty here is that one cannot observe a
thin section with the SEM and acquire
the same kinds of information that can
be obtained with the visible-light micro-
scope. However, this kind of thin-section
information is available with the SEM in
the backscattered electron mode (BSE).

Basically, what the BSE technique
produces is a picture of a flat, well
polished section or plug of rock or sedi-
ment at resolutions of about 15 nm. This
resolution is not as good as that pro-
duced In the topographic mode, but it is

Figure 2. Same location as above. Grain labeled A is ghost of a former quartz
grain and is filled with illite and small bits of quartz, which may be authigenic.
The quartz grains In the upper left and upper portions of the photograph have
suffered very little dissolution and contain rims of illite. The large, blocky grains
on the right are carbonate. X460.

Figure 3. Same location as above. Black areas are pore space. The dark,
rounded grain in the top right is quartz. The four rhombic grains in the center of
the photograph that are generally light gray with dark gray areas are carbonate,
with the darker areas being rich in Mg. The light grain in the center is probably
a sulfate and the grain that penetrates it plagioclase. X490.

better by a factor of about 15 than the
resolution of visible-light microscopy.
What is observed is the average Z or
atomic number (chemical) contrast be-
tween various minerals; this difference
shows up in photomicrographs as dif-
ferences in density or contrast. Quartz is
dark and pyrite light, as the average Z of

the former is considerably less than that
of the latter. Pyrite grains can be seen as
bright spots. Many opaque minerals
containing large amounts of Mn and Fe
can be observed quite clearly against a
background of quartz and feldspar, and
their chemistry can be analyzed with
EDX. Since each mineral, in general, is
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represented by a different gray level, the
relationships among them can be used
for identification. Using EDX, and if
necessary X-ray diffraction analysis
(XRD), it is possible to confirm mineral
identification and chemical zonation in
crystals.

Discussion
The BSE mode has been in use for a

number of years, and it has become evi-
dent that one can ask an entirely new
group of questions that have never pre-
viously been contemplated. For exam-
ple, consider the petrography of shales;
here is a partial list of questions that can
now be addressed: Are quartz grains In
shales authigenic, detrital, or perhaps
both? Is it possible to classify shales on
the basis of submicroscopic textures?
How does shale texture change as dia-
genesis proceeds? Are there any min-
erals in shales which can be used to
determine source area, erosion history,
or transport history? How has compac-
tion affected Individual grains, and thus
microscopic texture in shales? For de-
cades, equivalent questions have been
important research topics in the study of
sandstones; these studies can now be
extended to shales with the help of the
BSE technique. Many of these questions
can also be raised about the fine phases
in coarser-grained rocks such as sand-
stones and carbonates.

The BSE technique is not a panacea
for every type of research, and it often
cannot be used alone. For questions like
those above to be answered satisfac-
torily, techniques such as XRD, X-ray flu-
orescence (XRF), electron microprobe
analysis, ion probe analysis, TEM
studies, and SEM in the topographic
mode, as well as visible-light petrog-

-raphy should be considered. The impor-
tance of the BSE technique is that it will
vastly increase the number of fine
phases and rocks that can be studied in
detail and will improve the type of infor-
mation obtained.

The technique should also be of
considerable value to geology under-
graduate and graduate students. In par-
ticular, if these students are trained to
use the new technology, they will be able
to effectively compete with other petrog-
raphers at the research level in academia
and industry. At present, BSE equipment
is expensive and access may be difficult
to obtain, but the training period can be
quite rapid; probably the average stu-
dent could learn to use both the SEM
and its attached EDX unit well enough to
obtain data with as little as 12 hours of in-
struction.

Figure 4. Same location as above. Quartz grains surround a large pore which is
filled by fine-grained fibrous Illite. Note that the quartz grains are cracked. X450.

Figure 5. Same location as above. Closeup of center of pore In Figure 4. Note
details of Illitic growth. The gray grain, light on the outside on the right is proba-
bly a carbonate, while the bright grains on the bottom are sulfates. X1,300.

Example 1
One of the ways in which the BSE

technique can be used to supplement
the petrographic microscope is Illu-
strated below (Pye and Krinsley, 1986).
The upper Rotliegendes sandstones in
the Southern Permian Basin of the North
Seawere studied with SEM in BSE, EDX,
XRD, XRF and the petrographic micro-
scope. These sands form an important
gas reservoir rock (Glennie, 1984) and
as a result, their depositional environ-
ment and diagenetic history have been

intensively investigated. The rocks
studied were all dune sands. The sam-
ples were collected from depths greater
than 3 km, but it is likely that maximum
burial depth exceeded 4.2 km before the
onset of uplift during the late Creta-
ceous. It was hoped that additional
depositional and diagenetic information
could be obtained by using BSE to sup-
plement the other techniques which had
been previously applied to the study of
the Rotliegendes sandstones.
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XRD results on bulk samples indi-
cated that the rocks are composed
mainly of quartz, with smaller amounts of
illite, dolomite, halite, anhydrite and
barite. Calcite, chlorite, feldspars and
kaolinite were not detected by XRD,
although EDX indicated that authigenic
K-feldspar, detrital feldspars, micas and
some lithic grains are also present.
Thus, small amounts of minerals that
could not be detected with XRD were im-
aged at high resolution in BSE and iden-
tified with a combination of EDX and
BSE. It was not possible to identify some
of the clay minerals with either XRD (be-
cause they were present in small quanti-
ties) or with the petrographic microscope
(because the grains were below the reso-
lution of the instrument).

More than 95 percent of the frame-
work grains consisted of quartz, and
most were monocrystalline; they ranged
in diameter from 100 to 600 microns.
Some quartz grain types are evidently
more susceptible to solution during
burial than others. Polycrystalline quartz,
strained monocrystalline quartz, and
grains containing a large number of
inclusions or microcracks are generally
more affected than unstrained mono-
crystalline grains. Authigenic quartz
overgrowths seem to be unaffected (Pye
and Krinsley, 1985).

An understanding of the nature and
origin of porosity in sandstones is crucial
to the evaluation of their potential as
hydrocarbon reservoirs. It has recently
been recognized that significant secon-
dary porosity can develop at depth
(Hayes, 1979; Schmidt and McDonald,
1979; Siebert and others, 1984). Over-
sized pores are visible optically in thin
sections of some of the sandstones
studied. However, details of progressive
stages of solution can only be studied
with BSE. Several lines of evidence sug-
gest that many moldic pores (moldic
porosity is caused by solution of primary
depositional grains, usually subsequent
to some cementation) formed as a result
of quartz framework-grain dissolution
during late diagenesis. All stages in
quartz grain dissolution can be observed
with BSE. In the early stages, small (1-5
micron), irregularly shaped voids appear
within quartz grains (such as grain B in
Figure 1). These gradually coalesce to
form larger voids and detached quartz
relics (such as in grain A in Figure 1). In
the later stages of dissolution, the grain
is reduced to a ragged, highly porous
aggregate. Finally, a mold is produced
(Figure 2A). In some cases, the molds
have been subsequently partly infilled by
authigenic illite and quartz (Figure 2A).

Most of the moldic pores (Figures 2,
4 and 5) have not been destroyed or
deformed by compaction, suggesting

Figure 6. Cross section through desert varnish from Coso Volcanic field near
Coso, California. The light material covering most of the photograph is varnish,
while the darker material represents the host rock. Note the layering and tre-
mendous variation in texture and composition. The two bright specks in the
upper left of the photograph are barium sulfate. X450.

Figure 7. Same location and slide as Figure 6. This photograph is the only one
taken with secondary electrons in the topographic mode; note that it Is difficult
to distinguish between the varnish at the top and the rock below. Also notice the
dust particle in the upper left corner; it shows the secondary, three dimensional
mode quite well. This photograph was taken to demonstrate the tremendous ad-
vantage of using BSE to photograph thin sections. It was also taken to dem-
onstrate how the sites of electron microprobe analyses can be exactly located
using the electron microscope in the secondary mode. Note the series of dots
In the center of the photograph from the top of the section to the middle; twelve
points can be seen. X600.
that they were formed during or later
than the period of maximum burial. Mol-
dic pores are sometimes surrounded,
but rarely infilled, by late diagenetic

ferroan carbonate and/or evaporite
cements. These textural relations sug-
gest that the main phase of quartz
framework-grain dissolution occurred
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during and shortly after precipitation of
the ferroan dolomite, siderite and evap-
orite cements, around the time of maxi-
mum burial.

Details of the shape, orientation and
distribution of the micron-sized quartz, il-
lite, other day minerals and porosity
would not have been possible without
BSE. The entire process of solution can
be studied in great detail with BSE, but
not with any other available technique.
Thus BSE assists petrographers greatly
in obtaining information, not only with
respect to shales, but also where the
petrographic microscope has really
made its mark on petrography, in
sandstones.

Example 2
Desert varnish, a dark, thin layer

composed of clay minerals, manganese
and iron oxides and a variety of minor
and trace constituents, forms on rocks
exposed to arid environments over
periods of thousands of years. The
cation ratio (CR) method of dating var-
nish coatings on rock surfaces is being
used to study the faulting and erosional
history of the proposed Yucca Mountain
Nuclear Waste Repository site in south-
ern Nevada. The method relies on the
assumption that the mobile cations Ca
and K are slowly leached from desert
varnish; thus with time the K+ Ca/TI ratio
of the varnish will decrease. The differ-
ence in the CR of varnishes from dif-
ferent geomorphic surfaces in the same
region should then provide a relative age
sequence (Dorn, 1982; Dom and others,
1986; Harrlngton and Whitney, 1987).

There are a number of difficulties as-
sociated with the technique. Part of the
problem is that details within the varnish
cannot be observed with visible-light or
electron microscopy. The visible-light
microscope does not have the neces-
sary resolution to Image submicron-
sized particles, whereas the electron
microscope in the normal, secondary
mode images only topography. As Indi-
cated above, BSE permits the obser-
vation of both texture and chemical
composition, and thus mineralogy. Pre-
vious to our investigations (Manley and
Krinsley, 1988), very little information was
available concerning detailed textural
and chemical data on individual varnish
coatings.

We collected varnish from South
Mountain Park, Phoenix, Arizona, and
the Coso Volcanic Field In southeastern
California to study its detailed chemistry
and texture in order to substantiate the
validity of the method. Thin sections
were imaged with BSE (Figures 6, 8 and
9) and the elemental chemistry was
determined on several microprobe sec-
tions using wave-length dispersive X-ray

Figure 8. Cross section through desert varnish from South Mountain Park,
Phoenix,Arizona.This picture shows details of the extreme variability of the var-
nish. Note bright spots which contain Ba and TI and the irregular layering.
X3,500.

Figure 9. Same slide as in Figure 8. Another photograph at fairly high magniflica-
tion showing variability, extensive porosity which Includes a good deal of water
and the variable mineralogy. X3,600.
analysis (WDS) (Figure 7). BSE imaging textures we observed suggest that the
revealed varnish inhomoge neities dating method could have serious flaws.
(Figure 6) and fine laminations at the
submicron level (Figures 8, 9), primarily Example 3
due to differences in the Mn/Fe ratio, Consider the weathering of granite, a
porosity and included detrital grains. subject which has been investigated ex-
The material itself thickened and thinned tensively through the years (see, for
over very short distances, suggesting example, Goldich, 1938; Frederickson,
that preparation techniques previously 1951; Wilson, 1970: Banfield, 1985).
used by others could produce incorrect Detailed bulk chemistry is readily avail-
data. In this case, BSE provided the able as is a good deal of visible-light pe-
impetus to reexamine desert varnish; the trographic data. However, it is extremely
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difficult to image the finer phases of, for
instance, mica or feldspar disintegration
with the petrographic microscope.
Transmission electron microscopy has
been used (Eggieton, 1986), but TEM is
capable of examining only very small
amounts of material and cannot produce
images that can as easily be related to
the results of light petrography as those
taken In VSE. In addition, topographic
SEM has been used to image fine-
grained phases (Gilkes and others,
1980), but problems are numerous
without the BSE technique, as indicated
above. Thus, one Is limited In terms of
what can be done with the finer phases;
these, however, are the key to what is
happening during weathering..

We sampled the Precambrian Ruin
Granite In central Arizona and obtained
fresh to extremely weathered speci-
mens, inc luding a grus developed on the
granite, and took visible-light petro-
graphic and BSE photomicrographs of
the materials. The techniques compli-
ment each other quite well. First, it w as
possible to identify many of the fine
phases which could barely be seen with
the standard petrographic microscope
(Figures 10, 11). The distribution, orien-
tation, shapes and associations of the
very fine-grained mineral phases were
studied (see Figures 12, 13), and it
turned out to be possible to construct a
weathering sequence In much more
detail than had previously been possible.

The weathering of blotite is a good
example. With BSE, it is possible to ob-
serve the manner in which biotite alters
to chlorite along cleavages. Grain boun-
daries can also be observed at high
magnifications (Figure 12), and it has
been possible to determine whether
these boundaries have been affected by
weathering. Within grains that are being
altered, the fine material produced has
been imaged and boundaries between
the altered material and its parent, and
the pore space within the mineral can be
observed (Figure 12). Using EDX, the
chemical composition of the fine phases
can be determined, as can the mineral-
ogy/chemistry of alteration products.

Cracking on a very fine scale ap-
pears to aid the movement of fluids
through~ the rock (Figure 12), and the
minerals in these fine cracks can fre-
quently be identified. This may provide
clues to the composition of the fluids that
altered and precipitated certain of the
minerals present. The relation between
orientation, size and weathering
provides a good deal of information
about the effects of fluids on chemical
and physical alteration (Figures 1 1, 12).
All of these. parameters add a new
dimension to the study of granitic and
other types of weathering. It is now

Figure 10. Ruin Granite near Roosevelt Lake, Arizona. This sample exhibits a
relatively limited amount of weathering. Note that the biotite is altering to
chlorite, generally along cleavage. Also note how the pyroxene follows biotite
cleavage. X264.

Figure 11. Ruin Granite near Roosevelt Lake, Arizona; this sample Is weathered
to a greater extent than the sample in Figure 10. The large, bright grain In the
center left side of the photograph Is blotite (authigenic) with a few gray pods of
potassium feldspar within it. The grain Is surrounded by quartz (dark) and
potassium feldspar (light). The bright specks in the biotite are hematite and the
darker gray specks contain Tl. X39.

mine the chemical composition of very
fine phases in weathering. At this stage,
if one wished to extend our knowledge of
weathering, it is very difficult to see how
it could be done adequately without the
use of BSE.

Conclusion
The examples described serve to in-

dicate the power of the new technique.
In the first case, the technique was used
to characterize the fine fraction in a sand-
stone; with the help of EDX, additional
environmental Information that could be
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obtained in no other way was made
available. In the second case, because
the fine structure of varnish could be ob-
served with BSE and the chemical com-
plexities examined, it became apparent
that there are problems with the dating
method that had previously been used.
The third example suggests that it is pos-
sible to obtain a great deal of textural
and chemical information about weath-
ering that could be acquired in no other
way. There are numerous extremely im-
portant questions that could be studied
with the technique in almost every geo-
logical situation where light petrography
is being used. All of this suggests that
professional petrographers and students
will use the technique much more widely
during the next decade, not only for re-
search at the frontiers of geology, but for
more routine projects and classroom ex-
ercises as well.
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CATION EXCHANGE REACTIONS AND ATOMIC
ENVIRONMENTS IN NATURAL AND Cs-EXCHANGED

CLINOPTILOLITE

Executive Summary
Silicic tuffs at Yucca Mountain, Nevada are under investigation as potential host rocks

for isolation of high and intermediate level radioactive wastes from commercial nuclear
power generation. Non--welded and partially welded tuffs at this site may contain major
amounts (up to 90%) of the zeolite minerals clinoptilolite, mordenite, and analcime. The

cation exchange properties of these zeolites allow them to form a natural sorptive barrier
to the migration of radionuclides that may move as soluble cationic species in ground
water. Cesium-1 37 is one of the most abundant of the relatively long-lived radionuclides

contributing to heat generation in these wastes.

In order to better understand the sorptive capacity of natural clinoptilolite for Cs, the
crystal structures of a natural and Cs--exchanged silica-rich clinoptilolite have been deter-
mined. The structures have been refined in space group C21m from single-crystai X-ray

diffraction data (R = .062 and .083 respectively; all reflections). Chemical formulae of
the two structures are: Na . 3K1<. 2Ca 1.5 5AI6.2Si29.a072*23H?0 and Cs3.8Ca1 .2A 6. ,Si29.7
0 72-19H20. Unit-cell dimensions of the two are virtually identical at a = 17.633; b =
17.941. c = 7.400, f0 = 116.39' for the natural, and a = 17.692,; b = 17.945, c =

7A404: p = 116.36 for the Cs-exchanged sample, indicating that there is not a large
volume change with Cs sorption. The positions of extra-framework cations in the natural

sample are similar to those reported by previous workers, except that there is no atom at
the position ascribed to Mg, consistent with the low Mg content of the sample. The
cesium-exchanged sample contains significantly fewer waters of hydration than the natu-
ral sample, and the cesium atoms occupy split positions near high-symmetry special
positions that are unrelated to the cation positions in the natural sample. All Cs positions
have relatively long Cs-H 20 and Cs-0 distances ranging from 3.0 to 3.5 A. The study
indicates that there is a complete re-arrangement of extra-framework cations and water
molecules and a significant loss of water associated with sorption of Cs by natural clinop-
tilolite.
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Introduction

Clinoptilolite is among the most abundant natural zeolites in rocks of continental origin.

It typically occurs as a pervasive alteration product of silicic volcanic glass, composing up

to 90% of some horizons in non-welded rhyolitic tuffs of the Great Basin and Basin and

Range physiographic provinces of the Western U.S. Because of its high cation-ex-

change capacity, clinoptilolite is used commercially for water purification, as an additive

to animal feeds, and in a variety of other applications. Clinoptilolite is also a major com-

ponent in tuffs at the Nevada Test Site, a large reservation in southern Nevada used for

underground testing of nuclear weapons, and possibly for future isolation of high level

radioactive wastes (Smyth, 1982; Broxton et al., 1987)

Clinoptilolite is isostructural with heulandite and has an approximate chemical formula:

(Ca,Na,K)6AI6Si3OO72 .24H20. Clinoptilolite has been distinguished from heulandite on the

basis of cation content with clinoptilolite having dominantly alkali cations (Na + K > Ca)

and heulandite Ca (Ca > Na + K) (Mason and Sand, 1960). However, it may be prefer-

able to base the distinction on the Al content with clinoptilolite having SVlAI > 4 and

heulandite having Si/Al < 4 (Boles, 1972). Clinoptilolites generally contain somewhat less

water than heulandites (Mumpton, 1960; Bish, 1988), and retain crystallinity to signifi-

cantly higher temperatures in short-duration laboratory heating experiments (Mumpton,

1960). However, such heating experiments do not imply thermal stability. Natural clinop-

tilolites appear to have formed at temperatures of 20 to 85 C, and may break down at

temperatures of 70 to 120 C (Iijima, 1982; Bish, 1984). Clinolptilolite has been trans-

formed to analcime at 100 C in the laboratory (Boles, 1971). Some stability relations

have been reviewed by Smyth (1982) and lijima (1982). In addition to the dependency on

temperature and Na ion concentration cited by these authors, Duffy (1 983) suggested

that aqueous silica activity may have also had a controlling influence on the growth and

stability of the zeolite phases.

Despite its widespread occurrence, clinoptilolite rarely occurs as crystals greater than

50 m in greatest dimension. Consequently, relatively few structural studies have been

carried out on natural or cation-exchanged varieties. Merkle and Slaughter (1968) re-

fined the structure of a heulandite in space group Cm. Alberti (1975) refined the struc-
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ture of a clinoptilolite from Agoura, California, and another from Alpe di Siusi, Italy.

Koyama and Takeuchi (1977) refined the structure of one sample from Agoura, Califor-

nia, and another from Kuruma, Japan. Crystal structures of cation-exchanged varieties

have not been studied although several cation-exchanged heulandites have been studied

(Mortier and Pearce, 1982).

Because of its widespread occurrence in rocks surrounding potential and existing re-

positories for radioactive wastes, and its high specific preference for the heavy alkalis,

Cs and Rb (Vaughan, 1978) that occur in these wastes, clinoptilolite may be able to play

a role in the containment of these wastes in the natural environment. In order to better

understand the nature of this specific preference for Cs, we have undertaken a structural

study of a natural and Cs-exchanged sample from Richardson Ranch, near Bend, Ore-

gon. At this locality, reddish single crystals up to 2mm in greatest dimension occur in a

fine-grained white matrix of clinoptilolite in an altered vitric tuff. The sample was kindly

provided by Dr. J. R. Boles.

Chemical Analysis and Cation Exchange

The natural sample was analyzed on a JEOL 8600 electron microprobe using a 20

diameter beam spot and a accelerating voltage of 15 KV and sample current of 4 pa.

Results are presented in Table 1 as an average of ten individual analyses. With an Al/Si

ratio of 4.85 and (Na+K) > Ca (Table 1), this sample is well within the composition range

of clinoptilolite.

Several crystals were separated from the sample and immersed in 2M CsCI solution at

20 C. These were allowed to stand in a closed container for approximately 6 weeks.

The crystals were removed from the solution, mounted in epoxy, and analyzed by elec-

tron probe. The crystals were strongly zoned, with Cs2O contents > 6% (wt) at the rims

and less than 2% in the centers.

The crystals were returned to the 2M CsCI solution and heated to approximately 70 C

for 10 days. Electron probe analyses of these crystals showed relatively uniform Cs2O

contents of 16 to 17.5 wt% across the grains. The average chemical analysis Is given in
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Table 1. It appears from this analysis that there was nearly complete exchange of the

alkalis for Cs but less complete exchange of the Ca.

Table 1. Electron microprobe analyses of natural and Cs-exchanged clinoptilolites.

Element Natural Cs-Exchanged

Weight Percent Oxide

Analysis conditions 15KV, 4 A, 20 pm beam diameter
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X-ray, Diffraction

An (010) cleavage-fragment crystal of the natural clinoptilolite approximately 320 x

370 x 80 pm in size was selected for diffraction study. A 12-hour exposure on a preces-

sion camera (45KV, 20MA Zr-filtered Mo radiation) showed relatively sharp reflections,

no evidence of twinning, and no evidence of reflections violating space group C2/m .

The crystal was mounted on a Picker X-ray diffractometer with Krisel automation. The

crystal was centered, oriented, and the cell refined from automatic centering parameters

of 6 strong X-ray reflections with 20 > 35 in each of the eight octants of reciprocal

space. These cell data are reported in Table 2.

Table 2. Unit cell dimensions, calculated formula weights, molar volumes (Z=1) and

densities of natural and Cs-exchanged clinoptilolite.

Parameter Natural Cs-Exchanged

a (A) 17.633(8) 17.692(5)

b (A) 17.941(8) 17.945(3)

c (A) 7.400(4) 7.404(5)

116.39(3) 116.36(3)

Cell Volume(A) 2097.06 2106.23

Formula Welght(g) 2710.2 3046.8
Molar Volume(cm") 1263.06 1268.58

Density (calc) (g/cm) 2.146 2.402

X-ray intensity data for reflections ranging from 5 to 50 20 were measured automati-

cally using constant-precision scans resulting in 1994 intensity observations. These data

were corrected for Lorentz and polarization effects and absorption using the program

ABSORB obtained from L.W. Finger (Carnegie Institution of Washington). Symmetrically

equivalent reflection intensities were averaged resulting in 1809 unique intensity data, of

which 1521 were greater than estimated from counting statistics.
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A similar crystal of the Cs-exchanged material that was approximately 340 x 400 x 50

pm in size was selected for study. A 12-hour exposure on a precession camera

(45KV,20mA Zr-filtered Mo radiation) showed relatively sharp reflections, no evidence of

twinning, and no evidence of reflections violating space group C2/m . The crystal was

mounted on the diffractometer, centered, oriented, and the cell refined from automatic

centering parameters of 6 strong x-ray reflections with 20 > 35° in each of the eight

octants of reciprocal space (Table 2).

The X-ray intensities of the exchanged crystal were considerably weaker than those

from the natural sample. X-ray intensity data for reflections ranging from 5 to 45 20

were measured automatically using constant-precision scans resulting in 3126 intensity

observations, representing two redundant, equivalent sets (one hemisphere). These data

were corrected for Lorentz and polarization effects and absorption using the program

ABSORB. Symmetrically equivalent reflection intensities were averaged resulting in 1367

unique intensity data, of which 957 were greater than 3( estimated from counting statis-

tics. Details of the data collection procedure are presented in Table 3.

Table 3. Details of data collection and refinement procedures

Parameter Natural Cs-Exchanged
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Structure Refinements

All structure refinements were done using RFINE4 (Finger and Prince, 1975), and

Fourier maps were prepared using FOUR (Finger and Prince, 1975). Scattering factors

for fully ionized cations and oxygens obtained from Cromer and Mann (1968) were used

for the framework and exchangeable cations, and neutral 0 (Cromer and Mann, 1968)

was used to represent water molecules throughout.

For the natural clinoptilolite, the initial positional and thermal parameters were those

obtained by Koyama and Takeuchi (1977) for their sample from Agoura, California.

After an initial cycle of refinement of the overall scale factor, six cycles of refinement of

the positional and isotropic thermal parameters of the framework cations and oxygens

reduced the R for all reflections to approximately 0.15. Subsequently, with the frame-

work fixed, refinement of the positional, occupancy, and isotropic thermal parameters for

the extra-framework cations and waters were carried out reducing the R to 0.12. Then

with these extra-framework positions fixed, six cycles of least-squares refinement of the

framework positional and anisotropic thermal parameters reduced the R to 0.08. At this

stage a Fourier map of the structure was prepared to look for additional extra-framework

positions. The M4 and W1 positions reported by Koyama and Tekeuchi (1977) refined to

near-zero occupancy and so were removed from the atom list. The W5 was moved off

the 2-fold axis into a general position, similar to the refinement of Alberti (1975). An

additional six cycles of refinement of all atom positions and anisotropic thermal parame-

ters resulted in a final R of 0.052 for observed intensities.

At this point cation-oxygen distances were computed in an attempt to estimate occu-

pancies. The tetrahedral Al/Si ratios were estimated from the mean T-O distances using

the figures and method outlined by Gottardi and Alberti (1988). The distances and

angles used for this calculation are reported in Tables 5 and 6. The exchangeable cation

coordinations were computed and the M3 position was found to be substantially larger

than the other two and had a slightly shallower electrostatic site potential. For the final

refinement cycles K was assigned to this site and the total occupancy refined. Ml and

M2 positions had nearly equal electrostatic site potentials and mean distances. Na and

Ca were assigned to these positions and occupancies refined. A final four cycles of
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Table 4. Occupancy. positional. and thermal parameters for natural clinoptilolite.



Table 5. Occupancy. positional. and thermal parameters for Cs-exchanged clinoptilolite.



Table 6. Cation-oxygen distances, occupancies, and distortion parameters for, tetra-
hedral sites in natural and Cs-exchanged clinoptilolite.

Atoms Natural Cs.Exchanged
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refinement of the occupancies and thermal parameters of the exchangeable cation sites

left the R unchanged at .052 for observed reflections. Final atom positions, occupancies

and thermal parameters are reported in Table 4. Cation-oxygen distances, polyhedral
volumes. distortion indices, and Al-contents of the tetrahedra sites are reported in Table
6. Bridging oxygen angles used for the Al occupancy determination are reported in Table
7. Coordinations of the extra-framework cations are reported in Table 8.

Table 7. Bridging oxygen angles ( ) in frameworks of natural and Cs-exchanged

clinoptilolite.

Angle Natural Cs-Exchanged

For the Cs-exchanged clinoptilolite, the initial positional and thermal parameters were

those obtained from the natural sample. After an initial cycle of refinement of the overall

scale factor, six cycles of refinement of the positional and isotropic thermal parameters

of the framework cations and oxygens reduced the R for all reflections to approximately

0.24. Subsequently, with tile framework fixed, refinement of the positional, occupancy,

and isotropic thermal parameters for the extra-framework cations and waters were car-

ried Out reducing the R to 0.20. Then, with these extra-framework positions fixed, six

cycles of least-squares refinement of the framework positional and anisotropic thermal
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parameters reduced the R to 0. 18. At this stage a difference-Fourier map of the struc-

ture was calculated to look for additional extra-framework positions. Additional, par-

tially-occupied cation sites were placed at M4 and M5. A final six cycles of refinement of

all atom positions and anisotropic thermal parameters resulted in a final unweighted R of

0.057 for observed reflections. Final atom positions, occupancies and thermal parame-

ters are reported in Table 5. Cation-oxygen distances, polyhedral volumes, and distor-

tion indices of the tetrahedral sites are reported in Table 6. Bridging oxygen angles are

reported in Table 7. Coordinations of the extra-framework cations are reported in Table

8.

Discussion

Cell edges and space group. The unit cell parameters obtained for the natural

clinoptilolite are consistent with those obtained for samples of similar composition by

previous workers (Boles, 1972; Alberti, 1975; Koyama and Takeuchi, 1977; Bish, 1988).

There appears to be very little change in the cell parameters with Cs exchange. The b, c,

and p of the exchanged crystal are identical to those of the natural crystal, and the a

dimension and cell volume differ by less than 0.5°%.

Although h + k odd reflections were not measured systematically, no evidence of these

reflections was observed in 12-hour exposure zero-level b-axis (h) precession photo-

graphs. Further, both structures refined well in C2/m with no evidence of split positions

for framework atoms or non positive-definite temperature factors for any of the frame-

work or extra-framework atoms with the exception of one partially occupied water posi-

tion in the Cs-exchanged sample. We therefore conclude that both structures have

space group symmetry C2/m.

Al/Si ratios and ordering. The tetrahedral Al/Si ratios (Table 6) were estimated from

the mean T-O distances using the figures and method outlined by Gottardi and Alberti

(1988). Consistent with previous studies the tetrahedral sites show significant ordering of

Al into T2 (Table 6). The Si/Al ratio of the whole natural sample obtained from the T-Q

distances is 5.47 compared to 4.82 obtained from the electron microprobe chemical

analysis (Table 1). The cause of this discrepancy is not readily apparent, although T-O
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Table 8. Exchangeable cation coordination in natural and Cs-exchanged clinoptilolite.
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distances obtained from both structures are comparable, and the standard errors are

relatively small and correspond to + or - about 2 of Al occupancy. In either case, this

is the most Si-rich and Al-poor clinoptilolite yet studied by single crystal methods.

Extra-framework cations. The total number of extra-framework cations in the struc-

lure refinement is in good agreement with the chemical analysis. The positions of the

extra-framework cations in the natural sample are very similar to those determined by

Koyama and Takeuchi (1977) for their sample from Kuruma, Japan (with a low Mg con-

tent). We see no evidence of an atom at the position corresponding to their Mg atom at

M4 in their sample from Agoura, California, consistent with the low Mg content of the

current sample.

Somewhat surprising is our observation that the extra-framework cation positions

change completely with Cs substitution. The Cs atoms occupy five different sites none of

which corresponds to extra-framework cation sites of the natural sample. Each of the

Cs sites has a low occupancy factor and lies close to another partially occupied Cs site

so that there appears to be a large amount of positional disorder in the Cs atoms.

Incoherent scattering of X-rays from these Cs atoms might account for the much lower

diffraction intensities observed for this sample relative to the natural sample. The Ml site

lies on the mirror close to the 2/m position at the cell origin, so that if fully occupied, there

would be a very short (.9A) M1-M1 distance. Similarly, M2 lies on the mirror, close to

the 2/m position at (0,1/2. 1/2), so that if fully occupied, it too would have an unreason-

ably short (.4A) M2-M2 distance. Further, sites M3 and M5 are very close (.4A) yet

refined independently with low correlation coefficients of corresponding parameters. The

M4 position also shows a short distance to Ml (.8A).

With all extra-framework atoms in this structure modeled as Cs, the total number of

Cs atoms per formula unit determined in the structure refinement (3.98) is in good agree-

ment with the chemical analysis (1.2 Ca plus 3.5 Cs) (if one Ca has 0.36 times as many

electrons as Cs). The splitting of positions and low occupancies of the extra-framework

cation sites, however, makes it rather difficult to infer cation ordering in these sites from

interatomic distances. There is a significant amount of Ca remaining in the exchanged

crystal, but with its much lower scattering factor, it is impossible to refine occupancies
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directly when none of the sites approaches full occupancy. Therefore, any assignment of

site occupancies from these data would be speculative.

Waters of hydration. The total number of waters of hydration observed in each of

the structure refinements is significantly less than determined by difference from 100% for

the microprobe chemical analysis. In the natural sample, the total number of waters in

the cell determined by X-ray structure refinement is 19.2 as compared to 23 reported in

the microprobe analysis. In the Cs-exchanged sample, only 14.6 waters are reported in

the x-ray structure compared to 19 in the chemical analysis. Final difference Fourrier

maps of both structures showed no sharp peaks that could be ascribed to a well ordered

water position.

Total water contents of several cation-exchanged clinoptilolites determined by

thermo-gravimetric analysis were reported by Bish (1988). Using a linear combination of

his results, we estimate approximately 13.1 wt% H20 (= 22 water molecules per formula

unit) for a 30%K, 32%Na, 38%Ca sample and 9.6 wt% H2 0( = 16.3 water molecules

per formula) for a 75%Cs, 25%Ca sample. These numbers are in fair agreement with our

chemical analyses for both samples indicating that there are probably more water mole-

cules present than were seen in the x-ray structure refinement. It is likely then that

positional disorder obscures a significant number of waters in each structure.

Conclusions

The crystal structures of a natural and Cs-exchanged silica-rich clinoptilolite have

been refined from single-crystal X-ray diffraction data in space group C2/m. The struc-

tures have a slightly higher Si/Al ratio than previously reported clinoptilolite structures.

The positions of extra--framework cations in the natural sample are similar to those

reported previously, except that there appears to be no atom at the position ascribed to

Mg by Koyama and Takeuchi (1977) consistent with the low Mg content of the current

sample.

In the Cs-exchanged sample, Cs occupies split positions near high-symmetry special

positions that are unrelated to the exchangeable cation sites in the natural sample. All Cs

positions have relatively long Cs-H 20 and Cs-O distances ranging from 3.0 to 3.5 A.
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There are significantly fewer waters of hydration in the Cs-exchanged sample than in the

natural sample. These observations imply that there is not a simple one-for-one cation

exchange taking place, but a complete re-arrangement of exchangeable cation sites and

waters of hydration in the exchange process. The exchange reaction in this study shows

that Cs replaces Na and K before Ca, and the structural study shows that approximately

one water molecule per Cs atom exchanged is lost in the exchange of these alkalis.

These observations should be included in geochemical modeling of radionuclide migration

in zeolite-bearing rocks.
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INTRODUCTION

Clinoptilolite is renouned for its desirable ion exchange properties,

which have been investigated more intensely than those of any other

natural zeolite (Vaughan, 1978). This zeolite, ideally (Na,K,Ca)5 .

6Si3 0Al60 72 .24H 20 and formed by the alteration of rhyolitic glasses in

aqueous environments, is widely used for the treatment and disposal of

industrial pollutants and hazardous materials (Mercer and Ames, 1978),

including scavanging of ammonium ions from municipal waste streams and

removal of radiogenic cesium from high-level nuclear waste. The

occurrence of potentially highly sorptive clinoptilolite in zeolitic bedded

tuffs at Yucca Mountain is one of the factors influencing the selection of

this locality in Nevada adjacent to the Nuclear Test Site as the primary

geological repository for the long-term storage and disposal of high-level

radioactive waste (Vieth, 1984; U.S. Dept. of Energy, 1986).

The high cation-exchange selectivity of clinoptilolite for cesium, and to

a lesser extent strontium, was demonstrated by Ames (1960, 1961,

1962a,b,c, 1963, 1964, 1965) and other investigators (Howery and Thomas,

1965; Chelishchev et al., 1974). in radioactive tracer experiments which

involved measurements of radionuclides either absorbed by powdered

zeolites in an exchange column or removed from spiked aqueous solutions

emerging from the ion-exchange column. Little attention was paid in these

experiments to the chemical composition and homogeneity of individual

zeolite crystals involved in the cation exchange experiments. Euhedral

clinoptilolite crystals occur along joints and fractures in densely welded

tuffs throughout Yucca Mountain (Carlos, 1985), particularly in the vicinity

of the proposed nuclear waste repository (Levy, 1984). Since these



clinoptilolite-bearing openings are the most likely conduits for

groundwater flowing through the repository and may transport leakages of

fission product buried there in the future, we undertook an electron

microprobe study of the cesium uptake by single crystals of clinoptilolite

and related zeolites in order to assess effects of crystallographic

orientation on kinetics, cation selectivity, capacity and homogeneity of Cs-

exchanged zeolites.

BACKGROUND

Cation Exchange Measurements.

The high selectivity and capacity of clinoptilolite for cesium were

discovered by Ames (1959,1960, 1961, 1962a,b,c; 1963, 1964, 1965).

Most of Ames's measurements centered on clinoptilolite in a zeolitized

vitric tuff from Hector, California, composed of microcrystalline lamellae

(Mumpton and Ormsby, 1978) and 5-15% unaltered glass, quartz and

feldspar impurities. He used aqueous salt solutions labelled initially with
137Cs (Ames, 1960, 1961) and later with 134Cs (Ames, 1962a,b,c; 1963,

1964, 1965), and measured concentrations of radiogenic Cs removed in

shallow beds of clinoptilolite packed in an exchange column or in the

spiked solutions emerging from the columns. Ames (1960) showed that

particle sizes of cemented aggregates of the Hector clinoptilolite crystallites

affected the Cs capacity, increasing significantly for clumps smaller than 1

mm. In the presence of competing cations, usually involving 1M salt

solutions containing 0.01M CsCl, clinoptilolite was shown to have a high

selectivity for Cs, leading to the well-known (Vaughan, 1978) replacement

series Cs>K>Na>Li and Ba>Sr>Ca>Mg. Cesium capacities increased with

decreasing concentrations of CsCl, but were lowered by increasing



concentrations of NaCl. Changing the sodium salt from chloride to S04 2- or

N03 did not influence the Cs capacity (Ames, 1960), but it was suggested

later (Ames, 1964) that dissolved carbonates might influence cation

exchange equilibria. Reactions performed at elevated temperatures

decreased the Cs capacity, the concentation exchanged into clinoptilolite

dropping. by about one-third between 250C and 600C. Kinetic

measurements of diffusion coeficients (Ames, 1962a,b) showed that the

efficiency of Cs to exchange into clinoptilolite increased with temperature,

decreased with dilution, and varied inversely with particle size. Ames

(1963) suggested that zeolitic altered tuffa, being cemented aggregates of

crystallites that rarely exceeded a few microns in diameter, would require

a much shorter equilibration time than more coarsely crystalline zeolite

assemblages. The Cs capacity of clinoptilolite was found (Ames, 1964) to

be influenced by composition differences, being smaller in more the more

silicic Hector clinoptilolite than in more calcic clinoptilolite from the John

Day formation having a lower Si/Al ratio.

Crystal Structure Determinations.

Clinoptilolite and heulandite are isostructural and have the basic zeolite

structure consisting of a three-dimensional framework silicate in which all

four oxygens of individual (Si,AI)0 4 tetrahedra are mutually shared to

form secondary rings of corner-sharing tetrahedra (Gottardi and Galli,

1987). The different linkages of these secondary ring systems define

different zeolite groups. The clinoptilolite and heulandite structures

(Merkle and Slaughter, 1968; Bartl, 1973; Alberti, 1972,1975; Koyama and

Takeuchi, 1977) contain complex 4- and 5-ring systems arranged in a

sheet-like array parallel to (010) connected by relatively few oxygen



bridges, with the result that clinoptilolite crystals display characteristic

platey or lamellar habits and basal (010) cleavage. Linkages between the

tetrahedral ring systems along the b axis, as well as the a axis, define cages

which are open and form channels through the clinoptilolite structure. The

channel systems in clinoptilolite consist of one set parallel to the a axis

formed by 8 tetrahedra rings with free-aperture dimensions 4.0 x 5.5 A

(designated as the C channels by Koyama and Takeuchi, 1977) and two sets

parallel to the c axis formed by 10 and 8 rings (the A and B channels,

respectively) with corresponding free apertures of 4.4 x 7.2 A and 4.4 x

4.4 A. It is important to note that no channels exist along th b axis in

clinoptilolite and heulandite.

Cations and water molecules are located in specific sites along the

channels. In heulandite there are two cation sites, M(l) and M(2), each in

one of the two main channels, A and B, respectively, parallel to the c axis.

Both are coordinated to water molecules in the channels and to framework

oxygens on one side only of the tetrahedral rings. Calcium alone occupies

the M(2) site, and monovalent (Na) cations, when present, occur in M(1)

sites with Ca (Gottardi and Galli, 1987). The same two sites also occur in

clinoptilolite, again with relative enrichments of Na and Ca in the M(1) and

M(2) sites, respectively, in specimens from two localities studied by

Koyama and Takeuchi, 1977), comprising a clinoptilolite from Agoura,

California which contained higher K and lower Ca contents than crystals

from the other locality in Kuruma, Japan. The M(1) site located in channel

A is coordinated by two framework oxygens and five water molecules,

giving for the coordination polyhedron an average M(l)-oxygen distance of

2.69 A (range 2.32-2.85 A) for the Kuruma clinoptilolite and 2.75 A for the

Agoura specimen. The M(2) site located in channel B has neighbors



consisting of three framework oxygens and five water molecules with

average M(2)-oxygen distances of 2.58 A (Kuruma, range 2.38-2.75 A;
Agoura, average 2.57 A). The M(3) site is located in the C channels parallel

to the a axis and is coordinated by six framework oxygens and three water

molecules, giving a mean M(3)-oxygen distance of 3.06 A (Kuruma, range

2.71-3.20 A; Agoura, average 3.05 A). The clinoptilolite M(3) site is

occupied preferentially by K, which is believed to be responsible for the

increased the thermal stability of clinoptilolite relative to heulandite. A

fourth site, M(4) located in the A channels, is coordinated by six water

molecules, has an average M(4)-oxygen distance of 2.03 A (Kuruma, range

1.59-2.71 A; Agoura, average 2.09 A), and is occupied by Mg. Each of the

four cation sites is incompletely filled and generally have <50% cation

occupancies (Gottardi, 1978). Some of the paired occupancies are

forbidden by the close proximity of the cations to oneanother or to water

molecules located in nearby structural positions (Koyama and Takeuchi,

1977).

Water molecules, which may occupy seven distinct positions in the

channels, fall into two categories. The first category consists of those water

molecules which have a maximum occupancy regardless of changes of

cation composition, and include W(3) and W(4) located in the C channel

tightly bonded to cations in M(2) or M(3) positions. The second category

comprises water molecules with variable and low occupancies, including

W(5) and W(6) associated with cations in M(1) and M(4) positions, W(2)

associated with M(1) and M(3) cations, W(l) bonded only to M(1), and a

poorly defined W(7) water position associated with M(4) cations. The

vulnerability of clinoptilolites to dehydration at moderate temperatures

(Bish, 1984) may reflect diminished water occupancies of all but the W(3)



and W(4) positions. Conversely, prolonged soaking of clinoptilolites in

some aqueous salt solutions could induce high populations of the water

positions in the crystal structure.

Geochemical Constraints.

Groundwater flowing through volcanic deposits such as those at Yucca

Mountain contains dissolved constituents which have been leached from

the bedded vitric, devitrified and welded ash-flow tuffs. Concentrations of

Na+, HC03- and C1- ions and dissolved SiO2, reported to lie the range 0.001-

0.002 M, are generally an order of magnitude higher than K+, Ca2+, Mg2 +,

SO 4
2 -, F-, etc. (White et al., 1980). Groundwater compositions vary with

depth and are modified by passage through zeolitized tuffs, with the result

that fracture-flow water is generally, more HCO3 -- rich than interstitial

water containing higher Cl- concentrations (White et al., 1980). The

widely used reference groundwater used in laboratory experiments and

geochemical modelling studies relevant to the repository horizon at Yucca

Mountain is from well J-13 in the near-by Nevada Nuclear Test site and is

sodium bicarbonate-type fracture-flow groundwater (Bish et al., 1984;

Delany, 1985; Moore et al., 1986).. Therefore, our cesium exchange

experiments were conducted in NaHCO3- or NaCI-bearing solutions.

Heat production during radioactive decay of fission products will

elevate the temperature of volcanic rocks surrounding the proposed

repository at Yucca Mountain, so that permeating groundwater will be

heated perhaps to temperatures exceeding 100 C (Smyth, 1982). To

simulate effects of elevated temperatures, we conducted our the majority

of our cesium exchange measurements at 600C but carried out some

reactions at 800C.



EXPERIMENTAL DETAILS.

Zeolite Specimens.

Clinoptilolite and heulandite are isostructural, and a solid-solution

series appears to exist (Boles, 1972) between the ideal compositions

clinoptilolite heulandite

Three criteria have been proposed to distinguish clinoptilolites from

heulandites. The zeolite is named clinoptilolite when: (i) (Na + K) > Ca

(Mason and Sand, 1960); (ii) the Si/Al ratio exceeds 4 (Boles, 1972); and

(iii) the crystal structure survives (i.e. the x-ray pattern is unchanged)

after overnight heating at 450 C (Mumpton, 1960). Conversely,

heulandites are defined by (Ca + Sr + Ba) > (Na + K), Si/Al < 4, and thermal

decomposition above 450 C. Since microprobe analyses of clinoptilolites

from Yucca Mountain exhibit wide ranges of Na, K, Ca (and Mg) and Si-Al

contents (Broxton et al., 1986, 1987), it was deemed desirable to study a

variety of clinoptilolite-heulandite specimens. Compositions and sources of

the zeolites studied here are summarized in Table 1.

Microcrystalline clinoptilolite from Hector, California, was one of the

zeolites used by Ames (1960, 1961, 1962a,b,c, 1963, 1964) in early cation

exchange experiments. Later, Ames, (1964, 1965) used samples of

clinoptilolite from the John Day Formation, Oregon. The Hector

clinoptilolite was reported (Ames et al., 1958) to contain 5-15% impurities

consisting of unaltered glass, quartz, feldspar and minor clay silicate and

carbonate. Scanning electron microscope photographs of the Hector

clinoptilolite (Mumpton and Ormsby, 1978) indicate that it consists of

plates of euhedral, coffin-shaped crystals dominated by (010) faces only a



few microns in diameter. A similar morphology and crystallinity is

displayed by the clinoptilolite from Castle Creek, Idaho (Mumpton and

Ormsby, 1978) which is virtually,100% pure (Sheppard and Gude, 1983)

and was the principal zeolite used by Bish (1984) in his thermal studies of

cation-exchanged clinoptilolites. The more coarse-grained clinoptilolite

from Agoura, California (Wise et al., 1969), also studied by Bish (1984),

was used in crystal structure refinements by Alberti (1975) and Koyama

and Takeuchi (1977). Unfortunately, only limited amounts of Agoura

clinoptilolite crystals were available to us. Therefore, in our detailed

investigations of oriented single crystals, we used samples of the

clinoptilolite from Succor Creek, Malheur County, Oregon, which consists of

euhedral crystalsl-2 mm in diameter . The microprobe data summarized

in Table 2 indicate that the Succor Creek clinoptilolite with its rather high

Ca content and low Si/Al ratio is close to the (arbitrary) classification

boundary between clinoptilolite and heulandite; however, the Succor Creek

clinoptilolite resembles compositions of some calcic clinoptilolites occurring

in fractures throughout densely welded tuff at Yucca Mountain (Broxton et

al., 1986, 1987). Retention of its x-ray pattern after overnight heating at

450 C established the identity of the Succor Creek specimen, sensu stricto,

as clinoptilolite. In addition to these four clinoptilolites, large single

crystals of an Icelandic heulandite were also employed in some cesium

exchange experiments, as well as an euhedral analcite from Lake Superior.

Mounted Zeolites.

Polished mounts were prepared of small pieces of the microcrystalline

Hector and Castle Creek clinoptilolites and of oriented single crystals of the

Agoura and Succor Creek clinoptilolites, Icelandic heulandite and the



analcime. The samples were encapsulated in cold-setting epoxy cement in

small brass cylinders. The characteristic euhedral coffin-shaped habit of

the Icelandic heulandite, as well as the Succor Creek clinoptilplite, enabled

individual crystals to be mounted on their (010), (100), (101), and (001)

faces. Once orientation effects in cesium exchange reactions had been

established, most of the subsequent experiments were carried out using

crystals mounted on (010) faces, since these have the largest surface areas

and are more easily manipulated, particularly for the Succor Creek

clinoptilolite. The specimens were polished, carbon-coated, and analysed

by electron microprobe before carrying out cation-exchange reactions.

Microprobe Analyses

Chemical compositions of the zeolites were determined using a four-

spectrometer JEOL Superprobe weith full on-line computerized matrix

correction and data reduction procedures. Operating beam currents r anged

were 10 KeV and 5 and 10 nA, with counting times of 20 seconds for all

elements except Na, which was analysed first and counted for only 10

seconds in order to minimize loss through volatilization. Loss of Na and

zeolitic H 2 0 was further reduced by using a defocussed beam of

approximately 10 microns diameter. Calibrations were made against

analysed standards, such as diopside (65%)-jadeite (35%) glass (providing

Ca, Mg, Na, Al and Si), cossyrite (Fe, Ti, Na, Si), and orthoclase glass (K),

using the general Bence-Albee standardization procedure. Cesium

analyses, using a CsCl crystal as primary standard and a pollucite from

Mumford, Maine as a secondary standard, were corrected using the ZAF

program of Tracer Northern. Counts were collected for a minimum of 5



secconds to a 60 second maximum or until one standard deviation of the

counting statistics was less than 1%.

Cesium Exchange Experiments

After the polished mounts had been analysed, the carbon-coating was

removed by gentle polishing with .3 micron corundum powder. The probe

mounts were then placed inside individual stoppered flasks and specified

volumes of different concentrations of cesium chloride solutions were

added. Matching experiments were performed in the presence of CsCl

solutions and either 1M NaCl or 1M NaHCO3 . Initially 1M CsCl solutions

were used, followed by progressively lower dilutions of O.O1M, O.OO1M or

O.OOO1M CsCI (without or with 1M NaCl or NaHCO3 being present). In some

reactions, unmounted 1-2 mm clumps f the Castle Creek and Hector

clinoptilolites, as well as individual crystals of Succor Creek clinoptilolite

and Icelandic heulandite, were exchanged first with CsCl solutions before

being mounted, polished and microprobed.

The stoppered flasks were placed in a constant-temperature shaking

water-bath set at either 600C or 800C, and the exchange reactions were

carried out for time periods ranging from 5 days tol month. After each

reaction time interval crystal mounts were removed, washed several times

with cold distilled water, dried at ambient temperatures, and re-coated

with carbon prior to microprobe analyses. After microprobe analyses,

carbon-coated surfaces of the mounts were gently removed, and the Cs-

exhange reaction continued.

RESULTS

NaCI or NaHCO3 Alone.



Since the groundwater flowing through Yucca Mountain is likely to be

dominated by Na+ and HCO3- or C1- ions, some mounted crystals of the

Succor Creek clinoptilolite were reacted first with IM NaCl or IM NaHCO3 .

The analyses shown in Table 2 (columns -- and -- ) indicate that slight

enrichment of Na and depletion of K occurred in these Na-loaded crystals.

[VALERIE,

To Do: (1) Load mounted clumps of Hector cliinoptilolite IM NaCl (600C)

(2) Analyse by microprobe to find out whether K (and Ca?) are depleted.

(3) Load crystals with Ca by reacting Succor Creek and Hector

clinoptilolites with IM CaC12(600C).

(4) Measure by microprobe any increases of Ca (and depletion of Na and

K?)

(5) Then React the NaCI-loaded and CaC12 -loaded Succor Creek and Hector

clinoptilolites with IM CsCl (or 0.01M CsCI?) for 7 days and 30 days at 600C

(6) Analyse for Cs to see if different capacities exist for Na-loaded and Ca-

loaded clinoptilolites.

Rationale At Yucca Mt, there regional differences of Na and Ca contents of

the clinoptiloles in the zeolitic tuffs of Calico Hills. And, Ca-rich

clinoptilolites are found in fractures through and beneath the repository

horizon. Does high Ca affect the Cs capacity of clinoptilolite?]

Oriented Crystals.

Individual crystals of the Succor Creek clinoptilolite were mounted onto

(100), (101), (001) and (010) faces. Microprobe analyses of these crystals

before cation exchange reactions summarized in Table 2 indicate a slightly

higher Na concentration for the (010) face, suggesting that sodium is less



susceptible to volatilization along the [010] axis because open channels do

not exist in this direction in the clinoptilolite structure.

Progressive cesium exchange reactions with 1M CsCl were carried out

for accumulated time periods of 5, 10, 17 and 30 days and the Cs

concentrations of the crystals after each time interval are plotted in Figure

1. The drop-off of Cs after 10 days resulted from accidental condensation

in initially unstoppered reaction flask, which decreased the CsCI

concentration from IM to -0.5M. Thereafter, continued reactions in

stoppered flasks with IM CsCI for 30 days revealed that each crystal face

has a different Cs capacity. The Cs concentrations are highest for the (100)

and (001) faces, less for the (101) face, and least for (010), demonstrating

that Cs selectively exchanges along the [100] and [001] axes which are the

two directions in the clinoptilolite structure where open channels exist.

Heulandite shows a much stronger crystallographic influence on Cs-

uptake than does clinoptilolite, which is indicated by Figure 2. The Cs

concentration of the (010) face of heulandite is again considerably lower

than those of the other two faces, demonstrating that Cs readily enters the

heulandite structure along the open channel [100] and [001] directions.

Furthermore, the Cs concentrations of the heulandite (100) and (001) faces

are comparable or slightly greater than corresponding faces of

clinoptilolite, which conflicts with conclusions by Ames (1960) who stated

that the cation exchange properties of heulandite and clinoptilolite are

quite dissimilar.

Effects of Changing CsCI Concentrations

Weighed Succor Creek clinoptilolite crystals with diameters of 1-2 mm

were mounted on their (010) faces and reacted for accumulated 30 day



periods with 40 or 50 ml. aliquots of CsCl solutions ranging in

concentration from 1M to 0.0001M. The results plotted in Figure 3 show

that the amount of Cs exchanged into clinoptilolite crystals decreases with

increasing dilution of the CsCl solutions. These results differ from

conclusions drawn by Ames (1960) that decreasing concentrations of CsCI

increase the Cs capacity of clinoptilolite. However, efficiency of removal of

Cs uptake by the (010) crystal faces, as indicated by the ratio

Cs content of clinoptilolite/Cs remaining in solution

increases from ( %) for IM CsCl to ( %) for 0.OOO1M CsCI.

A measure of the reproducibility of the Cs-exchange data for different

crystals of the Succor Creek clinoptilolite mounted in identical (010)

orientations is demonstrated by the data for IM CsCI reacted for 30 days.

Figure 3 shows -21 wt% Cs2O compared with -22 wt% Cs2O in Figure 1.

These Cs concentrations are somewhat lower than microprobe

measurements of aggregates of the Hector clinoptilolite, also reacted for 30

days, which accumulated -27 wt% Cs2 O. This high Cs content is comparable

to values obtained by Ames (1960, 1961) for the Hector clinoptilolite

reacted at 250 C with 0.2M CsCl alone (23.3 wt% Cs2O, compared with

18.75 wt% Cs2O for reactions with 0.O1M CsCl) (c.f. -12.34 wt% Cs2O for

reactions with 0.O1M CsCl at 600C in figure 3). Ames (1960) also noted

that the effect of increasing temperature is to reduce Cs capacities by -1/3

between 250C and 600C, so that our data for the Hector clinoptilolite

compare favorably with his results.

Heulandite shows similar effects of CsCI dilution to clinoptilolite. Thus,

the Cs2O content shown in Figure 4 decreases from -13 wt% Cs2 0 to 3 wt%

Cs2O in 30 day reactions with 1M CsCl and 0.01M CsCI, respectively.



Presence of NaCI

Cesium-exchange reactions of (010)-mounted clinoptilolite crystals with

solutions containing 1M NaCI and different concentrations of CsCl are

summarized in Figure 5. Again, the Cs content of the zeolite decreases with

CsCl dilution. Moreover, the presence of NaCl also decreases the uptake of

Cs into clinoptilolite compared to NaCl-free solutions. Our data for

reactions with 1M NaCI plus 0.O1M CsCl, for example, provided -7 wt %

Cs 2 0 in clinoptilolite, whereas -12 wt% Cs2 0 entered the zeolite in the

absence of NaCl. Ames (1960, 1961) in his measurements of the Hector

clinoptilolite, observed a decrease of the Cs capacity from -18.75 wt% Cs 2 0

to -10.3 wt.% in reactions with 0.O1M CsCl in the absence and presence,

respectively, of IM NaCI. He also reported -7.5 wt% Cs2 0 in the Hector

clinoptilolite after reactions with 0.O1M CsCl (alone) at 600C, in good

agreement with our measurements for single crystals of the Succor Creek

clinoptilolite. Ames (1961) also measured comparable Cs concentrations

in 250C reactions of the Hector clinopilolite reacted with 0.2M CsCl and

either 1M NaCl or 2M NaCI (-8 wt% Cs2 0 relative to -23 wt% Cs2 0 in the

absence of NaCl), and concluded that clinoptilolite tends to maintain a

given Cs distribution between zeolite and solution despite an increasing Na

concentration. A similar conclusion may be drawn from our 600C reactions

of the Succor Creek clinoptilolite with 0.O1M CsCl and O.1M CsCI in the

presence of 1M NaCl.

[Reactions of heulandite with IM NaCI and different CsCI

concentrations are confusing? Cs uptake in Figure 6 decreases in

the order O.1M CsCl > 1M CsCl > O.O1M CsCI ?]

Presence of NaHCO3



The decreased Cs capacity of clinoptilolite in the presence of Na is

further demonstrated by exchange reactions with different concentrations

of CsCl in the presence of 1M NaHCO3 . Results summarized in Figure 7

show that the Cs2 O concentrations in the Succor Creek clinoptilolite not

only decrease appreciably between 1M CsCl and 0.OOlM CsCl in the

presence of NaHCO3 , but also are exchanged into the zeolite in significantly

lower concentrations than NaCI-bearing solutions. A Similar trends occur

for heulandite exchanged with different concentrations of CsCl in the

presence of NaHCO3 (Figure 8). These results suggesting that different

anions affect Cs-exchange reactions of clinoptilolite appear to be at

variance with observations by Ames (1960) who stated that the use of

competing Na cations in solutions with the chloride, nitrate, and sulfate

anions made no appreciable difference in their effects on Cs capacity.

However, Ames (1964) stated later that if less dissociated carbonate salts

were used differences might be expected from chloride salts, but these

differences were not specified. Our measurements demonstrate that the

presence of HCO3 - anions lowers the exchange capacity clinoptilolite for

cesium ions, which has important consequences for the storage of fission

products at the proposed repository for nuclear waste at Yucca Mountain..

(to be continued!)
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Geological Society of America, Abstracts with Program,
vol. 20, no. 7, 1988, p. A359.

(Paper presented in session: "Geochemistry VI:
Layered Silicates and Zeolites/Mineralogy/Crystallography II)

NO 23744
CESIUM UPTAKE BY CLINOPTILOLITE CRYSTALS: IMPLICATIONS TO THE
IMMOBILIZATION OF RADIONUCUDES STORED AT YUCCA MOUNTAIN, NEVADA

WOOD, Valerie J., HUBBARD, Mary S., and BURNS, Roger G.: Dept. of Earth, Atmos. and
Planet. Sol., Massachusetts Institute of Technology, Cambridge, MA 02139.

At the proposed repository for high-level nuclear waste at Yucca Mtn, densely welded
tuff is underlaid by zeolitized vitric tuffs containing microcrystalline clinoptilolite and
mordenite. These zeolites are assumed to be capable of immobilizing dissolved, long-
lived radionuclides (e.g. 137Cs and 1aSCs) should leakage occur. Euhedral clinoptilolite
crystals with habits dominated by coffin-shaped (010) cleavage faces also line
fractures throughout the repository, the most probable conduits for groundwater which
may be of the sodium bicarbonato-type. To assess the efficiency of clinoptilolite for
removing cesium from such groundwater, Cs-exchange experiments were performed on
polished mounts of several specimens, using both 1 mm clumps of microcrystalline
samples and single crystals oriented parallel to (010), (001), (100) and (101).
Reactions at 600C (simulating groundwater permeating the heat envelope of the
repository) with CsCI solutions (IM, 0.01M and 0.00M, with and without NaHCO3)
were performed for 1 to 4 weeks in a shaking water bath. Cesium selectively exchanges
with other cations in the order Na>K>Ca2Mg. Electron microprobe analyses of reacted
surfaces reveal that microcrystalline clinoptilolite attains higher Cs concentrations in
shorter time periods than do mounted single crystals, which are often compositionally
zoned possibly due to stacking faults. The Cs is initially least in (010) faces, the one
direction (parallel to the b axis) along which channels do not exist in the tetrahedral
framework of the clinoptilolite structure. However, after a month the Cs contents of all
mounted cystals are still inhomogeneous but approach those of microcrystalline samples.
The uptake of Cs into all clinoptilolite samples diminishes with CsCI dilution (e.g. -22
and - 6 wt. % Csq0 for IM and 0.001M CsCI, respectively, on (010) faces) and in the
presence of dissolved Na+ particularly when added as NaHCO3(e.g. a decrease to -1.3 %
Cs20 for O.O0M CsCI + NaHCO3. We conclude that clinoptilolite crystals dominated by
large surface areas of (010) faces, either lining fractures or cemented in zeolitized
vitric tuff, may be inefficient at mobilizing radiogenic Cs in NaHCO 3-bearing fracture-
flow groundwater when it permeates leaking fission products stored at Yucca Mtn.
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Appendix C-II

List of Presentations

Morgenstein, M. E., 1989, Geochemical concerns of the proposed nuclear waste repository, Yucca
Mountain, Nevada: ACNW and NWTRB.

Morgenstein, M. E., 1989, Geochemistry of a Nuclear Waste Repository : Yucca Mountain, Nevada:
Arizona State University, Department of Geology, Geology Colloquium presentation, Tempe,
Arizona.
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Section D

Climate Change Program

Introduction

The State of Nevada NWPO recognizes that the climate-change issue for Yucca Mountain is
complex and critical to repository performance under the regulatory requirements (see: 10CFR60.112,
.113, .122(c)(23)). A conservative analysis of the existing database indicates that several of the
Potentially Adverse Conditions (1 0CFR 960.4-2-4(c) (2)) exist:

"Evidence that the climatic changes over the next 10,000 years could cause perturbations in the
hydraulic gradient, the hydraulic conductivity, the effective porosity, or the ground-water flux
through the host rock and the surrounding geohydrologic units, sufficient to significantly increase
the transport of radionuclides to the accessible environment."

Vadose-zone changes in response to climates with increased effective moisture would conservatively
include increases in the hydraulic conductivity (due primarily to greater degrees of fracture flow) and
ground-water flux (due to marked increases of infiltration). The database suggests increased local
saturation (perched water) and a rise in the position of the water table. The Qualifying Condition
(1 OCFR960.4-2-4(a)) states:

"The site shall be located where future climatic conditions will not be likely to lead to radionuclide
releases greater than those allowable under the requirements specified in 960.4-1. In predicting
the likely future climatic conditions at a site, the DOE will consider the global, regional and site
climatic patterns during the Quatemary Period, considering the geomorphic evidence of the
climatic conditions in the geologic setting."

Licensing criteria therefore recognize the potentially adverse impacts that a climate change may
have on site hydrology. The vadose-zone repository, by its very position In the hydrologic system, is an
environment that Is potentially subject to significant hydrologic change if the climate changes. An
increase in effective moisture (moisture from precipitation which escapes evapotranspiration and Is either
rejected as surface-water runoff or infiltrates as ground-water recharge) is caused by a climate change to
either greater precipitation or lower temperature, or a combination of both. The present Great Basin arid
and semiarid climates are such that most precipitation is lost to evapotranspiration in many environments.
However, on both a short-term and long-term basis, relatively small deviations from the normal climatic
conditions can markedly impact the hydrology by producing more or less effective moisture. There Is
abundant paleohydrologic evidence in the Great Basin of past climates which produced significant
increases in effective moisture during the Quaternary.

The position of the repository vadose zone over a 10,000 year period of performance with
potentially differing moisture conditions is a key issue. The best available evidence indicates that a
climate change to a pluvial climate (more effective moisture for runoff and infiltration) is likely to occur
within the next 10,000 years. The climate of the last pluvial period in the Great Basin, and its associated
hydrologic impact, is the most reasonable pluvial climate and hydrology likely to occur in the next 10,000
years. The increased availability of effective moisture for infiltration due to a pluvial climate may markedly
increase the vadose-zone flux, increase the extent of local perched saturation, establish a shallower
position of the regional water table, and cause new patterns of ground-water flow and ground-water
discharge. As these factors directly affect waste isolation, the fundamentally Important climate-change
issue must be fully explored in establishing the performance of the proposed repository at Yucca
Mountain.

In the SCP, the DOE has decided to rely on global modeling efforts to a great extent and site and
local regional empirical paleoclimate measurements to a significantly lesser extent. Both site-specific and
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regional analyses are necessary to confidently characterize the pluvial hydrology of Yucca Mountain.
ideally, hydrologic evidence demonstrating the conditions of saturation and flux in the vadose zone of
Yucca Mountain during the past pluvial climate should be based on site-specific data. These data should
be distributed to confidently assess the heterogeneity of both the subsurface and the surficial or
near-surface hydrogeologic environments that give rise to varied infiltration rates and percolation paths.
Unfortunately, only a few techniques are recognized that may establish site-specific information on the
paleohydrologic conditions, and these are unproven at this time. Therefore, regional analyses, using
proven methodologies, must refine and constrain anticipated uncertainties represented by the site-specific
evidence.

Confident assessment of the site-specific pluvial hydrologic conditions in the vadose zone at
Yucca Mountain constitutes a research challenge. Even confidently characterizing the existing hydrology
of the vadose zone at the site is yet to be achieved after years of characterization activities. The climate-
change issue is recognized as one of the most fundamental questions for waste isolation over protracted
time, and the State of Nevada NWPO oversight effort has incorporated several activities designed to
further explore this issue:

I. Investigate the site-specific authigenic mineral assemblages in the vadose zone, particularly
those associated with fractures, in an attempt to determine the history and perhaps (technique
development necessary) timing of fracture flow. Also, on the basis of plant macrofossils from
packrat middens, determine the available record of the last 50,000 years of vegetative cover in
the general area of Yucca Mountain.

II. Investigate the regional paleohydrologic evidence within the surrounding basins (such as the
extent of late Pleistocene pluvial lakes as indicated by the associated lacustrine deposits) and
basin deposits related to former areas of ground-water discharge.

III. Investigate the long-term paleohydrologic record within the Yucca Mountain drainage basin
(Amargosa River) as recorded by the Tecopa "Lake Beds".

IV. On the basis of the above investigations, establish the order of magnitude of the increase in
pluvial climate vadose-zone flux, the distribution of ground-water discharge, the position and
extent of perched water, the former position of the water table (paleowater table), and the
increase in fracture flow within the vadose zone that would attend a shift in climate to a full pluvial
climate.

- Page 53 of 68 - MY891 201 a



MAI/AR-2
Revision 0

Climate Change

ISSUE:

Key Issue:

Determine whether the proposed repository in the vadose zone at Yucca Mountain will provide
the required waste isolation for the 10,000 year period after emplacement if the climate changes to a full
pluvial climate of the Quaternary.

OBJECTIVE OF ACTIVITY:

Establish the paleohydrologic history of the Quatemary In the Amargosa River drainage basin
(which includes Yucca Mountain) through the study of the "Lake Tecopa" deposits.

ACTIVITY SUMMARY:

A field study of the Tecopa "Lakes beds" is being made in an attempt to establish the history of
lake cycles and their associated extents in the Tecopa basin during the Quatemary. The study Includes
basinwide stratigraphic studies of the exposed basin deposits, using volcanic ashes (and remnant
magnetism) for marker horizons and dating. Carbonate horizons are being dated by uranium series
methods.

FINDINGS:

The exposures indicate several high standing lakes occupied the Tecopa basin during the
Quaternary. The well-exposed stratigraphic record is estimated to include most of the Quatemary,
extending from greater than two million years B.P. to perhaps about 250,000 years B.P. The maximum
extents of the larger lakes suggest former basin closure significantly higher than the apparent closure
offered by the terrane at the south end of the basin, and there are tufa deposits indicating zones of former
spring discharge on both sides of the basin. Those on the east side occur high on the basin flank.

INTERPRETATION OF FINDINGS:

In general, the maximum (highest recognized) lake extent seems too large for the Amargosa
River catchment basin and associated effective moisture (hydrologic index, Mifflin and Wheat, 1979)
when compared to the late Pleistocene pluvial-lake hydrologic indices of the adjacent Great Basin region.
Preliminary regional correlation with other long climatic records do not seem particularly close.

ADDITIONAL WORK REQUIRED:

Refinement of the stratigraphic positions of previously determined magnetic reversals and
identified ash beds as well as more detailed analyses of the origin of carbonate units will increase the
confidence level in the pluvial-lake cycle history. In addition, more work on the tectonic history of the
basin and surrounding region may establish the reason for the anomalous size of the ancient lakes and
the poor correlations with other long records of the region. Dating of carbonate sequences by Dr. Ku is
still in progress.

RECOMMENDED PROGRAM:

The dating control on the exposed sequences needs to be refined. Morrison's careful
stratigraphic work, including marker units, needs to be firmly tied to previously establish magnetic profiles
and ash identifications. Areas that may have been formerly Integrated with the Amargosa River basin
should be examined for evidence of connection, such as Pahrump Valley. Careful comparative regional
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correlations of the pluvial cycles, including careful reviews of previous work in the Searles Lake basin and
the Great Basin, are warranted.

EXISTING PROGRAM:

A modest level of field-data reduction and analysis, and an effort to confidently tie the established
magnetic-reversal sections and dated ashes into the stratigraphic sequences established by Dr. R. B.
Morrison is underway for the 1989 effort.

Principal Investigator

Dr. R. B. Morrison (MAI consultant) .
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Climate Change

ISSUE:

Key Issue:

Determine whether the proposed repository in the vadose zone at Yucca Mountain will provide
the required waste isolation for the 10,000 year period after emplacement if the climate changes to a full
pluvial climate of the Quaternary.

OBJECTIVE OF ACTIVITY:

Determine the approximate magnitude of the increase in ground-water recharge/discharge in the
region surrounding Yucca Mountain that corresponds to full pluvial climates such as those experienced
between 20,000 years B.P. and 11,000 years B.P. Also, establish the associated changes in pattern of
ground-water discharge and water-table position in the areas of former ground-water discharge.

ACTIVITY SUMMARY:

The basin deposits that relate to the former extents of ground-water discharge are being studied
and mapped on either a reconnaissance basis or a detailed basis in terms of distribution, age, and details
of depositional environments and associated ecology. In addition, modern-analog environments of
ground-water discharge have been studied to verify interpretations of former depositional environments
based on the sedimentological and faunal records. On the basis of these data of extent and type of
discharge, quantitative comparisons will be made with respect to the associated ground-water discharge,
water levels, and flow patterns now present.

FINDINGS:

A number of areas of former ground-water discharge have been recognized and studied in
southern Nevada and adjacent areas of California. All of these areas extend well beyond areas of current
ground-water discharge. Some have no current discharge, whereas other areas have residual, but much
diminished, discharge still occurring. In general, there has been established clear evidence of important
changes in the distribution and amount of ground-water discharge, and major changes in the position of
saturation. Some deposits have been confidently radiocarbon dated back to approximately 15,000 years,
and the general patterns of discharge are understood for the areas mapped in detail. Ground-water
levels have declined in some areas by over 100 m.

INTERPRETATION OF FINDINGS:

The extents and character of the ground-water discharge areas indicate that effective moisture, In
a regional sense, was significantly greater during the last major pluvial climate as well as earlier pluvial
climates. A preliminary evaluation suggests that the magnitude of increase in ground-water discharge
over modern discharge Is similar to the regional increase of effective moisture indicated by Great Basin
pluvial-lake hydrologic indices. Miff lin and Wheat (1979) found effective moisture to be about one order of
magnitude greater than that indicated by modern lake indices in the Great Basin region. Should this
quantitative relationship be affirmed by additional studies of the paleoground-water discharge areas, it
suggests that a full pluvial climate would, in a regional sense, increase the ground-water recharge and
discharge rates over modem rates by about ten times. This increase in recharge rate would tend to
greatly decrease travel times in the vadose zone by forcing fracture flow to increase proportionally. The
release rates of radionuclides from the repository would also proportionally increase due to the rapidity of
travel time within the vadose zone, the only possible geologic barrier offering the possibility of long travel
times (matrix flow only).
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ADDITIONAL WORK REQUIRED:

Several areas warrant additional field studies, either detailed mapping and sampling or
reconnaissance mapping and sampling. These include Coyote Springs Valley and possibly Garden
Valley and Hot Creek Valley. The latter two basins occur in the region of the Great Basin normally
characterized by pluvial lake deposits rather than ground-water discharge deposits. These areas may
give an opportunity to compare ground-water discharge rates of pluvial climate In the higher basin of
central Nevada. In addition, careful analyses of the modem ground-water conditions in terms of water-
table position and flow are needed for each studied area of former ground-water discharge.

A third area of study is directed towards establishing reliable temperature indicators for the full
pluvial climate. One method to establish estimates of former ground-water discharge rates requires
annual temperature estimates for evapotranspiration rates. Several approaches using stable isotopes are
under investigation, and considerable progress is being made in the use of soil carbonates.

RECOMMENDED PROGRAM:

The climate-change analyses planned in the DOE characterization studies do not approach the
pluvial climate ground-water recharge rate change issue from the above perspective. Therefore, the
Nevada program should include:

Reconnaissance mapping of all areas of ground-water discharge deposits in the regions sur-
rounding Yucca Mountain, including enough detailed studies and sampling to establish age rela-
tionships,

Detailed mapping and sampling studies in the areas with favorable exposures to allow for ground-
water discharge estimates,

Stable isotope studies designed to increase the confidence of establishing paleoclimate
temperatures, and

Ground-water analyses of water-table position changes, and estimated total flux changes based
on flow net analyses in the areas of ground-water discharge deposits.

EXISTING PROGRAM:

Field work and analytical efforts have been reduced due to budget constraints. The present program
is analytical work on areas already studied and limited field work at Coyote Springs Valley. In addition,
ground-water data that are available In each area are being assembled. Sampling of buried paleosoil
carbonates is planned.

Principal Investigators:

Mr. J. Quade (MAI and University of Utah); Dr. T. E. Ceding (University of Utah); Dr. J. D. Bowman
(University of Utah); and Dr. M. D. Mifflin. (MAI).

Reference:

Mifflin, M. D. and M. Wheat, 1979, Pluvial lakes and estimated pluvial climates of Nevada: Nevada
Bureau of Mines and Geology, Bull. 94, 57 p.
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Climate Change

ISSUE:

Key Issue:

Determine whether the proposed repository in the vadose zone of Yucca Mountain will provide
the waste isolation required for the 10,000 year postemplacement period if the climate changes to the
pluvial climates of the Quatemary.

OBJECTIVE OF ACTIVITY:

Establish the site-specific evidence, if present, for shallow saturation in the vicinity of Yucca
Mountain that may be preserved as macrofossils and pollen from past communities of phreatophytic
plants.

ACTIVITY SUMMARY:

Reconnaissance search, sampling, and analyses of packrat middens have been made In a
scoping effort to establish the feasibility of locating, collecting, and analyzing packrat middens to
determine the existence and timing of former areas of phreatophytic vegetation. Phreatophytes are plants
with deep root systems that tap near-surface saturation in arid and semiarid climates.

FINDINGS:

The study indicates that macrofossils of phreatophytic vegetation occur in at least one midden
collected near Fortymile Canyon. Packrat midden sampling near areas of former ground-water discharge
in basin lowlands may not be feasible due to the absence of favorable terrane for midden preservation in
the low relief areas. Analytical results to date demonstrate plant macrofossils indicative of former moist
subsurface conditions in a section of Fortymile Canyon. Various publications (see Appendix D-1,
Spaulding) relate vegetation data to climate change during the Quatemary.

INTERPRETATION OF FINDINGS:

The method has the potential to demonstrate the presence and timing (within the last 50,000
years) of areas of shallow saturation on a site-specific basis at and around Yucca Mountain. Because of
the requirement for rugged terrane that provides stable rock overhangs and fissures for the preservation
of ancient middens, it is not as useful in many bolson areas where the former extent and timing of ground-
water discharge has been documented and dated by other criteria.

ADDITIONAL WORK REQUIRED:

A careful sampling and associated analysis of packrat middens needs to be made along and
around all terrane features which are plausible sites of former seeps, springs, or streams in and around
Yucca Mountain. In addition, all bedrock terrane closely adjacent to known or suspected areas of
paleoground-water discharge areas in the region should also be sampled. Stable isotope studies of plant
macrofossils may prove useful in characterizing soil moisture/ground-water isotopic signatures. More
scoping work is required to test this approach.

RECOMMENDED PROGRAM:

The magnitude of the needed program is such that staged studies are most appropriate,
concentrating sequentially on either areas or terrane features, and refining the field collection focus on the
basis of analytical results.
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EXISTING PROGRAM:

Analytical work on the scoping-study middens (determination of macrofossils of plants and
animals and pollen) and development of quality-assurance procedures constitutes the existing program.
Budgeting constraints have prevented the expanded sampling and analytical studies since the feasibility
of the approach has been established.

Principal Investigator:

Dr. W. G. Spaulding (University of Washington).
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Appendix D

Climate Change Program
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Appendix D-I

List of Published Papers, Abstracts, and Draft Manuscripts

Cerling, T. E., J. Quade, and J. R. Bowman, 1988, Systematic variations in the stable isotopic
composition of pedogenic carbonate along elevation transects in the southern Great Basin, USA
(GSA abstract).

Cerling, T. E., J. Quade, Y. Wang, and J. R. Bowman, 1988, Carbon Isotopes in soils and paleosols as
ecologic and paleoecologic indicators (draft manuscript).

Harril, J. R., J. S. Gates, J. M. Thomas, and M. D. Mifflin, 1988, Ground-water flow systems in the Great
Basin (modified from: Major ground-water flow systems in the Great Basin Nevada, Utah, and
adjacent states (USGS-HI-HA-674C)).

Mifflin, M. D., 1988, Region 5, Great Basin: GSA, The geology of north America, vol. 0-2, chapter 8, p. 69
to 78.

Mifflin, M. D. and J. Quade, 1988, Paleohydrology and hydrogeology of the Carbonate Rock Province of
the Great Basin (east-central to southern Nevada): GSA field trip, guide, and abstract.

Morrison, R. B., 1989, Quaternary nonglacial geology: conterminous U.S.: GSA, DNAG, vol. K-2
introduction.

Quade, J., T. E. Cerding, and J. R. Bowman, 1988, Systematic variations in the carbon and oxygen
isotopic composition of pedogenic carbonate along elevation transects in the southern Great
Basin, USA: GSA abstract and GSA Bulletin, vol. 101, p.464 to 475.

Quade, J. and W. L. Pratt, 1988, Late Wisconsin Ground-water discharge environments of the
southwestern Indian Springs Valley, southern Nevada (in press).

Spaulding, W. G., 1988, Arid regions and global climatology: the Late Quaternary record: paper
presentation at NASA Earth Surface Processes Division Climatic Changes in Arid Regions
workshop, hosted by Quaternary Research Center, U. of Washington.

Spaulding, W. G., 1989, Climatic Changes and Vegetation Dynamics in the Southeastern Great Basin,
U.S. A. (in review).

Spaulding, W. G., 1988, Comparison of pollen- and macrofossil-based vegetation reconstructions:
strengths, weaknesses, and source of error: (paper presentation at 7th Intemational Palynological
Conference on Palynology of Dry Lands, Australia.

Spaulding, W. G., 1989, Late Wisconsin and Early Holocene climatic changes and vegetation responses
in the southeastern Great Basin, U. S. A. (in review).

Spaulding, W. G., 1988, The nature of pluvial climatic episodes: paleobiotic evidence for the last 18,000
yr in southwestern North America (paper presentation).

Spaulding, W. G., 1988, Paleovegetation and paleoclimate in the southern Great Basin: (paper
presentation at NASA Earth Surface Processes Division Climatic Changes in Arid Regions
workshop, hosted by Quaternary Research Center, U. of Washington.

Spaulding, W. G., 1989, Pluvial climatic episodes in North America and North Africa: types and correlation
with global climate: paper presentation at 6th SLEADS Conference, Australia.

Spaulding, W. G., 1989, Pluvial climatic episodes in North America and North Africa: types and correlation
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Carbon isotopes In soils and paleosols as ecologic and
paleoecologic indicators

T.E. Cering, J. Quade, Y. Wang, and J.R. Bowman

Department of Geology and Geophysics

University of Utah

Salt Lake City, Utah 84112

The carbon Isotopic composition of organic matter and co-

existing pedogenic carbonate from undisturbed modern soils differ

by 14 to 16 per mil. This difference is compatible with complete

Isotopic equilibrium between gaseous,: aqueous, and solid carbon

species, and with simple diffusive mass transfer of soil CO 2.

Organic matter and pedogenic carbonate from paleosols of

Pleistocene to late Miocene age in Pakistan also differ by 14 to 16

per mil, suggesting that diagenesis has not altered the original

paleoecologic signal in burled organic matter or soil carbonate.

Moreover, like modern soil organics and carbonate, each displays

a range of about 14 per mil. These similarities confirm the utility of

stable carbon isotopes from paleosols in paleoecologic

reconstruction.

Recent studies have suggested that stable carbon isotopes in pedogenic

carbonatel-3 and soil organic matter4.5 can be used as paleoecologic

indicators. However, the validity of the first approach rests on the assumption of

isotopic equilibrium between carbon species - soil C02, HCO3- in solution, and

solid carbonate - in the soil system. Other studies in recent years have invoked

non-equilibrium processes such as "Rayleigh" distillation6.7, kinetic
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fractionation7, and partial exchange or inheritance7 8. Unfortunately, all but one

of the soils upon which these studies6-8 are based have experienced multiple

pedogenic episodes, including anthropogenic impacts, and all have unknown,

and likely multiple, vegetation histories. These complexities make interpretation

of the soil isotopic system exceedingly difficult.

Our approach has been to study ten soils in North America with simple

pedogenic histories (Table 1). For example, all the studied soils are latest

Pleistocene or in most cases entirely Holocene in age. Excepting

anthropogenic impact, vegetation cover can therefore be assumed to have

been constant and similar to today's. Our six mid-western soils are located on

national prairie preserves where vegetation shows little post-settlement impact.

The Nevada soils come from remote mountain settings unsuited for grazing, in

which vegetation remains entirely native. Vegetation at the New York site,

though disturbed, must always have been 100 % C 3 in character given the

forested nature of the region.

The isotopic composition of plants using the C3 and C4 photosynthetic

pathways have 813C values averaging about -27 and -13 per mi, respectively9.

We have examined ten soils whose biomasses span this entire range, and

analyzed co-existing bulk soil organic matter and pedogenic carbonate in each.

Soil carbonates were present as nodules and as pendants on pebble

undersides. We confined ourselves to areas where rainfall exceeds 35 cm/yr

because modeling of soils shows that pedogenic carbonate from soils with very

low respiration rates, such as in deserts, can be isotopically enriched due to

diffusional mixing with the atmosphere1 .10. We sampled carbonates below 30

cm, since near surface carbonate could be affected by diffusional mixing with

atmospheric CO2, irrespective of soil respiration rate. Nearly all the soils studied

contained carbonate in the parent alluvium, loess, or till.
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Diffusion coefficients for 12CO2 and 1 3C02 differ, thus producing a 4.4 per mil

enrichment in the plant-derived component of soil C02 compared to respired

C021.10.11. At equilibrium, the isotopic equilibrium factor 1 0 In aCO2-calcite is

-9.8 to -12.4 for the temperature range from 25 to 0 0012. Therefore pedogenic

carbonate precipitated in equilibrium with soil C02 should be about 14 (25 0C)

to 17 (0 0C) per mil enriched relative to respired C02. At low soil respiration

rates, carbonates precipitated in equilibrium with soil C02 would have an even

greater enrichment due to the atmospheric effects alluded to above.

The isotopic composition of pedogenic carbonate from a single soil in the

Konza Prairie of Kansas is constant in the soil from 40 to 103 centimeters depth,

and it is 14.5 per mil more positive than the co-existing organic material in the

soil (Fig.1). This difference supports the concept of a diffusion-controlled soil

C02-CaCO3 system in isotopic equilibrium. The patterns displayed by this soil

and those described below are not consistent with a kinetic or Rayleigh

distillation processes resulting in isotopic disequilibrium between soil C02 and

precipitated carbonate. Similarly, modem soil organic matter and co-existing

pedogenic carbonate from nine other North American soils differ by about 14 to

16 per mil where soil respiration rates are relatively high (Fig. 2). A larger

difference is expected for soils with low respiration rates such as in deserts. No

systematic trend is expected for soils whose vegetation has been changed by

agricultural or pastoral practices, or where a soil has carbonates with a large

pre-Holocene component which formed in equilibrium with surface biomasses

quite different from that of today's. All the soils studied are compatible with a

diffusion-controlled system in which all carbon species are in isotopic,

equilibrium. Therefore, the isotopic composition of soil organic matter or

pedogenic carbonate is a direct indicator of the fraction of biomass using the C3
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or C 4 photosynthetic pathways. The possible presence of CAM plants, which

have carbon isotopic values intermediate to C3 and C4 plants, should always be

noted although in most ecosystems they are not significant. Carbonates have

a much longer residence time in soils than does soil organic matter. Therefore,

the isotopic composition of pedogenic carbonates could be used to estimate the

original proportion of original C4 biomass not only in paleosols but in near

modern soils where soil organic matter has recently changed.

Figure 2 also shows the isotopic composition of co-existing paleosol

organic matter and pedogenic carbonates from paleosols (fossil soils) in the

Siwalik sequence of Pakistan. The concordance with the modern trend

indicates that the pedogenic carbonates in the paleosols have, not been

isotopically altered during diagenesis notwithstanding several kilometers of

burial. Moreover, the spread of values between soil carbonates and between

organic matter is about 14 per mil from the Miocene to Pleistocene. This is the

same spread observed in modern soils between pure C3 and C4 end-member

biomasses. These lines of evidence confirm the utility of the isotopic

composition of paleosol carbonate as indicators of the proportion of C3 and C4

biomasses present during pedogenesis.

In conclusion, the isotopic composition of soil organic matter and pedogenic

carbonate differ by about 15 per mil and therefore support a model of isotopic

equilibrium between carbon species in a system controlled by diffusion. We

found no evidence for Rayleigh distillation, kinetic, or partial exchange

processes in the formation of soil carbonates in ten different North American

soils. Analysis of coexisting organic matter and pedogenic carbonate provides a

simple test of the state of preservation of the original paleoecologic signal in

soils based on carbon isotopes.
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Figure captions

Figure 1. The isotopic composition of soil organic matter and pedogenic

carbonate as a function of depth in a prairie soil from Kansas, USA.

Figure 2. The isotopic composition of co-existing organic matter and pedogenic

carbonate from ten modern North American soils, and from eight late

Miocene to Pleistocene paleosols in Pakistan. Solid lines represent

isotopic values for pedogenic carbonates in isotopic equilibrium with soil

organic matter in a diffusion-controlled soil system .1 0 at 0 and 250C.
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TABLE 1 GENERAL FEATURES OF SOIL SITES

Locality

Manhattan, Kansas

Manhattan, Kansas

Lincoln, Nebraska

Pocahontas, Iowa

Watertown, South Dakota

Saskatoon, Sask., Canada

Binghamton, N.Y.

Spring Mtns-4, Nevada

Spring Mtns-5, Nevada

Spring Mtns-6, Nevada

soil
series

Dwight

Tully

Burchard

Clarion

Barnes

Elstow

Howard

soil
type

Natrustoll

Argiustoll

Argiudall

Hapludall

Haploboroll

Haploborall

Hapludalf

Calciorthid

Calclorthid

Calcorthid

vegetation

native prairie

native prairie

native prairie

native prairie

native prairie

native prairie

mixed
woodland
pigmy coni
woodland
conifer
woodland
conifer
woodland

Note: a. MAP mean annual precaptation (cm)
b. MAT - mean annual temperature (T 0 C).
c. approximately 5 g of soil from 5-10 cm intervals over whole profile except surface litter, analyzed separately, results averaged.
d. approximately 5 g of soil from 5-10 cm intervals over whole profile except surface litter, mixed together, analysis on a single homogenized sample.

e. soil sample from 15 to 35 cm only, homogenized prior to analysis.
f. soil sample from 40 to 60 cm only, homogenized prior to analysis.

)





3 C (PDB)pedogenic carbonate



The Geology of North America
Vol. O-2, Hydrogeology

The Geological Society of America, 1988

Chapter 8

Region 5, Great Basin

M. D. Miffin
Mifflin and Associates, Inc., 2700 Sunset Suite C-25, Las Vegas, Nevada 89120

INTRODUCION

The Great Basin is a 500,000 km 2 hydrographically defined
region of the southwestern United States (Fig. 3, Table 2, Heath,
this volume). Its hydrogeology is unique when compared to any
other region of similar size in North America, owing to a combi-
nation of basin-and-range structure, arid climates, and interior
drainages Plate 3 (chiefly a US. Geological Survey compilation
and intetorptation of data from many sources) depicts in consid-
erable detail ground-water relationships, such as patterns of flow,
flow-systen divides, estimates of ground-water budgets, and the
distribution of ground-water discharge for a large part of the
Great Basin.

A repetitious pattern of north-trending mountain ranges and
intermontane structural basins establishes the hydrogeology of the
region. Climates are generally a function of altitude and, to lesser
extent, latitude and rain shadow effects. The climates range from
the very dry and hot desert climate of Death Valley in the lowest
basin, through cooler semiarid steppe-like climates in the higher
basins, to the more humid alpine climates of the highest moun-
tains. The entire region is characterized by interior drainage of
surface water and ground water, with the exception of a small
area of Nevada tributary to the Colorado River. The following
are recognized as the dominant factors in creating the special
hydrogeologic conditions common to the region:

1. Extensional faulting has resulted in marked topographic
differences and lithologic contrasts between geologically diverse
range blocks and intermontane sedimentary basins.

II. Regional patterns of atmospheric circulation transport
winter moisture from the Pacific Ocean in eastward tracks across
the Great Basin, producing humid alpine climates in the high
mountains as a result of orographic influences, while the inter-
montane basins remain arid or semiarid.

III. Surface drainage and ground-water flow systems are
confined to hydrologically closed regions from which external
drainage does not occur. The boundaries of surface-water basins
and ground-water now systems do not always coincide due to
combinations or aridity and transmissive character of the consoli-
dated rocks.

IV. Quaternary climatic variations produced more effective
moisture and associated paleohydrology that left abundant evi-

dence of shorelines, spring and saline deposits, and basin deposits
related to lacustrine and paludal environments. Locally, the pa-
leohydrologic history determines the pattern of ground-water
flow, distributions of discharge, and water quality in the hydro-
graphically closed basins.

GEOLOGIC CONTROLS

Geology imparts strong subregional and local influences on
the hydrogeology. The Great Basin region displays the record of a
long and active history of intermittent marine sedimentation and
large-scale compressive deformation, island-arc plutonism and
volcanism, bimodal basaltic and silicic volcanism, extensional
tectonics, and terrestrial sedimentation. Rock types, ages, and
deformational structures range through much of the known spec-
trum, and in many areas impressive diversities exist in juxtaposed
rock types. Subsurface conditions arc highly varied and generally
complex, and bedrock geology beneath alluvial basins is only
approximately known in much of the region.

The Great Basin has been subdivided hydrogeologically into
two provinces related to either the abundance or lack of relatively
permeable consolidated rock types. These provinces have been
termed the "low permeability rock province" and the "carbonate
rock province" (Fig. 1). In areas underlain by thick sequences of
Paleozoic limestones and dolomites, ground-water flowpaths are
not always concordant with the hydrographic and structural
basins. Hydrologic evidence suggests extensive circulation of
ground water between some structural basins, and such circula-
tion may also control the distribution of known geothermal re-
source areas (Fig. I) and anomalously low heat flow centered in
east-central Nevada. In the low permeability rock province, the
structural basins commonly constrain ground-water circulation to
intrabasin flow configurations, and known geothermal resource
areas are abundant.

The basin sediments are only approximately known in the
subsurface. Maxey and Jameson (1948) were the first to demon-
strate that complex histories of basin growth and sediment ac-
cumulation, with marked variations in structural and hydrologic
histories, combine to vary the total thickness, age, composition,

Mifflin, M. D., 1988, Region 5, Great Basin, In Back, W., Rosenshein, J. S., and Seaber, P. R., eds.. Hydrogeology Boulder, Colorado, Geological Society of
America. The Geology of North America, v. 0-2.

69



M. D. Mifflin

Figure 1 Carbonate rock province and distribution or known
geothermal resource areas (in part after Mifflin, 1968; Mifflin and Hess,

1979)

and distribution of relatively transmissive sediments of the basin
fills (Fig. 2). Semiconsolidated and unconsolidated basin deposits
may range in age from Eocene to Holocene, with lithologic char-
aeteristics varying significantly and local deformation present (see
Davis, Chap. 34.). The last major episode or the structural basin
development and associated sedimentation probably began in
middleor late Miocene time and continues to the present. In the
southerly part of the region, mountainous relief and basin filling
to greater than current levels had occurred by late Miocene or
early Pliocene time. The northern two-thirds and the eastern and
western margins of the region are marked by continuing basin-
and-range fault movements; the range-margin faults of the
southwesterly part appear to be less uniformly active, and many
pediments have developed on both the bedrock and older basin
sediments along the flanks of the elongated mountain ranges.

CLIMATIC CONTROLS

Markedly varied climates and the associated distribution of
moisture available for runoff and recharge greatly influence the
hydrogeology. The availability of moisture (timing, amount, state,
'nd distribution of precipitation) and high evaporation and trans-
piration rates combine to impart strong controls on the distribu-
tion and amount of surface runoff and ground-water recharge, the
pattern and amount of ground-water flow, and ultimately, the
distribution and character of surface-water and ground-water

sinks. Climates are generally arid to semiarid in the many basins
of the Great Basin. Depending upon latitude and altitude, they
range from cool steppe climates in the basins with altitudes of
more than 1,200 m (much of the northern two-thirds of the
province) to the warm desert climates in the lower basins of the
southwestern one-third of the area. Strong seasonal and diurnal
temperature variation is common throughout the region. High
variability of the annual precipitation is also typical of the arid
and semiarid climates of the region.

In the northern and highest basins and the higher mountain
terrane, the minimum annual potential evaporation is about
0.6 m; in the low southwesterly basins, the annual potential evap-
oration may range to more than 3 m. When compared to average
annual basin precipitation of 100 to 200 mm (the latter in some
of the highest northern basins) the moisture deficit is substantial
(ranging from about five to thirty times more potential evapora-
tion than annual precipitation). However, the distribution of
moisture, particularly in the more humid alpine climates in the
high mountainous areas, permits moisture to persist at land sur-
face, and even in more restricted conditions of time and space,
permits moisture runoff and ground-water recharge to occur.

The range of climates associated with the mountainous ter-
rane of the Great Basin is greater than that of the arid basins. The
lower mountains in the southwesterly part are as arid as northerly
basins with similar altitudes. Somewhat more precipitation falls
on southern mountain ranges than on the adjacent basins owing
to orographic effects. Also, the southern basins and ranges receive
more precipitation from summer convectional storms. The few
high ranges in the south, such as the Spring Mountains and the
Sheep Range near Las Vegas, and the Panamint Range west of
Death Valley, receive more than 500 mm of precipitation in the
crestal areas. Similar amounts of precipitation occur on many of
the high ranges in the northern and central part of the Great
Basin. The resultant snowpacks store much of the winter mois-
ture. This accumulated moisture provides a prolonged meltwater
runoff. Much of this moisture infiltrates in the mountain source
areas. Some reaches the basin margins and infiltrates before being
lost to evapotranspiration. The quantitative importance of high-
terrane winter moisture to total recharge remains uncertain but is
most likely the principal source of recharge. Perhaps the only
exception in the region occurs in the Mojave Desert, which con-
sists of low mountains and extremely arid terrane. In this area,
snowpacks do not form, and recharge is derived from infiltration
along dry washes during the rare heavy precipitation events that
produce runoff.

HYDROLOGY

The region has more than 100 major hydrographic basins
(Plate 3), which can be subdivided into more than 200 hydro-
logic basins (as viewed from a combination of surface water and
ground-water basin perspectives). All ground water and surface
water ultimately is evaporated or transpired within the region
except for a minor amount that discharges to the Colorado River.
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Figure 2. Lithologies, facies changes, and structure of Las Vegas Valley (as interpreted by Bell, 1981, after
Maxey and Jameson, 1948).

Typically, perennial streams originate in the high mountains.
Some of the larger streams traverse several structural basins until
dissipated by infiltration, artificial diversions, natural evapotrans-
piration, and evaporation; in terminal sinks (playas, marshes,
playa lakes, and terminal basin lakes). All Great Basin streams
become losing streams within the basin environments (decreasing
total stream discharge downstream). For most streams, the posi-
tion of balanced gains and losses in stream discharge will vary in
geographic position with the season, the stage of runoff, the an-
tecedent runoff in prior months and years, and the pattern and
timing of artificial diversions. In general, the aridity of the inter-
montane basin(s) through which the stream flows permits little or
no net ground-water contributions to the stream. However, the
discharge of Great Basin streams typically varies greatly, both
seasonally and annually. Therefore, important short-term inter-
changes between river and ground-water systems occur. The ma-
jority of ground-water recharge in irrigated basins is derived from
streamflow during high runoff or infiltration of diverted irrigation
water.

The high mountainous terrane bounding the Great Basin on
the west, north, and cast provides abundant water supplies for
many of the basins. Along the western boundary, the high Sierra
Nevada and the extreme southern portion of the Cascades supply
perennial streamflow to the westernmost basins. To the north,
near the Nevada-Oregon boundary, the Jarbridge Mountains, the
Ruby Mountains, and the East Humboldt Range are major
source areas for the Humboldt River, which flows to the west and

traverses essentially the width of Nevada. Along the northeastern
and eastern flank of the Great Basin, basins receive heavy runoff
from the Wasatch and Uinta Mountains. To the southeast, in
south-central Utah, the high plateaus and mountains (the Wa-
satch, Aquarius, Paunasaugunt, Sevier, and Kolob plateaus, and
the Escalante, Tushar, and Pine Valley mountains) are major
sources of moisture for the easternmost basins. All of these areas
receive annual precipitation in excess of 500 mm, with the highest
parts of the Wasatch and Uinta Mountains and plateaus, as well
as the Sierra high country, receiving as much as 1,500 mm or
more.

Most surface water within the region is diverted for irriga-
tion within the basins. As a result, the usually limited streamflow
is spread over extensive areas within the alluvial basins. The net
effects of ubiquitous streamflow diversion have been increases in
recharge and in evapotranspiration in the irrigated areas, and
decreases in surface water that reaches the natural terminal sinks.
These net effects of streamflow diversion result in profound im-
pacts on the hydrology of irrigated basins, the lower reaches of
streams, and terminal sinks. Below major diversion canals in
irrigated basins, water tables are frequently shallow, and exten-
sive water-logged areas, seeps, and ponds or marshes may be
common. Extensive areas of phreatophytes are common. Surface-
water quality in drainage and stream channels is adversely af-
fected. The natural flows in small streams are dried up in the
basinward reaches by upstream diversions. In the terminal basins,
markedly increased upstream consumptive use has historically
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produced major water-level declines and/or loss of terminal
basin lakes (e.g., Mono Lake, Pyramid Lake, Walker Lake, Great
Salt Lake, and Winnemucca Lake).

The hydrogeologic characteristics of most of the basins are
also influenced by the paleohydrologic histories of the closed
basins. Figure 3 illustrates the latest Pleistocene plenipluvial dis-
tribution of drainage and pluvial lakes (about 14 to 18 ka), with
the northeastern and northwestern bolsons totally inundated by
Lakes Bonneville and Lahontan, respectively, and many other
basins occupied by smaller lakes. Paleohydrologic influences on
basin hydrogeology include the distribution of well-sorted river
and delta deposits, forming favorable aquifers (Amow and others,
1970); the distribution of fine-grained lacustrine sediments and
associated broad depositional plains; and areas of extensive ac-
cumulations of evaporites and associated distribution of saline
ground water (Mifflin, 1968). In some southerly bolsons, pluvial
lakes failed to develop because of the warmer, more arid climate.
In other bolsons, fine-grained sediments rich in secondary carbon-
ates accumulated due to marked increases in ground-water dis-
charge, supporting springs, marshes, and wet meadows (Mifflin
and Wheat, 1979).

The terminal sinks of surface-water and ground-water sys-
tems vary in character. Variations in surface-water systems are
dependent upon a combination of factors, including paleohydro-
logic history of the basin, rate of local tectonic movement,
terminal-basin size and configuration, history of stream capture,
and sedimentation rates. Deep-water terminal lakes, such as Pyra-
mid and Walker Lakes in northwestern Nevada, apparently per-
sist to the present due to a combination of three factors: (1) high
rates of tectonic movement at the terminal basin; (2) Quaternary
history of stream capture concentrating runoff to the terminal
basins; and (3) the terminal-basin sizes and configurations. When
the combination of basin configuration, sedimentation rate, and
tectonic basining produce broad, low-relief bolsons with rela-
tively large perennial surface-water supplies, broad but shallow
terminal lakes form, such as Mono Lake and the Great Salt Lake.
If the perennial surface-water supply to the basin is more limited,
large but shallow playa lakes occur, such as Honey Lake in
northeastern California. This lake is normally perennial, but his-
torically has gone dry. There are all degrees of persistence and
size displayed by playa lakes in the Great Basin. Playas-flat
areas of clay and silt devoid of vegetation-probably are adjusted
to ephemeral surface-water runoff of the Holocene or present
climates. The playas occasionally fill to depths from a few cen-
timeters to more than a meter of water. However, many of the
largest playas in the northern Great Basin (e.g., the Black Rock
and Smoke Creek deserts, and large playas peripheral to the
Great Salt Lake) are in part relict depositional plains of former
pluvial lakes and as such, with the present climatic conditions,
may never be totally inundated.

Hydrogeologically, the playas range between two extreme
types: (1) phreatic or wet playas (normally moist near or at the
playa surface owing to the shallow regional zone of saturation),
and (2) vadose playas (normally dry because the regional zone of

saturation is too deep for the capillary fringe to reach the surface
of the playa). Gradation from one condition to the other may
occur within a given playa area. Phreatic playas commonly have
areas of puffy or salty surfaces; vadose playas are normally com-
posed entirely of smooth pans of clay and silt.

Quantitatively, the most common cause of discharge of
ground water in the Great Basin is not direct evaporation from a
phreatic playa surface, but rather transpiration by phreatophytes.
Phreatophytes line the floodplains of perennial streams, surround
phreatic playas, and may extend over large areas of the bolsons.
Throughout the Great Basin, phreatophytes mark extensive areas
where the water table is no more than about 15 m below land
surface. Once their hydrogeologic significance was recognized by
the early settlers of the arid West, the settlers' ability to develop
shallow-well water supplies was greatly improved.

HYDROGEOCHEMISTRY

The physical and chemical characteristics of ground water in
the highly varied Great Basin environments have provided very
useful supplementary evidence of ground-water circulation pat-
terns. Many large regions have only sparse information on fluid-
potential relationships. These data have often been supplemented
by physical and chemical parameters, which may be used to
indicate circulation paths.

Ground water of the region generally begins as a CaMg
HCO3 type in the recharge areas, and its chemistry evolves along
the flowpaths as a function of the lithologies encountered. Typ-
ically, along the longer flowpaths in most types of terrane, includ-
ing the basin fills, SO4 and Cl ions tend to increase in relative
concentrations. Base exchange is common in basin sediments,
with Ca and Mg ion concentrations decreasing, and Na and K
ions increasing along flowpaths.

Within both the bedrock and basin sediments, an important
control on the concentrations of the highly soluble species is the
distribution of evaporite deposits in Mesozoic and Cenozoic
strata. In the young sediments of the bolsons, the presence or
absence of hydrographic closure (both of surface-water and
ground-water) determines the distribution of salt concentrations
in surface and ground water. Indeed, Langbein (1961) observed
that the absence of both evaporates and poor-quality water in a
bolson was the strongest proof for the absence of hydrologic
closure. Typically, vadose playas display only minor concentra-
loins of salts; phreatic playas, as congruent surface-water and
ground-water sinks, display concentrations of evaporites.

Water chemistry of the many large springs (discharge rates
equal or greater than 28 1/sec) in the carbonate-rock province has
been used to aid in the interpretation of flow-system configura-
tions. Figure 4 illustrates a spring classification based on increas-
ing concentrations of Na, K, Cl, and S04 ions with apparent
length of flowpath. Springs classified as regional are believed to
represent points of discharge for regional flow (frequently long
flow paths that are interbasin in configuration) whereas the local-
and small-local-class springs characterize the discharge of flow
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Figure 3. Plenipluvial Pleistocene lakes in the Great Basin (after Morrison, 1965; modifications from
Mifflin and Wheat, 1979).
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Figure 4. Flow system classification of large springs in the carbonate rock province of Nevada based on
water chemistry and tritium (after Mifflin, 1968).

systems generally confined to the hydrographic basins. Only the
small-local- and local-class springs are known to display major
fluctuations in discharge, in seasonal or greater cycles, and small-
local springs commonly demonstrate tritium concentrations indi-
cating discharge of water recharged after 1954.

In the Great Basin, the majority of the large springs occur
within the intermontane basins of the carbonate rock province
and are often closely associated with nearby outcrops or carbon-
ate rock. In south-central and southern Nevada, most of the
major springs in the basins display water chemistries characteris-
tic of the regional class. These spring areas are widely separated
by extensive areas displaying little or no evidence of ground-
water discharge (Plate 3). The springs have nearly constant dis-
charge and probably represent points or zones of principal
discharge from large regional flow systems. Accurate delineations
of these regional systems are yet to be established in some areas;
however, approximate delineations have been proposed (Eakin,
1966; Mifflin, 1968; Winograd and Thordarson, 1975; Harrill
and others, 1988).

The water chemistry and temperature data at any given

position in the flow systems provide indications about the upgra-
dient flowpaths. In the low-permeability bedrock province, there
occurs a relatively small, although significant and concentrated,
flow of deeply circulated ground water, as indicated by the
widely distributed but highly localized discharge of thermal water.
This deep ground-water circulation is believed to be enhanced by
mountain-block recharge at high initial fluid potentials, which in
turn, allows for deep percolation, initially within the mountain
block along fractures or faults. Some of the thermal waters are
moderately to highly mineralized.

Great Basin heat flow is high (Lachenbruch and Sass, 1978),
and thermal ground water and geothermal resource areas are
common in the low-permeability bedrock province. However,
the paucity of these resource areas and the occurrence of the
anomalous "Eureka Low" in the carbonate rock province of the
Great Basin (Fig. 1) may be related to the hydrology of the
carbonate terrane. If so, local, deeply circulated hydrothermal
water may be masked by the transmissive carbonate aquifers that
incorporate the hydrothermal water into regional flow. The miss-
ing heat in the "Eureka Low" may be advected to the large
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springs (those discharging in the basin environments are typically
5 C to 15 C above mean annual temperature) where heat flow
has not been measured. The data base remains insufficient to fully
test these hypotheses.

The ground-water temperature data is indicative of flow
patterns and the location of recharge areas. Shallow circulating
ground water has temperatures within a few degrees of mean
annual air temperature. In the Great Basin, this relation gives
some measure of the proximity of the recharge and the depth of
circulation. Figure 5 illustrates ground-water temperature in
water-supply wells finished in the alluvial aquifers of three se-
lected basins. In the Truckee Meadows (Reno, Nevada, area),
deeply circulated thermal waters issuing up along a range-front
fault zone paralleling the Carson Range mix with the alluvial-fill
waters recharged directly to the alluvium from extensive irriga-
tion diversions. The histogram illustrates the two sources and the
effective mixing (in some cases within the sampled wells). In the
Quinn River Valley in north-central Nevada, the majority of
ground water is recharged nearby from infiltrating streamflow on
the bajada of the Santa Rosa Range. Most wells display tempera-
tures compatible with shallow circulation. A lesser amount passes
from the indurated rocks of the range to the flanking alluvium
and displays higher temperatures of deeper flow paths.

The example of alluvial aquifers in Las Vegas Valley, where
the majority of recharge is believed to occur high in the carbonate
rock terrane of the Spring Mountains, indicates the majority of
flow apparently has uniform depth of circulation from the adja-
cent mountains. The systematically decreasing number of higher
temperature occurrences also suggests that some deeper flow lines
arc likely, and in the southerly extents of the valley (the most
distant area from the highest mountain terrane), thermal water is
present and may be associated with a low-permeability bedrock
boundary.

Radiocarbon dates and tritium concentrations generally indi-
cate relatively "old" ground water in most of the basin environ-
ments, with tritium concentrations commonly below postbomb
levels and apparent radiocarbon ages in the thousands of years.
These observations are compatible with the large volumes of
water in storage and small annual flux rates in the ground-water
systems. The stable isotopes 18C and 2H are currently being used
to study the position of recharge (mountain or basin environ-
ments) and age relationships (modern climate or pluvial climate).

CONFIGURATION OF FLOW SYSTEMS

Meinzer (1916) was the first to understand and accurately
describe the typical hydrogeologic relationships of ground-water
flow in the Great Basin. Figure 6 is his map of the ground-water
discharge area of the Big Smoky Valley in Nevada, illustrating
phreatophytic growth surrounding the playas and several typical
spring-line areas at the toe of the bajada near the playa margins.
He discussed the rapidly increasing depths to saturation under the
steeply rising bajada and attempted a water budget by measuring
the streamflow (a major portion of his recharge estimates) issuing

Figure 5. Histograms of ground-water temperature from wells in three
ground-water basins in Nevada (after Mifflin, 1968).

from the mountain canyons onto the alluvial fans. Once on the
alluvial fans, he observed that streamflow is generally lost before
reaching the basin lowlands due to a combination of infiltration
and evapotranspiration. Meinzer also estimated water use by
phreatophytes (in the discharge area). He discussed the principal
sources of recharge, the distribution and function of the discharge
area, the associated increasing fluid potential of ground water
with depth in the discharge area (giving rise to flowing wells), the
former presence and distribution of large pluvial lakes and the
associated influence on the lithology of the basin fill, and the
concentration of salts in the discharge area due to ground-water
discharge and lake evaporation. Even the varying hydrologic
roles of phreatic and vadose playas were noted. He also discussed
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the flow systems with carefully collected water-level data: (1)
recharge, with important downward flow; (2) lateral flow, usu-
ally quite extensive; (3) upward flow (usually within the basins
adjacent to areas of active ground-water discharge); and (4) ac-
tive discharge, with upward flow. There are notable differences
between a "typical" Great Basin flow system and those of more
humid terranes where ground-water discharge is widespread and
the upper surface of the zone of saturation is typically a subdued
replica of topography. Vast areas of lateral flow and great depths
to the zone of saturation occur in most basins. These conditions
commonly extend into foothills and low mountain areas. Peren-
nial water is, therefore, limited over broad areas of the Great
Basin, and many a truly "dry hole" has been dug by would-be
water developers.

Through the efforts of many investigators in the past 30
years, a fascinating variety of flow-system configuations have
been recognized within the Great Basin. Figure 8, developed by
Eakin and others (1976), presents several. Hydrographically
closed or undrained basins typical of the low-permeability rock
province have ground-water discharge from the alluvial basin in
the vicinity of the bolson playa. In partly drained basins, some
discharge occurs within the hydrographically closed basins, but
some ground water flows through permeable rock to another
basin. In drained hydrographically closed basins, no ground-
water discharge occurs within the basin due to subsurface flow
out through permeable rock. In a basin that is a regional sink,
there is discharge of a regional flow system with an important
part of flow derived from adjacent basins. Not depicted in Figure
8 is the common configuration of ground-water discharge con-
centrated via large springs associated with carbonate rock terrane
within the basins. In addition, the following discussion deals with
postulated more complex flow patterns in the carbonate rock
province.

In the central and northerly extent of the carbonate rock
province, interbasin flow may be common but very complex,
provided the previously discussed spring classification based on
water chemistry is valid. Here the regional (interbasin) spring
category cannot be tested by independent evidence of fluid poten-
tial relationships. Small-local-, local-, and regional-class springs
frequently discharge within the same intermontane basin. When
viewed from the water-chemistry and water-budget perspective,
some of the flow-system configurations may follow a pattern of
local, intermediate, and regional flow-system circulation cells as
proposed by Toth (1962, 1963) and modeled by Freeze and With-
erspoon (1966, 1967).

Most important to the multicell configurations of flow are
relatively transmissive lithologies at depth. With such conditions,
the models indicate that important flux may move under shallow
circulation cells and, in effect, move under fluid potential "barri-
ers" normally assumed to define flow-system boundaries. Most
data on ground-water fluid potential are limited to the upper part
of the phreatic zone throughout the region; hence, even a detailed
knowledge of that configuration may be inadequate to ascertain
where some waters enter the system in areas underlain at depth

Figure 6. Meinmer's hydrogeologic map of Big Smoky Valley (after
Meinzer, 1916).

the concept of safe yield for the ground-water basins, a topic of
continuing interest in the water-short regions, and a prime stimu-
lus for modern studies of flow-system configurations.

Figure 7 presents an idealized depiction of the typical flow-
system relationships as indicated by fluid-potential relationships
in boreholes. Mifflin (1968) recognized four important zones of



Figure 7. Idealized sketch of fluid potential relationships in Great Basin flow systems (after Mifflin,
1968).

UNDRAINED PARTLY DRAINED I DRAINED REGIONAL SINK
CLOSED BASIN CLOSED BASIN CLOSED BASIN

LOCAL SYSTEM REGIONAL SYSTEM

Figure 8. Observed configurations of ground-water flow in the Great Basin (modified after Eakin and
others, 1976). ET, evapotranspiration.



by extensive transmissive zones. Two principal lines of evidence
indicate that regional and local flow-system cells, as depicted by
the conceptual models, may indeed exist. Imbalances in hydro-
logic budgets, where estimated recharge is established from pre-
cipitation in hydrographic basins and compared with estimates of
ground-water discharge (Maxey and Eakin, 1949; Rush and oth-
ers, 1971), and the hydrogeochemistries of large springs, indicat-
ing marked differences in total flowpath length, led Mifflin
(1968) and Harrill and others (1988) to postulate complex circu-
lation cells and interbasin flow controlled by important zones of
transmissivity at depth in the extremely thick sequences of carbon-
ate rock (perhaps as much as 20,000 m in some areas).

CONCLUSIONS

Great Basin hydrogeology is complex and only sketchily
documented. The data base that exists demonstrates that the
geology and climate markedly impact the distribution of ground-

water recharge, the patterns of flow, and the final discharge areas
for both the surface-water and ground-water systems. Plate 3
summarizes the geographic distribution of these relationships, in-
cluding the estimated water budgets. Marked variations can be
seen in sizes of the ground-water flow systems, and the relative
distances between recharge areas and the terminal discharge areas
within multitudes of arid bolsons. Areas with interbasin-flow
configurations are the most common in the carbonate rock prov-
ince. When traversing the region, many of the unusual aspects of
hydrogeology can be recognized, such as vast extents of shrubby
phreatophytes, wet playas where much of the ground-water flow
is dissipated, the playas and terminal-basin lakes of the closed
basins, the large springs in the deserts hundreds of kilometers
from the areas of recharge in the mountains, and vast arid areas
where perennial water at land-surface is totally absent. These and
other hydrogeologic phenomena are gradually being put into the
context of the geologic and climatic influences as they occur in
the Great Basin.
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INTRODUCTION

Objectives of the field trip are:
I. Direct observation of hydrogeologic features of large

regional ground-water flow systems in the car-
bonate-rock province of the Great Basin.

II. Direct observation of paleohydrologic features of
pluvial lakes in hydrographically closed basins, and
features of the pluvial White River.

III. Direct observation of widespread palcohydrologic
evidence in southern Nevada for ground-water dis-.
charge supporting extensive areas of seeps and
springs, phreatophytes, perennial streams, marshes,
and wet meadows.

IV. Direct observation of the depositional environments
and associated biota of the modern ground-water
discharge areas in northeastern Nevada that present
direct analogs to the sedimentary facies and as-
sociated fossils of former ground-water discharge
areas in southern Nevada during the last major
pluvial climate.

Plate 1 is a map of the eastern half of Nevada modified from
Mifflin (1968) which illustrates postulated ground-water flow
system boundaries and large springs, and Plate 2 is a map of
pluvial lake distribution data in the eastern half of Nevada
modified from Mifflin and Wheat (1979). The known distribu-
tion of ground-water discharge deposits have been added in
southern Nevada. Major stops are also shown on each plate, and
thc field trip route is on Plate 2. The field trip begins at Elko,
Nevada, located along the upper reaches of the Humboldt River,
and then traverses several smaller hydrographically closed
basins and much of the pluvial White River drainage before
reaching the Las Vegas Valley in southern Nevada.

This guidebook presents brief discussions of concepts and
observations on the hydrogeology and palcohydrology. Ex-
panded discussions and more detailed data bases may be
generally found in the cited references.

GENERAL DISCUSSION

Configuration of Ground-Water Flow Systems

The hydrogeology of eastern Nevada and western Utah is
markedly influenced by very extensive thicknesses of Palcozoic
carbonate rock impacted by several periods of deformation in
the basements of many alluvial basins and within the mrn
ranges. Figure 1 illustrates the extent c-'
hydrogeologic province, a region where thi
Palcozoic limestone and dolomites comprise mo



Figure 1. Carbonate rock province in Nevada based on reported
measured sections (after Miffin, 1968).

of the bedrock terrane. Transmissive zones within this region
may occur to great depths (3,000 m) and ground-water flow from
one hydrographic basin to another is recognized is several areas.
Some interbasin flow may occur in complex regional circulation
cells as conceptually proposed by Toth (1962, 1963) and
modeled by Freeze and Witherspoon (1966a, b) as shown in
Figure 2. Interbasin flow occurs in quite simple configurations,
such as the regional gradients modeled in Figure 3. Good
evidence of the regional gradient configuration of interbasin
flow has been established inseveral areas of the Carbonate Rock
Province of the Great Basin. Parts of the northeastern and
central Nevada are good candidates for the Toth regional cir-
culation cell configuration of interbasin flow. This pattern of
flow is suggested by imbalanced hydrologic budgets for some of
the basins, evidence for fluid potential divides within basin
bounding mountains, and the chemical and flow characteristics
of certain large springs, which are discussed later. In contrast,
the southern portion of the White River ground-water flow sys-
tem, as delineated by Eakin (1966) and the NTS-Amargosa
ground-water flow system as characterized by Winograd and
Thordarson (1975), demonstrate interbasin ground-water trans-
for comparable to the more straightforward regional gradient
configurations of flow in Figure 3.

A and B Situation of interbasin flow produced by greater
relative permeability at depth and relief.

C Situation of interbasin flow produced by relief
alone, in uniform permeability media.

D Situation of interbasin flow created by tense
of permeability material.

Flow line

. Equirpetential line

Relative Hydraulic Conductivity

Figure 2. Models of configuration of flow with varying baoun-
dary conditions (modified after Freeze and Witherspoon, 1967).

Climatically Induced Changes in Hydrologic Systems

In northern and central Nevada and western Utah, nearly all
hydrographically closed basins contained lakes during
plenipluvial periods of the Pleistocene. In place of the former
extents of the pluvial lakes are now much more geographically
restricted hydrologic features, such as: terminal lakes, playas,
playa lakes, marshes, and extensive areas of phreatophytes. Two
deep water terminal lakes - Pyramid and Walker- occur today,
as well as the larger, but shallow Great Salt Lake. Ground-watcr
systems often grade to discharge areas in the vicinity of the sur-
face-water sinks in the lowest parts of the basins (see Plate 1).
The same ground-water systems during the plenipluvial climates
likely adjusted to pluvial lake levels, and much of the ground-
water discharge probably occurred as lateral flow to the pluvial
lakes and more extensive perennial streams. In hydrographical-
ly closed basins of the lower and warmer Mojave Desert in
southern Nevada and adjacent California, there was generally
insufficient effective moisture and runoff to establish deep,
stable lakes with their related shoreline features (Mifflin and
Wheat, 1979). However, some of these basins had markedly ex-
panded areas of ground-water discharge that produced very dis-
tinctive carbonate-rich fine-grained sediments. Until recently,



Figure 3. Observed configurations of ground-water flow in the Great Basin (modified after Eakin, et al., 1976).

these deposits were interpreted to be lakebeds, and a number of
pluvial lakes were delincated on the basis of such deposits in
best-known compilations of pluvial lakes in the Great Basin
(Hubbs and Miller, 1948; Snyder, et al., 1964; Morrison, 1965).
Mifflin and Wheat (1979) argued-for theground-water dis-
charge origin and omitted these areas from their map (Plate 2).
Quade (1983,1986) has conducted detailed field studies of these
distinctive sediments and complied abundant evidence for a
ground-water discharge origin. The field trip provides an oppor-
tunity to observe an active ground-water discharge environment
in northeastern Nevada and compare it with late Pleistocene and
early Holocene ground-water discharge deposits in southern
Nevada.

The widespread evidence (or expanded areas of ground-
water discharge during pluvial climates is directly related to the
capacity of some arid terrancs to transmit greater fluxes of
ground water when more effective moisture is available for
recharge. Mifflin (1968, p. 15-17) discussed this terrane trans-
missive capactity concept and termed it 'flow capacity of
terrane'. The concept is illustrated by Figure 4, where depend-
ing upon the overall transmissive capacity of the earth materials
and thc distribution and amount of moisture available for
recharge, mountain or basin terrane may or may not be at max-
imum 'flow capacity of terrane' in arid regions like the Great
Basin. If terrane is at flow capacity, saturation will be generally
near land surface and there would be no additional not recharge
even if more effective moisture were available for recharge.
Surface-water systems would reflect the greater effective mois-
turc, but ground-water systems would not change in flux Con-
versely, if terrane is not at flow capacity, an increase in the
availability of effective moisture will result in more net recharge,
a shallower position of saturation, and a greater total flux of

ground water in the terrane. This concept is important when
comparing modern climates and associated hydrology with the
paleohydrologic evidence of the pluvial climates in the Great
Basin.

The field trip route offers examples of bedrock and alluvial
basin terrane at and below flow capacity of terrane. The route
also allows observation of areas within southern Nevada basins
where ground-water discharge was markedly greater under
pluvial climatic conditions. This expanded ground-water flux
would, conceptually, only occur in arid regions where there ex-
isted the capacity of the terrane to accept and transmit more
recharge with a climate producing more effective moisture.

Day One, Beginning at Elko, Nevada

Mileage
0 Elko East offramp and I-80 mileage begins.

Travel cast on I-80.
9.0

9.0 Humboldt River Floodplain to the south.
Lahontan Basin and Humboldt River:

Lake Lahontan was a large pluvial lake (21,860
km2, 8,440 mi2) which inundated parts of eleven in-
termontane basins of northwestern Nevada and
northeastern California, and received overflow at
times from at least six other presently separate
hydrographic basins. The northeastern part can be
seen in Plate 2. Lake Lahontan was nourished by four
major rivers that presently lose themselves in sinks
or lakes in the bolsons of northwestern Nevada.
Three of these, the Truckee, Carson, and Walker,
head on the cast slope of the Sierra Nevada, and arc
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Figure 4. Concept of terrane capacity for ground-water flow, diagrammatic sketches (after Mifflin, 1968).



each about 160 km (100 mi) in length. These rivers
have an antecendent or anteposed courses across at
1cast one mountain range cast of the Sierra Nevada
before dissipating in their respective tcrminal basins.
The terminal sink (or the Truckee River is Pyramid
Lake, that (or the Carson River is Carson Sink, and
that for the Walker River is Walker Lake. The
Pyramid and Walker Lake basins may be locally
depened by late Pleistocene and Holocene
downfaulting and warping to help form these two
deep-watcr terminal lake basins. They lie along the
highly active Walker Lane tectonic feature. The
fourth river, the Humboldt, is about 644 km (400 mi)
long. It flows for hundreds of kilometers in a wester-
ly direction from the headwaters region in the Ruby-
East Humboldt Ranges (Plate 2) across the grain of
north-trending basin and range structure before
turning south to discharge into Humboldt Lake and,
at times, the Carson Sink. All of the terminal sinks of
the four major rivers of the Lahontan Basin are
within 150 km of each other in northwestern Nevada.

The Humboldt River becomes a losing stream
(decreasing discharge in a downstream sense at
some point along the stream course) like all other
Great Basin streams. At Palisade, about 48 km (30
mi) downstream from Elko, streamflow for a ten-
year period averaged 240,500 acre-feet1 per year. At
Comus, about 160 km (100 mi) west of Elko, the flow
for the same period averaged only 173,000 acre-feet
per year. At Rose Creek , about 24 km (15 mi) south-
west of Winnemucca, this figure fell to 160,000 acre-
feet per year, and at Rye Patch, about 97 km (60 mi)
southwest of Winnemucca, it was only 130,500 acre-
feet per year. Thus, the streamflow at Rye Patch was
approximately 55 percent of the streamflow at
Palisade, even after additions of ground-water un-
derflow from tributary valleys and some intermittent
tributaries such as the Reese and Little Humboldt
Rivers. The bulk of this decrease in river discharge
is heavy evapotranspiration losses along the
floodplain. Discharge of the Humboldt River has an
extreme range. At Palisade, during the same ten ear
period, maximum flow was greater than 2,832 m /sec
(100,000 ft3 /sec and the minimum flow was less than
.03 m3/sec (1 ft /sec).

Major alluvial aquifers composed of well-sorted
deposits that occur within alluvial basins of the Hum-
boldt River Valley downstream from Beowawe
(about 80 km [50 miles] downstream from Elko). It
has been postulated that some of the well-sorted
gravels intercalated with fine-grained sediments are
pre-Lahontan lake sediments (Bredchoeft, 1963),

but if so, they arc likely related to mid-Pleistocene or
older lakes, and no shorelines are recognized (Mif-
fin and Wheat, 1979). Downstream from Golconda,
the well-sorted gravels which form productive
aquifers are deltaic-lacustrine sediments related to
Lake Lahontan (Cohen, 1964; Hawkey and Wilson,
1965).

4.1
13.1 Tertiary basin fill exposed by river dissection. In this

part of Nevada the intermontane basins are under-
lain in part by semiconsolidated to unconsolidated
tuffaccous sediments ranging from Miocene to early
Pleistocene in age. Thc Humboldt Formation, of
Miocene age, is composed of sandstones, siltstones,
conglomerates, tuffs, tuffaceous sandstones, and ag-
glomerates which in places may exceed 1,500 m
(5,000 ft). In some areas, the Hay Ranch Formation
can be seen. It is a Pliocene and/or Pleistocene al-
luvial sequence greater than 300 m (1,000 ft) in
measured thickness.

4.7
17.8 Turnoff from 1-80 onto Highway 229 at Halleck.

1.4
19.2 Cross Humboldt River Floodplain containing highly

meandered channels. Overbank flooding is very
common along the Humboldt River during heavy
spring runoffs.

The East Humboldt Range to the left and the
majestic Ruby Mountains to the right. Both arc com-
posed of plutonic and metamorphic rocks of
Mesozoic (?) age.

33
22.5 An excellent view to the south parallel to the Ruby

Mountains range front. The largest canyon visible
well down the mountain front is Lamoille Canyon,
which was occupied by ice along its entire reach
during at least two glaciations (Sharp, 1940). Based
on moraine morphology, comparative degrees of
clast etching, and soil development, Wayne (1984)
concluded that two major glacial episodes were evi-
dent along the valley. The older Lamoille tills he cor-
related with Bull Lake tills in the Rocky Mountains,
which are now widely held to be Illiniosan in age
(200,000 to 130,000 B.P. or Isotope Stage 6). The
younger Angel Lake till is apparently equivalent to a
late Wisconsin Pinedale advance: by 13,000 ± 900 yr
B.P., Angel Lake ice had abandoned Lamoillc
Canyon up to 2,640 m (Wayne, 1984). The Angel
Lake tills are nested inside of and are often of more
limited extent than the older Lamoillc tills. Many
canyons in the Ruby Mountains and the East Hum-
boldt Range were occupied by the Angel Lake and

One acre-foot is 1,230 m3. One cubic foot is 0.0283 m3. Streamflow data are from Maxey and Shamberger (1961).



Lamoille age glaciers. South of Seret Pass, some of
the cast side of the Ruby Mountains ridgecrest is
composed of sculptured aretes and shallow cirques.
Well-foliatcd gneiss, a part of the Ruby Mountains

metamoprhic core complex, is exposed in several
road cuts as Secret Pass is approached. Crystalline

metamorphic rocks occur in the East Humboldt
Range and Ruby Mountains to as far south as the
Harrison Pass area.

4.5
27.0 Over Secret Pass and begin descent into the north-

ern Ruby Valley. The pass is the hydrographic divide
between the Humboldt River drainage, and Ruby
Valley, a closed basin.

Hydrogeology of the northern Ruby Mountains and
the Franklin Lake (northern valley) subbasin:

The East Humboldt Range and northern Ruby
Mountains are examples of mountainous terrane at
or very near ground-water flow capacity of the ter-
rane. In the north-south traverse, in the valley along
the eastern flank of the Ruby Mountains, the fre-
quency of small streams, small seeps and springs, wil-
lows, and aspen groves on the mountain and pied-
mont slopes testify to the distribution of shallow
saturation and perennial surface water.

The pattern of hydrology in the northern part of
the Rubys and the East Humboldt Range is that of
heavy streamflow from direct snowmelt runoff but
very minor direct net recharge. Seeps, small hillside
springs, and small mountain stream base flow are
maintained by seasonal recharge through uncon-
solidated deposits and the uppermost fractured rock
zones. In general, a high percentage of the available
moisture directly runs off, or is seasonally discharged
within the mountain block.

Northern Ruby Valley (Franklin Lake subbasin)
provides an example of an alluvial basin that is at or
near 'flow capacity of terrane' in extensive areas.
Flood irrigation of the hay meadows with surface
water spreads out seasonal surface water and gives
rise to recharge and shallow saturation in much of
the central and western parts of the valley. The
Franklin River occupies the axial part of the basin as
a perennial stream. This valley is in marked contrast
to most basins in Nevada where the water tables are
generally deep except in localized areas in the lowest
areas of the basins, and surface-water runoff is
ephemeral or localized in small areas along the
flanks of the highest mountains.

11.6
38.6 Intersection with East Ruby Valley Road on High-

way 229.
14.7

533 Intersection of Highway 229 with West Ruby Valley
Road. Follow Ruby Valley Road south.

26.2
79.5 Stop 1. Turn left (east) onto the dirt road that cros-

ses the valley on the gravel bar opposite the Harrison
Pass turnoff. Visible at this stop:
1) Contrast in hydrology between Franklin Lake
subbasin to the north and Ruby Marsh subbasin to
the south.
2) Shoreline features of pluvial Lake Franklin: the
gravel bar dividing the two subbasins was last active
during the late Wisconsin. Bar gravel stratigraphy
can be viewed in a local pit.

The Hydrologic Contrast Between the Northern and
Southern Ruby Mountains:

A marked contrast in mountain hydrology exists
between the northern and southern Ruby Moun-
tains. Paleozoic carbonate rocks become the
dominant rock type near Harrison Pass, ap-
proximately due west of Stop 1. To the north, the
transmissive capacity of the metamorphic terrane is
very low as compared to that of the carbonate ter-
rane to the south. The vegetative evidence for shal-
low perennial moisture is markedly reduced in the
southern Rubys and there are no perennial streams
on the east flank of the mountain block. Only during
exceptionally heavysnowmelt runoff is there surface-
water flow that reaches the valley, most snow melt
and direct precipitation either infiltrates or
transpires. We believe that net infiltration of snow-
melt water in the carbonate rock terrane is perhaps
four or so times that of the metamorphic terrane.
There is streamflow data in Huntington Valley (the
western drainage of the Ruby Mountains) which sug-
gest this difference in magnitude for infiltration of
effective moisture in the two terranes.

There is good evidence that marked changes in
saturation occur on a seasonal basis in the carbonate
rocks of the southern Rubys. Southern Ruby Valley
is occupied by a natural marsh nourished by large
springs along and within the western margin of the
marsh. Some springs also occur along the piedmont
slope, and there is one ephemeral spring (Flyn
Spring) high on the valley margin, which is known to
range in discharge from 0 to 595 1/sec (9,425 gpm).
All of these springs which nourish Ruby Marsh arc
considered to be discharge points for 'small local'
flow systems based on their water chemistries (Mif-
flin, 1968). Johnson (1980) studied the southern
Ruby Mountain springs in detail and found that
nearly all had short-term variations in discharge,
water chemistry, temperature, and tritium content
when bomb tritium concentrations were noted.
Figure 5 illustrates varying parameters in Cave Creek
Spring over a period of 3.5 years.



Comparison at Air Temperature vs. Discharge - Cave Creek Spring.
Time Variation of Flow and Water Quality - Cave Creek Spring.

Time Variation of Tritium - Cave Creek Spring.

Figure 5. Cave Creek Spring records of discharge, TDS, tritium and air temperature (modified after Johnson, 1980).



Pluvial Lake Franklin:

e

Pluvial Lake Franklin inundated 1,251 km2 (483
mi2 of a 3,315.2 km2 (1,280 mi2) Ruby Valley basin
it's pluvial hydrologic index2, 0.61, is the largest in

northeastern Nevada, indicating the greatest
availability of effective moisture of any of the closed
basins in the area. Combining Franklin Lake, wet
meadows, and Ruby Marsh, the modern hydrologic
index is about 0.05 for Ruby Valley, making it the
closed basin with the most affective moisture in
northeastern Nevada (Mifflin and Wheat, 1979, p.
45). The maximum shoreline is at 1,850 MSL (6,068
ft) and the maximum depth was about 39 m (129 ft).
There is no evidence of overflow to the north even
though it was reported by Snyder, et al. (1964). Mif-
fin and Wheat (1979) correlated the shorelines with
the late Lake Lahontan maximum shoreline (Wis-
consinan), and noted that the westernmost occurrcn-
ces of the Lake Bonneville maximum shoreline,
about 150 km to the cast near the Nevada/Utah bor-
der, is of similar age based on a similar degree of
preservation. The high shoreline (Bonneville
shoreline) was occupied at 18,000 2,000 yrs. B.P.
(with several small scale oscillations during that
period), and was abandoned beginning shortly after
15,000 to 14,000 yrs. B.P. (Currey and Oviatt, 1985).
The lake that produced the lower but prominent Gil-
bert Shoreline between 11,000 and 10,000 B.P. in the
Bonneville basin may have equivalents in Ruby basin
since well-developed sub-highstand shorelines are
present.

Spring Water Chemistry and Flow System Charac-
teristics:

There are well over 100 springs with discharge
equal to or greater than 20 1/sec in the Nevada por-
tion of carbonate-rock province. The majority of
these occur within the basins, frequently with spring
orifice settings in alluvial environments. Most stu-
dents of the hydrology of the region postulate that
most, if not all, of the large springs are closely related
to localized solution features in the nearby car-
bonate-rock terrane, and that concentrated flow is
channeled, perhaps via conduits, through the al-
luvium to points or areas of concentrated discharge.

Maxcy and Mifflin (1966) recognized that there
was correlation between length of flow paths and the
water chemistry of some the large springs associated
with the carbonate-rock terrane. To further explore
this observation, large springs in the Nevada portion
of the carbonate rock province were more thorough-

Figure 6. Classification of carbonate rock springs based on
water chemistry and tritium content (modified after Mifflin,
1968).

ly inventoried byMifflin (1968) and characterized on
the basis of hydrogeochemistry and discharge
characteristics. Figure 6 demonstrates three groups
of springs based on water chemistry and tritium con-
tent. The 'small local' and some 'local' springs were
also found to display important seasonal variations
in discharge. Johnson's (1980) work, done in the
early 1970's, established a better data base on the
variability of a number of the small local springs.
A few springs in the 'small local' group occur in
mountain block settings, where small catchment
areas and short flow lines can be clearly
demonstrated. These observations are also com-
patible with generally low water temperatures and
the occurrence of thermonuclear bomb tritium in the
'small local' spring group.

The 'local' and 'regional' springs generally occur
in the basin environments. When many of these
springs were first sampled for tritium in the mid-
1960's, only natural background tritium concenitra-
tions were found. These springs are believed to rcp-
resent discharge points in flow systems with progres-
sively longer flow lines and greater total storage.
Some of the 'regional' springs that occur in southern
Nevada can be demonstrated to be the discharge
from very large interbasin flow systems. Other
'regional' springs in north-central and northeastern
Nevada may also be discharge points from 'regional'
flow cells (deeply circulated water which passes

2Thc pluvial hydrologic index is defined as the area of the pluvial lake divided by the tributary basin area, which is the drainage basin
area minus the lake area (Mifflin and Wheat, 1979, p. 9)



below fluid potential divides) as depicted in Figure
2. The spring characterizations, hydrologic budgets,
and geographic/fluid potential relationships have
been used to establish the flow system delineations
illustrated in Plate I.

25.8
1053 Intersection of Highway 229 with west Ruby Valley

Road. Turn east on Highway 229. During the next
eight miles, the road crosses the pluvial Lake
Franklin lakcbcd and passes over a low divide into
Clover-Independence Valley, another hydrographi-
cally closed basin. The maximum shoreline of Lake
Franklin can be seen by the experienced eye about
one mile before reaching the intersections of the
East Ruby Valley Road at about 113 miles (see Plate
2 for hydrographic divides and approximate loca-
tions of maximum shorelines).

14.2
119.5 Turn south onto Highway 93 off of Highway 229.

Travel south through the southern extent of Clover
Valley. These valleys were occupied by Lake Clover,
912 km2 (352 mi2) in a 2,639 km2 (1,019 mi2) basin.
The pluvial hydrologic index of 0.53 for Lake Clover
compares well with Lake Franklin at 0.61 and Lake
Bonneville at 0.59. The maximum shoreline of Lake
Clover occurs about two miles to the north of the in-
tersection of Highway 229 and US 93 (see Plate 2).

27.8
1473 Perennial stream flow (Nelson Creek) passing under

the highway is discharge from Twin Springs. Mifflin
(1968, Appendix Table 4) noted that Twin Springs
issue from limestone cobbles located a few hundred
feet south of Palcozoic carbonate rocks (about 4 km
west of this point). Discharge was estimated at about
12.61/ sec (200 gpm). The springs were characterized
as 'local' based on water chemistry.

1.4
148.7 Intersection of a road to the north end of Butte Val-

ley.
Butte Valley, still remote from the modern world,

is an clongated hydrographically closed basin of
1,870 km2 (722 mi ) that occurs on the west side of
the Cherry Creek Range (see Plate 2). It was oc-
cupied by pluvial Lake Gale with a lake area of 412
km2 (159 mi2) and a maximum lake depth of about
27 m (89 ft). The basin might have overflowed to the
north to Ruby Valley hydrographic basin as late as
Early Lahontan time (Mifflin and Wheat, 1979, p. 53)
but no overflow has occurred since the highest iden-
tified shoreline was formed at 1,905 m (6,250 ft) MSL
altitude. Ground-water discharge is very minor in
this valley, and important interbasin flow to east,
west, or south may occur (see Plate 1 for a southward
flow interpretation).

4.6
153.3 Town of Currie.

Currie, in good times, consists of the railroad

crossing, a ranch, a store/cafe/gas station/rental
cabins combination, and a Nevada Highway Main-
tenance Station (to be closed in 1988). The store has
an excellent collection of photographs of mule deer
trophies taken in recent years in this area. This
region of Nevada is noted for some of the best mule
deer hunting in Nevada as well as the Western U.S.A.

The alluvial valley in which Curric lics is a ground-
water discharge area (as indicated by the
phrcatophytic vegetation). The valley is an erosional
connection between Steptoc Valley to the south and
Goshute Valley to the north.

1.7
155.0 Entering the north end of Steptoc Valley. Turn on to

the dirt road to the right (Cherry Creek Road).

Hydrologic Aspects of Steptoe Valley:

Clark and Riddell (1920) believed they found
lacustrine sediments and shorelines in Steptoc Val-
ley similar to those that had been reported in many
other basins of Nevada (Russell, 1896). Fine-grained
sediments in the subsurface could be lacustrine in
origin, but shorelines are not present as surface fea-
tures.To their credit, their work was done in the days
of poor maps, limited elevation control, and no air
photos, the three most valuable aids to shoreline
recognition and mapping. In the opinion of Mifflin
and Wheat (1979), Steptoc Valley has not been the
site of a pluvial lake since at least the middle Pleis-
tocene. It has drained northward through the Cur-
rie channel to the basin to Goshute Valley (Plate 2).
Thus, basin sedimentologic patterns do not include
late Pleistocene or early Holocene lacustrine
deposits, and the near surface sediments can be
directly compared to modern vegetation as-
semblages.

Northern Steptoe Valley is bordered on the west
side by the Cherry Creek Range. The range exceeds
3,000 m in elevation in places, and is probably the
principal recharge area for ground-water discharge
in this segment of the valley. Over seventy piedmont
springs and seeps are present along the west side of
the valley. The east side of the valley is bordered by
small ranges and no comparable springs are present
on that margin of the valley. Little surface runoff
from the ranges reaches the playa area most of the
year, partly because the ranges are dominated by
permeable carbonate rocks. In this respect, these
bounding ranges are analogous to those in southern
Nevada.

Three distinct vegetation zones occur in the val-
ley lowlands: a xerophytic zone covering much of the
bajada, a phreatophytic zone where the water table
nears land surface, and a wet-meadow zone in the
areas of active ground-water discharge. Each zone



imparts a significant control on grain size/sediment
character of valley alluvium.

Big sage -greasewood - rabbitbush zone

A clear lineament is visible on aerial photographs
that runs most of the length of the west side of the
valley just above the highest piedmont springs (Fig.
7a). The lineament is a sharp vegetation transition
between the sparse plant community of xerophytic
black sage (Artenisia tridentata nova) and shadscale
(Atriplex convertifolia) up slope, and the plant com-
munily of big sage (Anemisia tridentata tridentata),
greasewood (Sarcobatus vermiculatus), and rabbit-
bush (Chrysoihamnus nauseous) below the linca-
ment. The altitude of this transition decreases
downvalley (south to north), as do the altitudes of the
highest piedmont springs and the axial valley
gradient. The vegetation transition occurs where
plant roots first penetrate to the capillary fringe
above the water table as it approaches the land sur-
face on the lower part of the bajada. In places, small
faults also localize spring discharge and the distribu-
tion of subsurface moisture.

On aerial photographs, the trend and position of
this vegetation transition, and the coarse-to-fine
facies transition in late Pleistocene sediments fring-
ing valleys in southern Nevada arc remarkably
similar (compare Fig. 7a, 7b). The reason for this
similairity is the control thevegetation imparts on sur-
face sedimentation. Up slope of the transition, the
vegetation is small and widely spaced, and the al-
luvium is gravelly. In contrast, below the transition,
live plants and deadfall are much denser. Hydraulic
roughness is evidently sufficiently increased by these
factors to cause surface flow to drop most of its
coarse load about 50 to 100 m downslope of the tran-
sition. Thus, most of the big sage-greasewood-rab-
bitbush zone is underlain by sandy silt alluvium.
Similar facics exposed in the late Wisconsin beds in
southern Nevadawill be seen on the second and third
days of the field trip.

163.8 Turn left onto small unbladed road leading to spring.
0.8

164.6 Stop 2. Springs and wet meadows; 0.3 mile walk.

An Active Ground-Water Discharge Environment.

Over seventy springs and seeps occur on the pied-
mont zone of the west side of the valley. Depending
on local gradients and discharge rates, either marshy
sceps or small flowing streams form at the points of
discharge. If the springs are closely spaced, as in the
case of the clusters around Cordano and Murphy
Ranches, a continuous marshy area forms as spring
discharge coalesces downslope. Where the springs

are widely spaced, big sage and rabbitbush cover the
intervening areas. Thus, the big sage zone is not con-
tinuous in that springs intersperse the entire zone.
The transition of this zone to the coalescing wet
meadows below is also irregular, depending on the
extent of local discharge (Fig. 7a).

The morphology of spring-disharge areas and as-
sociated wet meadows establish mixed ter-
rcstrial/aquatic mollusk assemblages. These mixed
mollusk assemblages were also common in the
southern valleys during Pleistocene sedimentation.
Where bajada slopes are low such as at this site, mar-
shy seeps or "wet meadows" instead of streams form
at the point of spring discharge. The wet meadow of
this traverse is about 75 m by 250 m and is covered
by tufts of grass interspersed with slowly circulating
water 20 to 40 cm deep. Two small ponds are also
present. Water is deeper and sediment sandier
where spring water is roiling from the ground in
several hollows. Mollusks have been collected from
each of the observed environments. The small ponds
and sluggish flowing water are dominated by
Gyraulusparvus and Pisidium casertan um. The grass
tuft areas contain various terrestrial mollusks like
Vallonia gracilicosta and Pupilla muscorum. Scdi-
ment samples from the small streams feeding out of
the base of the seep area contain most of the forms
found alive in the seep area, as well as Fossariaparva,
a semiaquatic snail; Pyrgulopsis (which favors a fast
flowing stream water); and several additional ter-
restrial forms (Vertigo ovata, Catinella sp.). Most of
these taxa also occur throughout the Pleistocene
ground-water discharge sediments of southern
Nevada.

The seep sediment is largely composed of strong-
ly reduced clay. Local subacrial exposure will turn
the sediment white (10 YR 8/1- dry), but pockets may
remain black, perhaps due to lack of oxidation. The
small streams produce well-sorted sand where flow
is strong, but mostly they display poorly sorted clay,
angular pebbles, and sand in their channels. In the
Pleistocene beds of southern Nevada, the palco-wet
meadow environments are represented by pale
green to whitish silts and sandy silts.

Downgrade, the spring seeps coalesce into flow-
ing streams or, where discharge is large, into con-
tinuous wet meadow with local ponds. Both of these
Steptoe Valley scenarios also occur in the Picis-
tocene of Corn Creek Flat in southern Nevada (Day
3, Stops 1 and 2).

0.8
165.4 Return to main dirt road again. Return to highway.

8.8
174.2 Turn right onto Highway U.S. 93, head south.

To the right, in the lower slopes of the bajada, a
number of ranches and irrigated fields can be seen.
The transformers and power lines mark the irriga-



Figure 7a. Aerial photograph of the northwestern end of the Steptoc Valley. The abrupt transition (T) from nonphreatophytic

vegetation on the upper fans to phreatophyte-covered flats (PF) on distal fan areas is marked by a curving line that parallels the

gentle contours of the alluvial fan. The transition marks the point where the water table is sufficiently close to the surface for such

phreatophytes as rabbitbush, big sage, and greasewood. Spring and wet meadow areas (SWM) occur as dark areas on the

photograph, bordered by whitish areas encrusted with efflorescent salts. The location of Stop 2 of Day 1 is indicated. Scale: 1" =

1 mile approx.



Figure 7b. Aerial photograph of late Wisconsin beds exposed In the center or Corn Creek Flat in the Las Vegas Valley. We inter-

pret the sharp coarse-to-fine transition (T) visible on both sides of the flat to coincide with the abrupt vegetation transition now

evident in the Steptoc Valley in Figure 7a. Locations of full-pluvial phreatophyte flats (PF) springs and wet meadows (SWM), and

ponds (P) are indicated. The location Stop 2 of Day 3 of the field trip is also shown. Scale 1" = 1 mile approx.
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11.4

2483 Town of Ely.
End of First Day

Beginning of Second Day

o lift. Many of the new areas that are 0.0 Start: Junction of Highway 6 with Highway U.S. 93-
ound water were obtained under the 50. Head south on Highway U.S. 93 (truck route

Act since the late 1950's. Highway 6).
0.8

Highway U.S. 93 with Highway US. 93 0.8 Junction of truck route through Ely with Highway 6.
car to the right (south) toward Ely, Turn right (west) on Highway 6 truck route.

2.0
2.8 Murray Springs can be seen along the right side of

ry Creek Ranch the road. The spring area is fenced, and the facilities
ide of Steptoc Valley is characterized develop the spring water for the public water supply
ng bajada between the mountain front of Ely. Mifflin (1968, Appendix Table 4) reports a
axial part of the valley where ground- discharge of 2081/ see (3,300 gpm), a temperature of

ge occurs. The valley terrane is below 12.8 C (55 F), and water chemistry characterized as
of terrane' and the depth of water 'small local'. The spring area is located along a fault

ses up the slope of the bajada. Thus, in the lower and middle Pennsylvanian Ely Limes-
s are located along the axial bolson (in tone.
ater discharge area) because of the 0.6
of surface water and shallow 3.4 Solution-cavities, here seen in Ely Limestone, are
(hand-dug wells), or near and within often common in carbonate-rock exposures near
untain canyons where small, perennial major spring areas. It is generally not known when
ings occur. karstic features developed in the Great Basin. This
sins of Nevada, where very high, well- is due to the complex structural, geomorphic, and
.tains border the basin, older ranches climatic histories. Suggestive evidence for karst
d down on the bajadas to take ad- development in Eocene and late Miocene has been
tter (finer grained) soils. The water noted by the senior author, and he believes an impor-
sation in such cases was either ditched tant part of the solution features are palcokarst.
am flow from the mountain block 6.0
d up at the apex of the alluvial fans. 9.4 Pinyon - Juniper Woodland. We are surrounded by

pinyon-juniper woodlands on either side of the road.
ourne Ranch. Sparse full-glacial age packrat Neotoma middens
urne Ranch was one of the Pony Ex- from northeast Nevada indicate that the valleys were
It is an example of a ranch within the covered by sage steppe largely devoid of tree cover.
k canyon on a stream with perennial Bristlecone and limber pine occupied the ranges,

as they do today, but down to lower elevations during
the full-glacial. The northern limit of pinyon during

ill. that period was about 37 N, or about 150 km to the
many years was an active smelter town south of us (W. G. Spaulding, 1988, personal com-
Kennecott Copper Company. The mun.).

in the early 1980's due to a combina- 8.0
opper prices and EPA requirements 17.4 Upon passing the summit, the highway has entered
ontrol. The majority of the copper ore the White River drainage (Plate 2) and part of a large
Ruth Pit near Ely. This location for area assigned to the White River Ground-Water

s probably initially determined by the Flow System (Plate 1). To the north-northwest is a
a large water supply (piped from Duck hydrographic divide with Jakes Valley, which con-
the largest (and almost only) com- tained a deep pluvial lake of 163 km2 (63 mi2).

-central Nevada and, in recent years, However, the bolson of Jakes Valley has no ground-
as been seriously depressed by the water discharge even though it is surrounded by
copper mines. Only ranching and major catchment areas for recharge (Plate 1). In

ustain it. Its new role is the gateway to Figure 8, Eakin (1966) used both regional fluid
sin National Park, centered in the



potential relationships and estimates of recharge
and discharge to demonstrate ground-water flow
southward to the White River Valley from both Jakes
Valley and Long Valley, located to the north of lakes
Valley. Mifflin (1968) followed Eakin's delineation
(Plate 1) but also noted that a case can be made for
Long Valley ground water to discharge in Newark
Valley. In reviewing the pluvial hydrologic indices of
lakes in these basins, Mifflin and Wheat (1979, p.10)
later noted:

"It is possible that modern patterns of interbasin
flows were changed, but magnitude of the flow was
similar or perhaps even greater in a few areas. Jakes
Valley (35 in Plate 1) and Long Valley (44 in Plate 1)
provide interesting examples. Currently Jakes Valley
is estimated to leak between 13,000 to 17,000 acre-
ft/yr groundwater to another basin, and the pluvial
hydrologic index of 0.19 is considerably smaller that
adjacent basins of similar character. Long Valley,
immediately to the north, is estimated to currently
leak about 8,000 acre-ft/yr but displays a pluvial
hydrologic index of 0.41. If the 13,000 to 17,000 acre-
ftl/yr Jakes Valley loss is subtracted from Long Val-
ley and added to Jakes Valley and new indices are
determined by using pluvial climatic parameters

Discharge Temperature

developed in following sections of this study, four
contiguous basins of similar character yield the fol-
lowing indices:

Butte (9 in Plate 1) 0.28
Jakes (35 in Plate 1) 0.27 or 0.29 (adjusted)
Long (44 in Plate 1) 0.36 or 0.34 (adjusted)
Newark (49 in Plate 1) 0.28

This analysis suggests that Long Valley may have
been a regional sink for interbasin flow of
groundwater during pluvial climates, and that the
magnitudes of interbasin flows may have been similar
to those estimated for modern climates, but not
necessarily in the same directions or pattern."

White River Valley:

The White River Valley is of interest from several
hydrologic perspectives. It constitutes the pluvial
White River headwaters basin, with probable in-
tegration to exterior drainage of the Colorado River
occurring in Early or Middle Pleistocene. It is also a
basin where a number of large springs occur. The
followinglists the larger springs and data as reported
by Mifflin, 1968 (Appendix Table 4).

Spring Name

Preston Big

Cold

Nicholas

Arnoldson

Lund



The large springs in White River Valley, unlike
those in Ruby Valley, range through the three spring
classifications. Two springs fall into the 'small-local'
classification, eight are in the 'local' and three
springs, which account for 36% of the spring dis-
charge in the basin, are 'regional'. The southern half
of the basin, as well as areas of several other basins
in northeastern Nevada, may be the sites of inter-
basin discharge from deep circulation (Toth style).

The major springs of the White River Valley are
representative of spring sites observed in other
basins as well. Some springs are well out into the al-
luvial basins, several kilometers from the nearest car-
bonate-rock exposure. The localized, large dischar-
ges of calcium-magnesium bicarbonate water
chemistries argue for close connection to the car-
bonate rocks, perhaps along conduits through the al-
luvium established by faulting. Another, less com-
mon spring setting, is at or near an inselberg of car-
bonate rock. In the case of Hot Creek and Moon
River springs, it appears that the carbonate rock in-
seilberge provides an upward conduit for deeply cir-
culated ground/water through relatively less trans-
missive basin fill in the south end of the White River
Valley.

7.3 -
24.7 Blackjack Junction Highway 6 with Highway 318.

Turn south (left) on Highway 318.
6.0

30.7 Road to Preston. Continue on Highway 318. Preston
and Lund (5 mi. ahead) are small Mormon farming
and ranching communities. These communities
developed due to the spring discharge concentrated
in this general area. Preston Big, Cold, Nicholas, Ar-
noldson, and Lund springs occur in this immediate
area and combine to discharge a total of 630 1/s (9,985
gpm) of spring flow. Irrigation from spring flow is
now augmented by irrigation wells (which can be lo-
catcd by noting power poles with transformers). The
high altitude of this valley restricts the length of the
growing season. Wild hay, alfalfa, and some grains
are typical crops.

5.1
35.8 Enter Lund. New growth has recently come to Lund

as Highway 318 now provides the most direct north-
south route through Nevada, connecting Las Vegas
and Los Angeles to points north. Until the late 70's,
there was a 38 mi. section of unimproved dirt road
between Lund and Hiko, and all north-south traffic
traveled two basins to the cast on U.S. 93.

1.0
36.8 Strcam flow (after diversions) issuing from Lund

Spring. This spring occurs at the edge of the town
with 177 1/sec discharge. It has been classified as
"small local" (Mifflin, 1968, Appendix Table 4).

163
53.1 Immigrant spring. As can be seen, each spring has or

had a ranch establised based on the availability of
water.

12.9
66.0 Butterfield Spring. At this ranch, the area of irriga-

tion below the spring has been expanded by ground-
water pumpage and a pivot irrigation system.

1.8
67.8 Flag Springs occur at the Wayne Kirch State Wildlife

Management Headquarters. The Management Area
is for waterfowl with important nesting, migratory
staging, and wintering populations of ducks and
geese. Spring flow (Hot Creek and Flag) has been
contained bylowearth fill damns to establish five large
marshy reservoirs. Bird watching, fishing (for rain-
bow trout and black bass),and waterfowl hunting arc
all excellent in this area. Las Vegas is about 3.5 hours
by auto.

The area around Flag Spring serves as an analog
of some ground-water discharge systems of the val-
ley bolsons of southern Nevada during the Late Wis-
consin. A large wet meadow formed on the alluvial
fan is associatedwith the outflow areas ofthe springs.
To the east of the highway and above the spring, the
dense belt of vegetation contains big sage, rabbit-
bush, and greasewood. This is another example of a
"phreatophyte flat" similar to that in Steptoe Valley
that occurred above and between actual spring dis-
charge areas. Higher on the fan, the phreatopytes
abruptly give way to a more xerophytic assemblage
typical of alluvial fans.

0.5
683 Turn right (west) on the gravel road to Sunnyside

Store, the Wildlife Management Area, and eventual-
lyAdaven in the mountain range to the west. Adaven
is the most backward community in Nevada, and per-
haps also one of the most remote.

2.4
70.7 Pass the turnoff to Sunnyside Store; continue straight

ahead. This area is an active ground-water discharge
area with greasewood and rabbitbrush dominating.
Bear to the right on the main road at the fork near
the campground.

4.8
75.5 Turn left off of the Adaven Road and head south

toward Hot Creek Springs.
1.5

77.0 Stop 1. Hot Creek Springs.
This spring is an example of a major discharge

point for what is believed to be regional flow. The
spring area is in its natural state, with discharge oc-
curring from several orifices near an outcrop of the
Laketown Dolomite of Silurian Age. The tempera-
ture of 333 C (92 F) and discharge of 434 I/s (6,885
gpm) suggest a deep and active zone of circulated
water. Assuming a 1.70C/lOOm geothermal gradient
and a mean annual air temperature of about 7.2 C
(45 F), perhaps the average depth of circulation for



Figure 8. Aerial photograph of Coal Valley and shorelines of pluvial lake coal. Scale: 1 = I mile approx.



the discharging water immediately prior to discharge
is about 1,500 m (or about 5,000 ft).

This stop gives an opportunity for the more ad-
venturesome to swim out to the main orifice area (the
water is great all year long). An elongate orifice zone
can be enered with bounding ledges of tufa and sand
boiling at the bottom in places. In other areas, or-
ganic muck with higher temperatures mark smaller
areas of discharge. An indigenous spring fish (the
White River Spring fish) is unique to this area.

1.5
78.5 Turn right at Sunnyside campground intersection,

travel straight past the campground.
1.4

79.9 Adams McGill Dam. Incised light-colored badlands
are visible on either side of the Adams McGill Dam.
No detailed work has been done on these deposits
to our knowledge. Molluscan fauna from these sedi-
ments indicate agitated, permanent water condi-
tions, possibly in flowing streams. All of the fine-
grained sediments in this area are largely pre-Wis-
consin in age, and probably at least as old as middle
Pleistocene. It is not known whether they are true
lake beds in part, or whether they are all marsh-
spring deposits.

These modern-day marshes, through artificial in
that they are made deeper and more extensive be-
cause of the earthen dams, are very similar in ecol-
ogy to the natural Ruby Marshes and Franklin Lake.
They are ideal waterfowl habitat and heavily used for
nesting and Spring and Fall migratory resting stops.
The sedimentation patterns and molluscan faunas
suggest that they are, in terms of ecology, very close
analogs to late Plesistocenc and early Holocene mar-
shes in southern Nevada.

7.0
86.9 Intersection of Wayne Kirch Wildlife Management

road with Highway 318. Turn right (south) on High-
way 318.

13.8
100.7 View to southwest of Seman Range, and Grant

Range to west. Beyond the gap between the two ran-
ges lies Coal Valley, which contained a pluvial lake.

2.1
102.8 First view of the pluvial White River floodplain,

which will be followed to the middle of Coyote
Springs Valley, about 100 miles ahead.

3.6
106.4 Crossing the pluvial White River floodplain.

3.0
109.4 "Marl" locality for fossils in beds.

Deeply dissected coarse and fine-grained al-
luvium visible on either side of the highway has been
studied by DiGuiseppi (1988). A ledge of light-
colored fine-grained sediment can be seen in many
exposures along the west side of the road. It yielded
a mollusk assemblage consisting of Gyraulus torquus

parvus (?), Pisidiunt sp., Pygulopsis, and a Lymnaid.
This assemblage is consistent with a stream-wet
meadow setting rather than a lake. The probable
presence of Gyraulus parvus in the collection sug-
gests a post-early late Pliocene age for the beds.
Palcocurrent directions in gravels/sands above and
below the fossiliferous horizon are centipetal, in-
dicating that the basin may have been closed at the
time. If so, the maximum age limit for hydrographic
integration of this basin with the Colorado River sys-
tem is late Pleistocene.

12.6
122.0 Columnar jointing of welded tuff.

The rather spectacular columnar-jointed welded
tuffs on either side of the road are early to mid-
Miocene in age (W. Taylor, 1987, personal com-
mun.). Steeply tilted Palcozoic limestones lic
beneath a sharp unconformity with the volcanics.
Similar volcanic tuff sequences at Yucca Mountain,
about 100 mi. (160 km) due southwest arc the can-
didate for a geologic repository for high-level
nuclear waste. The contact between the Muddy
Creek Formation and the older rock indicates con-
siderable relief to the Miocene Basin and Range
topography in southern Nevada.

0.7
122.7 Petroglyphs of Great Basin rectilinear and cur-

vilinear styles extend along the entire channel
meander wall to the left, below the highway fill.
Abundant petroglyphs are normally found only near
seasonal or perennial water sources in southern
Nevada. Neither type of water source is known in this
canyon area, but the petroglyphs are very abundant.

6.1
128.8 Turnoff to right on Coal Valley Road, crossing the

pluvial White River floodplain. Note that the vegta-
tion is white sage (locally called winterfat) in the
floodplain. This plant is excellent winter browse for
cattle and sheep. They become "winterfat" due to its
high nutritional value.

11.2
140.0 Stop 2. Coal Valley and Shoreline of Pluvial Lake

Coal
Pluvial Lake Coal was 179 km2 (69 mi2) in area,

with a drainage basin area of 2,603 km2 (1,005 mi2),
yielding a pluvial hydrologic index of 0.07. Figure 8
shows how well the shorelines stand out on aerial
photos when preservation is extensive. The maxi-
mum depth was 10 m (934 ft) and the relatively small
hydrologic index may be related to the importance
of interbasin flow of-ground water from the basin.
Depth to water is approximately 250 ft at the pass be-
tween Coal Valley and Garden Valley to the
northwest, and greater in the rest of the basin. The
playa which occupies the central portions of the bol-
son is an example of a 'vadose' or 'dry' playa, where



Figure 9. Physlographic setting of Las Vegas Valley ai

the underlying water table is well below the depths
which allow for evapotranspiration. Figure 8 il-
lustrates typical features of areas of patterened
ground of many vadose playas. Desiccation strips
and polygons are abundant throughout much of the
southeastern third of the lake basin. Figure also
demonstrates the common pattern of two prominent
shorelines seen in many lake basins. This suggests
two differing climatic equilibriums.

This 'dry' playa Coal Valley is in contrast to the
'phreatic' or 'wet' playa of Steptoc Valley seen on
Day 1, where the water table is at or near land sur-
face, and ground-water discharge actively occurs
around the margins in springs, seeps, and thick
phreatophytic growth. Meinzer (1915) was the first
to recognize the varying hydrologic roles of playas
from the ground-water perspective.

This stop is on a well-developed shoreline of
pluvial Lake Coal. Shoreline bars are often well

nd surrounding basins and ranges.

developed like this old beach, suggesting prolonged
stability of several lake levels in most of the basins.
Where dated in other basins, the high lake stands ap-
pear to be about 18,000 yrs. B.P. The lower stand may
be about 12,000 yrs. B.P. Rarely does one find higher,
older shoreline features. Mifflin and Wheat (1979, p.
15) note a few local occurrences of older shoreline
features in nonoverflowing basins due probably to
tilting or faulting (Long, Newark, and Butte Valleys,
44,49, and 9 respectively in Plate 2) and a widespread
early Lake Lahontan shoreline in the Carson Desert
subbasin centered on Fallon, Nevada due to what ap-
pears to be long-term regional tilting to the north.
Diamond Valley (39C in Plate 2) displays very old
shorelines at the north end of the basin due to a long
history of downcutting during overflow periods
during the Pleistocene. Perhaps some of these very
old shore features, which have very deep soils



developed, may date back to middle or early Pleis-
tocenc.

These shorclinc-age relationships are counter to
the postulate that the Great Basin increased in
aridity in the Pleistocene due to the increasing ef-
ficiency of the rising Sierra Nevada in blocking the
flow of moisture to the region (Raven and Axelrod,
1977; Axelrod, 1979; Winograd, et al., 1985;
Winograd and Szabo, 1986). If this trend were true
for the intensity of the pluvial climates during the
Pleistocene, there should be a series of successively
higher and older shorelines preserved in each non-
overflowing basin, such as the old shorelines in
Diamond Valley. These questions have become
more than academic as Yucca Mountain is now the
only gcologic repository candidate site for high-level
radioactive waste, and the repository horizon/are
positioned in the vadose zone above regional satura-

creased the length of the growing season.
Even here, however, the pumping lifts are likely

to be close to the economic limit.
0.6

159.5 The alluvium exposed in the road cuts and incised
washes may be Muddy Creek Formation equivalent
(Late Miocene or Pliocene).
4.4

163.9 Hiko Spring, the first of three large springs in Pah-
ranagat Valley, occurs across the floodplain at the
base of the hill near the cottonwood trees and home.

Large springs in this valley clearly represent the
discharge of ground water that has been recharged
in other basins. Eakin (1966, p. 266) estimated 2,000
acre-ft/yr of recharge from precipitation falling in
Pahranagat Valley, but measured over ten times as
much spring flow. Mifflin (1968, p. 34) used the nor-
mally conservative major ions of the big springs in

tion. this valley as
Plate 1 shows Coal Valley as a portion of the classification

White River ground- water system. Eakin (1966),
Mifflin (1968), and Harrell, et. al., (1988) have all Spring Discha
favored Coal Valley and Garden Valley to the west
to drain to the White River ground-water flow sys- Hiko Spring 151 1/s
tem. However, these delineations are predicated on
budget considerations; it is possible that some flow Crystal Spring 3341/s
could be to Railroad Valley to the west, where
regional class springs are also common. Ash Spring 481 1/s

12.0
152.0 Return to Highway 318, turn right He reasoned that eac

3.6 being significantly greate
155.6 Solution features are visible in the limestone capped the basin, must be a may

by volcanics in this canyon. The gradients through tively long flowlines. He
this canyon are steep and there seems to be only C + S04 in classifying Ic
limited headward erosion. Perhaps this is an indica- Pahranagat Valley and it
tion of limited discharge in the pluvial White River. regional springs (Figure

1.0
156.6 In this area, a transition is being made from the sage 2.5

zone to the blackbush zone. In travelling along the 166.4 The lake to th
White River to the south, there has been a continual another lake i
decrease in altitude. The vegetation reflects the tran- 1.7
sition between the Great Basin Desert plant com- 168.1 Lower lake tc
munitics, and the Mojave Desert plant communities. 0.6

23 168.7 Historical ma
158.9 This area is the extreme north end of Pahranagat to creosote fl

Valley. To the left (east) the floodplain of the pluvial 0.2
White River is being used to raise alfalfa. The fields 168.9 Crystal Spring
are irrigated with ground water coming from alluvial Crystal Sp
aquifers, with the most productive zones established temperature
by pluvial White River gravels, if this area is similar major springs
to areas to the south where detailed studies have agriculture is
been conducted. Two factors have made it possible Drainage fro
for this agricultural development here as compared down valley in
to the area just passed to the north: Note that t
1) Static water levels are much shallower (about 60 to that of Hot
m or 200 ft). lcy at Stop
2) The lower altitude of the valley has markedly in- protrudes up

rge Na+K Cl+SO4

1.44 epm 1.06 epm

1.13 cpm .79 cpm (

1.51 cpm 1.05 cpm

a guide for establishing a regional flow

ch spring, due to its annual discharge
er than the total estimated recharge for
nifestation of interbasin flow, and rela-
used a 1ppm cut off for both Na + K and
ocal and region al flow, and considered
ts large springs as a 'type example' for
6).

he left (east) is fed by Hiko Spring, as is
two miles ahead.

o the left.

rker at Crystal Springs. Note transition
oral zone in adjacent alluvial fans.

g (Stop 3).
ring, with a discharge of 334 1/s, and a
of 27.8°C (82 F) is second of three
discharging in this valley. Most of the
based on irrigation using spring flow.

om the irrigated pastures is collected
into a series of impondments.
the setting of Crystal Spring is similar
Creek Spring in the White River Val-

1. An inselberg of carbonate rock
through the basin fill, and the spring



orifice is near the contact with alluvium. The water
temperature of Crystal Spring suggests a depth of ac-
tive circulation of around 800m (around 2,600 ft) .

03
169.2 Intersection of Highways 375 and 318.

0.6
169.8 Intersection of Highways 375 and 93.

5.2
175.0 Ash Springs - note large tufa mounds on both sides

of the highway related to former discharge of Ash
Springs. Ash Springs displays water of 32 C (90 F)
and is the largest in the valley with a discharge of 481
1/s (7630 gpm).

0.4
175.4 The well-bedded sandstones on east side of the road

are cemented by sparry calcite. The cementation
may be associated with spring discharge in the area.

5.7
181.1 Del Pueblo Restaurant (lunch stop and the best

huevos rancheros this side of Mexico).
0.8

181.9 Road to the residential area of Alamo.
4.1

186.0 Biotitc from and ash layer visible in the wash cut on
east side of road has been K-Ar dated at 7+0.4
m.y.B.P. (Metcalf, 1982). She estimated the age of
the deposits to be between 7-10 m.y.B.P. (Metcalf,
1982, p. 133).

0.8
186.8 Upper Pahranagat Lake - A series of three lakes are

ponded spring flow and return flow from irrigation.
They form important resting and nesting habitat for
waterfowl.

1.9
188.7 Road to Pahranagat National Wildlife Refuge Head-

quarters, and to Corn Creek Springs on the "Old
Alamo Road," an unimproved road that follows the
west side of the Sheep Range.

2.6
191.3 Middle Pahranagat Lake.

2.0
193.3 Lower Pahranagat Lake - a playa in dry years.

0.9
194.2 A small active spring on left side of road.

2.5
196.7 This area continues to be an area of active ground-

water discharge and it is the former lakebed of Lake
Maynard, the origin of the bathtub ring of calcium
carbonate visible on walls or the canyon. The shallow
lake was naturally dammed by alluvium in the nar-
rows at the south end of the canyon. The old original
road was built higher (some remnants of the roadbed
can be seen on the right) and the alluvial dam was
breached when the new road was constructed.

1.3
198.0 Basalt flows, possibly late Miocene in age, resting on

tilted and eroded Miocene rhyolites.

6.2
204.2 Fine-grained beds exposed on the right (west) side

of the road are largely composed of pale brown, rela-
tively uncemented silts. The depth of dissection and
apparent interfingering relationship with well-ce-
mented gravels on the valley margin suggests a pre-
Wisconsin age for the deposits. However, the unce-
mented nature of the beds and fresh appearance of
the molluscan fauna is atypical for pre-late Wiscon-
sin beds in the region, suggesting a younger age. The
presence of Physa sp. clearly indicates standing,
fresh water was at least locally present during
deposition. Active ground-water discharge appears
to have occurred in this area, perhaps extending
along much of White River Valley. Lake Maynard,
about 8 mi. to the north, is now the southerly limit of
active ground-water discharge, and about 6 mi.
ahead, Coyote Spring discharge still occurs in a lo-
calized area.

3.0
207.2 Kane Springs Historical Marker Turnout.

A view back to the north from this area displays
an excellent view of the extensional nature of the
Basin and Range structure. On the east, flat-lying
Miocene rhyolite flows cap the Paleozoic carbonate
rocks of the Delamar Mountains. Stepping down,
and crossing the valley are a series of fault blocks
which have downdropped and rotate the Miocene
rhyolite flows. On the west, the north end of the
Sheep Range stands structurally high again with
Paleozoic carbonate rock. The downdropped rota-
tional blocks between the two structurally high areas
fit well with extension.

2.1
209.3 Modern White River Channel escarpments on either

side of wash cut into coarse-grained facies of the
Muddy Creek Formation (?).

1.1
210.4 North Coyote Spring outcrops (fault-controlled).

The prominent white buff paralleling the road to
the west presents a long history of Pleistocene
ground-water discharge. Greatly reduced ground-
water discharge continues today. Aerial
photographs indicate that discharge is and has been
localized by closely spaced faults that roughly paral-
lel the road along the base of the white bluffs. Several
stands of cottonwoods identify locations of surface
or near surface water, while the abundant mesquite
bushes are probably rooted in slightly deeper
ground-water levels.

Repeated movement along the faults has created
a succession of inset ground-water discharge
deposits. For example, the most recent full and late
glacial marsh deposits occur as green clays and or-
ganic mats tucked into the deeper wash cuts visible



at intervals in the bluffs. The modern springs are in
turn inset into the remnants of the late Wisconsin
deposits. There are rich molluscan faunas
throughout the beds, although preservation is poor
in the bluff beds. All the faunas are consistent with
spring-orifice, stream, and moist stream-side en-
vironments such as are active today. The difference
is that the older spring deposits are visibly more cx-
tensive, and arc located higher on the fans than the
present active spring areas. Mammoth remains and
probable latest Pleistocene to early Holocene
quartzite implements are associated with organic
spring mats.

This ground-water discharge area is an example
of fault-controlled ground-water discharge and as-
sociated deposits similar to those found in several
valleys in southern Nevada. This setting is fundamen-
tally different from the hydrogeologic setting in Step-
toe Valley or the Corn Creek area to be viewed
tomorrow, in that faults strongly localize and control
the distribution of the ground-water discharge.

In the situation of fault-controlled discharge, the
faults act as both conduits for artesian flow (confined
aquifers at depth with fluid potentials greater than
land surface) and as imperfect barriers to lateral
flow, perhaps due to clayey fault zones or displaced
strata. In contrast, the areas of ground-water dis-
charge which are related to an unconfined water
table approaching and intersecting the land surface
(Steptoe Valley, the Pleistocene discharge in Corn
Creek area) differ in that the fault zone does not lo-
calize the discharge, rather, the altitude (or fluid
potential) of the water table determines the position.
Therefore, as the water table rises or falls, so
migrates the position of ground-water discharge.

3.5
213.9 Cross modern White River Drainage.

The floodplain of the pluvial White River has be-
come an active dry wash in Coyote Spring Valley.
Runoff is flashy due to the sparse vegetation of
numerous steep mountain drainages. Flash flooding
is common at this locality.

0.8
214.7 We are now climbing onto the equivalent of what is

known as the Mormon Mesa Surface. This is a loose
designation for the highest geomorphic surface(s)
cut into the last sediments to accumulate in the basin
prior to disruption of closure by encroaching
Colorado River tributaries. The extreme antiquity of
the surface is evidenced by the development of a
dense, meters thick caliche cap over which we are
now riding. The surface may be as old as late
Miocene or Early Pliocene in places, since the best
estimate of the age of the top of the underlying
Muddy Creek Formation is about 6 million years.
Gardiner (1972) estimated the caliche cap age to be

2.5 to 0.4 m.y.B.P. based on assumed rates of car-
bonate accumulation.

4.5
219.2 Approximately 3/4 of a mile to the east, two test wells

were drilled during the MX program (a proposed
MX missile basing program with thousands of launch
pads connected by roads throughout most of the in-
tcrmontanc basins of central and eastern Nevada).
One penetrates the alluvial fill for 714 ft (217.6m)
and displays a water level of about 543 ft (165.5m)
below land surface. A deeper test hole of 1221 ft
(372.2m) penetrates the carbonate rocks of the base-
ment and displays a water level of 604 ft (184m)
below land surface, indicating downward gradients
from the alluvial fill to the carbonate rock.

5.3
224.5 Turn left (east) onto Highway 168 from U.S. 93.

13
225.8 Stop 4. Late Pleistocene ground-water discharge

deposits, southern Coyote Springs Valley.
Deep dissection by the pluvial White River has

created superb exposures of fine-grained valley
deposits ranging in age from late Miocene (?) to
present. The sediments in the reddish, sleep walled
exposures across the valley are part of the Muddy
Creek Formation. These sediments were deposited
prior to the development of external drainage in the
region, roughly 10 to 6 million years ago (Bohannon,
1984). The Muddy Creek Formation is only mildly
deformed; its distribution conforms with the struc-
tural configuration of the modern valleys. These ex-
posures afford an unusual opportunity to view the
Muddy Creek Formation in three dimension.

Establishment of the White River channel
through the basin has not only resulted in dissection
of the Muddy Creek Formation, but it has also
caused younger (Plio-Pleistocene) deposition to
occur on successively higher gradients in adjustment
to lowering base levels. Badlands on this side (west
side) of the valley are almost entirely cut onto post-
Muddy Creek Formation ground-water discharge
deposits. Stratigraphy is complex; younger units can
be either inset into or can overlie older beds. The
kinds of deposits present at this stop will be dis-
cussed in more detail in Las Vegas Valley (day
three). As a traverse is made down the alluvial fan
toward the valley center, a very abrupt sedimen-
tologic transition from coarse gravelly to fine-silty al-
luvium occurs. This change in sediment coincides
with the former transition from nonphreatophyte
communities to phreatophytes in the full-glacial set-
ting or the valley. A modern analog for this was ob-
served in Steptoe Valley on the first day. Pleistocene
discharge was confined to this side of the valley,
downgradient from recharge in the high Sheep
Range to the west. The lower Meadow Valley bor-
dering the opposite side of the valley have no similar



downgradient deposits. Today, there is no discharge
nor is there any evidence of shallow ground water.

Foot Traverse:

An outcrop of pale brownish fluvial deposits is in-
tcrpreted to be a phreatophyte flat setting of deposi-
tion (see also day three, Stop 2). About 100 m
downslope, green clays crop out, interpreted to rep-
rcsent a wet meadow depositional environment.
These clays contain aquatic species such as Pisidium
sp., Gyrauhts sp., and moist terrestrial taxa such as
Verigo berryi, and Pupilla muscorum, a Catinellid.
The fossil assemblage is quite analogous to that col-
lected from the wet meadow in the Steptoe Valley
(Day 1, Stop 2).

A late Wisconsin age is quite plausible for these
sediments. One mile to the south, mammoth as-
sociated with a spring mat of probable latest Wiscon-
sin age is inset into these deposits. At the time of
preparation of the guidebook, these deposits had
only been studied on a reconnaissance basis.

W. G. Spaulding and J. Quade recently collected
several late Pleistocene packrat middens from the
base of the Arrow Canyon Range just to the
southeast. The midden contents indicate that juniper
woodlands, with some cactus and single leaf ash,
covered the lower parts of the ranges at least during
latest pluvial times. The presence of ash in the mid-
dens appears to indicate more dependable summer
rains during that period relative to today (W. G.
Spaulding, 1988, personal commun.).

A reconstruction of the Late Pleistocene in this
area is in stark contrast to the aridity of scrubby
crcosote-burrobush vegetation and the total absence
of perennial water. The Arrow Canyon Range was
vegetated with juniper woodlands and the bolson
lowlands were the site of phreatophytes, wet
meadows, springs, and perennial surface water.

1.6
227.4 Continue east to turn-around at the MX production

well (CE-DT-5) and exploration/observation well
(CE-DT-4) on the left side (north) of the highway.
These wells were drilled in late 1980 and 1981 for the
MX missile program. The production well was
pumped at 3,400 gpm with 11 ft of drawdown. The
production well is 628 ft (191.4m) deep and the static
water level is about 350 ft (107m) below land surface.
The Air Force MX siting investigation was the first
systematic drilling in Nevada for determining water-
supply potential of the carbonate rock aquifers. Well
CE-DT-5 was clear evidence that earlier proposals
to-evaluate carbonate rock aquifers could be used to
augment heavily- exploited alluvial aquifers in the
Las Vegas area. Currently, there is a cooperative
study sponsored by Nevada, the Las Vegas Valley
Water District, and the Department of Interior to as-

sess the carbonate rock aquifers that includes drill-
ing.

About 2,600 acres may be given to Aerojet, Inc. in
this area in exchange for land they hold in the
Everglades. If so MX production well will be the
principal supply well for a testing facility in this area.

3.2
230.6 Backtrack to US. 93 on Highway 168, turn south

left).
2.0

232.6 To the east, the whitish deposits in the foreground
are a continuation of those visited at the last stop.
The browner deposits arranged along the north flank
of the Arrow Canyon Range are much older, possib-
ly belonging to the Muddy Creek Formation.

4.9
237.5 More wet meadow deposits are visible in the

foreground, all probably of late Wisconsin vintage.
Note that they disappear across the valley. The
Arrow Canyon Range is too low and narrow to have
supported Pleistocene recharge sufficient to raise
water levels to land surface on that side of the valley.
A spectacular Palcozoic secton is exposed here,
ranging in age from Cambro-Ordovician to Missis-
sippian. The prominent white horizon is the Or-
dovician Eureka Quartzite.

11.4
248.9 This area is a vegetated relic playa, perhaps bare

during the last pluvial climates. When the AMS
1:250,000 scale maps were made from airphotos in
the 1950's, this area was designated as a playa due to
a high albedo signature on the photos. The entire
area is vegetated with creosote bush and burro bush
as well as grasses. Note also the size of the creosote
bushes which line the road, with total biomass several
times that of all neighbors. This is probably a func-
tion of root competition for one half of road width,
and not the runoff from the highway. A similar plant-
size phenomenon is often scen where surface water
from the roadway will not collect adjacent to the row
of larger plants.

On this flat, there is an old well 920 ft (284m)
deep, with a static water level of 833 ft (257m). This
suggests a regional water level compatible with the
Coyote Spring valley water levels in carbonate rock,
and very flat gradients. These carbonate rock flow
systems probably discharge at the Muddy River
Springs near Moapa, but the flow system divides are
not known with accuracy (see Plate I for postulated
flow system boundaries).

8.8
257.7 The dramatic deformation of Bird Spring Formation

is visible to the west. It resulted from Mesozoic
thrusting in the area.

43
262.0 Well that supplies water to Apex. To the north, the

Dry Lake Playa area displays no evidence of ground-



water discharge deposits. Ground-water fluid poten-
tials in this alluvial basin are the same as the car-
bonate rock to the north.

1.2
263.2 Intersection 1.15 and Highway 93. Turn south on I-

15.

264.7 Union Pacific Railroad overpass.
0.6

265.3 Apex Lime Plant - Mormon Mesa equivalent surface
in the area.

3.5
268.8 Uppermost Muddy Creek Formation capped by

pediment gravels. In this area, the beds are largely of
fluvial and playa origin. Thick ledges of secondary
carbonate are also common.

1.8
270.6 Broad pediment bajada surface probably cut onto

Muddy Creek Formation sediments.
5.4

276.0 Exposures of the "Las Vegas" Formation of C.
Longwell (1961). This is a loose designation which
takes in fine-grained deposits of many ages in the val-
ley. Portions may include the upper Muddy Creek
Formation (upper Miocene), as well as extensive
Late Wisconsin deposits.

83
284.3 I-15, Expressway interchanges.

8.1
292.4 Tropicana oramp to 95.

- End of Second Day.

Day 3

Figure 10. Paleochannel of Unit E age Inset Into Unit D marsh
sediments along the valley narrows connecting Corn Creek Flat
and Tule Springs Flat.

0 Highway 95 and I-15 interchange. Travel northwest
on U.S. 95 toward Reno.

Fine-grained, late Quaternary deposits are near-
ly continuously exposed from northwest part of Las
Vegas northwest 60 km to Indian Springs Valley
(Figure 9). Haynes (1967) established the basic
stratigraphic framework and age relationships for
these deposits in his work at the Tule Springs ar-
cheological site near Las Vegas. Quade (1983,1986)
has extended most of that stratigraphy to Corn Creek
Flat and Indian Springs areas. Briefly, Haynes recog-
nized two pluvial cycles at Tule Springs: Unit B2,
which falls in age beyond the range of 14C dating,
and the more widespread Unit D (30,000 to 15,000
yr B.P.). A period of marsh contraction (Unit EI-E2)
occurred after 15,000 yr B.P. and ended by about
7,000 yr B.P. with the attainment of near modern
moisture conditions. After 7,000 yr B., widespread
dissection of fine-grained deposits began, and this
continues today.

18.0
18.0 Turn right onto gravel road.

1.5
19.5 Stop 1. Lowermost Corn Creek Flat: a view of late

Wisconsin evidence for paleo-groundwater dis-
charge.

The stratigraphic succession for the late Wiscon-
sin can be viewed in the lower portion of the Corn
Creek Flat. This is summarized by the dated locality
depicted in Figure 10. The oldest beds are pale green
clays belonging to Unit D of Haynes which is full-
glacial in age. The lower part of the flat was occupied
by an extensive perennial stream-marsh complex,
evidently fed by local springs and from springs far-
ther up on the flat. Shallow closure for the marsh was
established by a valley constriction between major al-
luvial fans immediately down valley from this locality.
The essential features of the deposits are:
1) complete bioturbation, and a pale greenish color
suggesting mildly reducing conditions;
2) local intercalations of mollusk-rich gravels sug-
gestive of stream flow between pond areas; and
3) the presence of mollusk assemblages indicative of
marshy, well-oxygenated water and possible spring
sources nearby (Quade, 1986). Marsh taxa such as
Planorbella subcrenata, Stagnicola clodes, and Val-
vata humeralis are common. Ostracode faunas yield
approximately the same reconstruction (R. For-
rester, 1985, personal commun.). Neither as-
semblage indicates a lacustrine setting.

We suggest that the Ruby Marsh is an excellent
depositional analog for the late Pleistocene setting
both here and at the Tule Springs Archeological Site
(about 12 km southeast of here). There is no



Figure 11. Sedimentary facies of full-pluvial sediments along a typical valley cross section drawn perpendicular to the valley axis.
Based on modern analog environments in the Steptoe Valley, we conclude that the sand-slit and calcareous sand-silt faces in the
diagram were accumulated within a belt of phreatophytes such as big sage, rabbitbush, and greasewood. The calcareous mudstones
coincide with full-pluvial springs, wet meadows, and marshes.

sedimentologic evidence for lake margins or deep beds at this site has occurred since about 7,000 yr
lake conditions, and no Las Vegas Valley B.P., when the area assumed a modern hydrologic
topographic closure. configuration. Packrat midden (Spaulding, 1981;

By 14,000 B.P. (Figure 10), the marsh began to Thompson and Mead, 1982) and pollen evidence
contract and a perennial stream with marshyborders (Mehringer, 1967) also indicate that this was about
replaced the marsh on the lower flat (Unit E). Marsh the time that Mojave desert- scrub vegetation had
mollusks entirely disappear, while flowing water and entirely replaced full and late pluvial juniper-sage or
moist terrestrial taxa persist. These include Pisidium sage steppe in the valley bottom.
caserianum, P. rotundatum, Pygulopsis, Phiysa virgata, 1.5
and Gyraulus parvus in the streams and wet 21.0 Return to U.S. 95, turn right (northwest).
meadows, and Vertigo berryi, Gastrocopta tappianna, 5.9
Pupilla musconum, and Vallonia circumstriatus in 26.9 Stop 2. Ground-water discharge deposits of the late
moist terrestrial areas marginal to water. Many of Wisconsin on the southwestern side of Corn Creek
these species were collected from the wet meadow- Flat.
spring complex on Day 1 at Stop 2 in Steptoe Valley. The deeply dissected badlands on this side of

Mammoth, camel, and horse remains are abun- Corn Creek Flat offer an excellent cross sectional
dant throughout the deposits but particularly in the view of an ancient phreatophyte flat and wet meadow
riparian habitat typical of this locale after 14,000 yr setting. The height and breadth of the Sheep Range
B..P. Dates from similar Pahrump Valley deposits on on the northeast side of the valley and the even larger
west side of the Spring Mountains place the disap- mass on the Spring Mountains on the southwest side
pearance of mammoth stratigraphically just below are, and were the sources of ground-water recharge
11,200 yr B.P. Haynes (1967) recognized a similar to this area. Ground-water discharge deposits re-
limit for the extinction of megafauna at Tule Springs. lated to Sheep Range recharge are visible on the op-

Moist terrestrial conditions persisted through posite side of the valley.
about 8,000-7,200 yr B.P., the age range estimated for Figure 11 summarizes the facics visible in this
the top of the fine-grained deposits at this locality. traverse. Well- bedded alluvial sand and silt
Vallonia gracilicosta can be found through the top of dominate the valley margin below the abrupt transi-
the beds; living counterparts in the region are con- tion from fan gravels (Figure 7b). These sediments
fined to areas above 1,900 m MSL, among stands of were probably entrapped in phreatophytes similar to
sagebrush. This area is about 800 m MSL. those in Steptoc Valley, such as tall sage, rabbitbush,

All the dramatic dissection of the fine-grained and greasewood (compare Figures 7a to 7b).



Downgradient, small-scale bedding gradually disap-
pears, possibly because of increasing bioturbation by
plants and animals where the paleowater table was
nearer the land surface. Abundant nodular car-
bonate also begins to appear at this point. It is inter-
preted to be a capillary fringe precipitated carbonate
related to the full-pluvial water table, rather than
pedogenic carbonate or a lacustrine marl. The car-
bonate tends to be dispersed over many meters of
vertical outcrop and does not coincide with other
pedogenic features or stratigraphic breaks. Degree
of cementation decreases upwards. Viewed over suf-
ficient length of exposure, cementation also
crosscuts stratigraphic boundaries, indicating its
secondary origin.

The morphology of the carbonate varies accord-
ing to its position relative to the paleowater table and
to the kind of primary structures present in the host
sediment. For example, secondary carbonate in the
slightly bioturbated, subaerially deposited portions
of Unit D and E is pseudomorphic after cicada bur-
rows (Figure 11), silty horizons, and some cross-
bedded sand. The burrows and the silt are favored
by carbonate concentrations probably because of
their tighter packing, resulting in greater capillary
draw. Secondary carbonate increases toward the val-
lcy center within the mudstone portions of Unit D.
Massive carbonate ledges grade upward into thinner
ledges and finally to dispersed nodules. The host
mudstones are thoroughly bioturbated and
homogeneous, and therefore carbonate displays lit-
tle obvious pseudomorphism. Nodules tend to as-
sume random shapes and sizes ("mottled" in Figure
11). However, rhizoconcretions do occur locally,
possibly after tule roots and other aquatic plants.
Tulc (Typha) pollen is present in Unit D at the ar-
cheological site (Mehringer, 1967). Similar patterns
of carbonate cementation elsewhere have been at-
tributed to precipitation from a capillary fringe
(Senmeniuk and Meagher, 1981; Hillaire-Marcel, et
al., 1983).

Due to limitations on time and access (most of
Corn Creek Flat is now used as a gunnery range), we
can not visit the wet meadow and spring deposits
downgradient and lateral to this stop. Detailed map-
ping indicated that there were at least two large
spring concentrations on this side of the valley, and
a nearly continuous belt of wet meadow on the op-
posite side during the full-pluvial. The deposits are
basically similar in appearance to those we visited on
Day 2 in the Coyote Spring Valley. This discharge
coalesced downslope from here into a small peren-
nial creek in the valley center which was locally
ponded. More continuous standingwater appears to
have been confined to the lowermost flat around
Stop 1.

Return to Las Vegas.
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INTRODUCTION

Roger B. Morrison

This volume attempts to provide an up-to-date overview of

the Quaternary geology of the conterminous United States beyond

the glacial limits. Knowledge of this "young geology" has become

increasingly important because of its application to engineering

geology, hydrogeology, neotectonics, environmental geology, and

even to exploration for mineral and hydrocarbon deposits.

If the Tertiary-Quaternary boundary is placed at the Gauss-

Matuyama geomagnetic Chron boundary, 2.48 Ma (which seems prefer-

able to the currently widely accepted boundary at 1.65 Ma, see

footnote 5 to Table 1), the Pleistocene Epoch began approximately

when glaciers started in the Northern Hemisphere (after >50 m.y.

without significant glaciation), and also about when modern Man's

ancestors originated. Homo sapiens evolved in the late Pleisto-

cene, and began to change from a hunter-gatherer to an agrarian

society (the start of "civilized" man) 10-9 k.y. ago, soon after

the start of the present interglacial, the Holocene. From this

perspective it is easy to understand why knowledge of the clim-

atic, tectonic, erosional, and depositional history of the Qua-

ternary Period is important in attempts to comprehend our status

in a changing environment and to try to predict our future.

Flint (1957, chapter 1; 1971, chapter 2) gives in-depth sum-

maries of the development of concepts about the Quaternary and

Pleistocene. The Pleistocene was first defined (Lyell, 1839) on

the basis of fossil mollusks; later it became equated to wide-

spread glaciation (the Great Ice Age), and to the appearance of

humanoids (the Age of Man) and other vertebrates. Modern research

2



proves that all these criteria are fuzzy and contadictory as to

the chronologic and stratigraphic conditions that are necessary

for precise chronostratigraphic definition of an internationally

acceptable boundary between the Pliocene and Pleistocene Epochs

(Tertiary and Quaternary Periods). Formal decision about this

period boundary and selection of an internationally acceptable

boundary stratotype has not yet been achieved either by INQUA

(International Association for Quaternary Research) or by the

International Geological Congress (See footnote 5 to Table 1,

this chapter). Therefore, the time range of the regional chapters

in this volume extends back at least to 2.5 Ma.

This volume begins with reviews of topics of general inter-

est to students of the Quaternary: paleoclimatology, applicable

dating methods, volcanism, and tephrochronology. A proposed chap-

ter on Quaternary tectonism was eliminated because this subject

is treated comprehensively in the volume accompanying the Neotec-

tonic Map of North America (Schwartz, 1989), in GSA's Decade of

North American Geology (DNAG) series. Therefore, the authors of

the regional chapters have been encouraged to provide data on

Quaternary tectonism within their regions, and many have done so.

Most of this book is given to regional syntheses that sum-

marize the Quaternary non-glacial geology of various physiograph-

ic provinces of the conterminous U.S., mostly as delineated by

Fenniman (1933) but in places with minor boundary adjustments in

order to accomodate new information, and also a few extensions

into adjoining provinces in order to accomodate the wishes and

expertise of various authors.

3



Despite the primary focus on Quaternary geology, all the re-

gional chapters summarize the pertinent features of the pre-Qua-

ternary substrate (bedrock units and late Tertiary tectonic, ero-

sion-deposition, and geomorphic history). A few chapters give

correlations with local glacial stratigraphy, but discussion of

glacial geology usually is avoided because this topic is covered

in a recent comprehensive synthesis of the glacial geology of the

entire U.S. (Richmond and Fullerton, 1986).

The regional chapters in this volume emphasize stratigraphy

rather than geomorphology and geomorphic processes because the

regional geomorphic aspects for North America are given in an-

other DNAG volume (Graf, 1987). Most space is given to regions

west of the Mississippi River because of the considerably better

degree of accumulation and preservation of Quaternary sediments

west of the Mississippi, and because few people have done defini-

tive studies of Quaternary stratigraphy in the eastern U. S.

This volume also tends to subordinate the Holocene and late

Wisconsin records, because "Late Quaternary Environments" (Wright

and Porter, 1984) focuses on these records; also, another DNAG

volume (Ruddiman and Wright, 1987) covers part of this time span.

The Quaternary Period is different

Climatic change is the outstanding characteristic of Quater-

nary time, compared to most of the Phanerozoic. Starting about

2.4 Ma, the amplitude of climatic cycles increased greatly (Fig.

1), causing frequent large changes in rate and type of deposition

in both marine and terrestrial environments, to a degree that

makes the better Quaternary stratigraphic records exceptional in

geologic time.



Fairbridge (1962) commented:

"Seen from the vantage point of the whole geologic time
scale,...we must say: the present climatic, oceanographic,
structural, and sedimentological picture of the Earth is ab-
normal. If we use the Lyellian philosophy of assuming the
present is the key to the past we run a grave danger of being
wrong. There is nothing wrong with that basic logic, but pro-
cesses and relative factors are liable to great changes in ve-
locity, scope, volume, etc."

Butzer (1961, p.35) stated the contrast of Quaternary clim-

ates with those usual for the Phanerozoic as follows:

"During the greater part of geologic time...world tempera-
tures were higher and, above all, more uniform. There were no
polar ice caps and the temperature gradient between the Equator
and poles was very considerably less than today, subtropical
fauna and flora being able to survive at the Arctic Circle during
a number of stages of earth history. As can be expected with such
temperature distributions the general circulation of the atmo-
sphere was slack, with widespread aridity even in higher lati-
tudes during several geological epochs. This then is the 'normal
climate of geologial time. Those few Ice Ages which have occur-
red--periods in which polar and continental ice sheets drastical-
ly changed the climatological picture- were of comparatively
brief duration."

The most comprehensive record of late Cenozoic climatic
18 16

change on a global scale is the oxygen-isotope (delta O- O)

record from deep-sea cores (Emiliani, 1955, 1967, 1970, 1972;

Shackleton, 1969; Hays and others, 1969; Shackleton and Opdyke,

1973; Shackleton and others, 1984; Johnson, 1982; Imbrie and

others, 1984; Ruddiman and Kidd, 1985; Ruddiman and Wright,

1987). This record shows chiefly changes in the volume of ice

stored on the continents during glaciations, and subordinately,

temperature changes in the ocean-surface layer (Mix, 1987). Ac-

cording to this record, major cooling began about 2.4 Ma, shown

by an abrupt decrease in calcium carbonate in cores from the

North Atlantic, marking the onset of ice rafting into the North

Atlantic and appearance of moderate-sized ice sheets in the



Site 552A

Figure 1. Late-Pliocene and eary-Pleistocene records of percent CCO3 and benthic foraminiferal
from Site 552 in the North Atlantic at 56 3 N 23 14 W (after Shackicton and others, 1984, Zim-
merman and others, 1985). Abrupt decrease in CaCO) neat 2.55 to 2.4 M marks the onset of ice
rafting into the North Atlantic brought about by appearanic of Northern Hemisphere ice sheets of
moderate size. (From Ruddiman and Wright, 1987). Note the lack of

distinctive features in these parameters associated with the
Olduvai Subchron.



Northern Hemisphere (Blackmont 1979; Shackleton and others, 1984;

Zimmerman and others, 1985; Ruddiman and Kidd, 1986; Ruddiman and

Wright, 1987). This cooling ended a Pliocene warm period charact-

erized by small-scale climatic changes and initiated the larger-

amplitude climatic cycles that characterize the Quaternary (Fig.

1).

Quaternary deep-sea oxygen-isotope cycles correlate strongly

with Milankovichi-type earth-orbital cycles, suggesting that

various earth-orbital mechanisms were pacemakers for Quaternary

climatic cycles (Hays and others, 1976; Johnson, 1982; Imbrie and

others, 1984; Ruddiman and Wright, 1987). These correlations in-

dicate:

(1) From about 2.4.to 0.9 Ma the early ice-accumulation cycles

oscillated chiefly in a 41 k.y. rhythm, corresponding to that of

orbital tilt (changes in obliquity, from perpendicular, of the

earth's axis to its orbital plane) (Fig. 1).

(2) After 0.9 Ma (end of the Jaramillo normal polarity Sub-
18

chron), the amplitudes of changes in delta 0 and CaCO3 concen-

trations increased about two times, suggesting that in the North-

ern Hemisphere ice-volume maxima became twice as big as they were
18

before the Jaramillo Subchron. The first really large delta 0

maximum (indicating a huge buildup of ice on continents) oc-

curred during 0-isotope stage 22, about 0.89 to 0.79 Ma.

(3) Between 0.9 and 0.65 Ma the precession (of equinoxes) orb-

ital mechanism (cycles lasting 19-23 k.y.) tended to modify the

effect of the tilt cycles, albeit with a lag of several thousand

years.

(4) After 0.65 Ma, a 100 k.y. cycle dominated, corresponding
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to the Earth's eccentricity cycle. This poses an enigma: The

eccentricity cycle produces almost negligible changes in insolat-

ion. Various hypotheses are proposed to explain this serious non-

linearity vs known inputs from the earth-orbital mechanisms (Kuk-

la, this volume; Ruddiman and Wright, 1987).

Significant conclusions from the marine oxygen-isotope record and

correlative loess records in central Europe and China

The deep-sea oxygen-isotope record has become a standard for

Quaternary chronology, even among geologists studying terrestrial

deposits, because the better deep-sea-core records are far more

complete, with fewer time-gaps than any terrestrial records.

Also, the deep-sea record has been dramatically reinforced by

correlation with long loessial records from central Europe (Kuk-

la, 1975, 1977; Fink and Kukla, 1977) and China (Liu Tung-sheng

and others, 1985; Kukla, 1987; Kukla and others, 1988; Kukla and

An, 1989).

These data lead to the following conclusions:

(1) At least seventeen complete interglacial-glacial cycles

(IG-G cycles) occurred since the end of the Olduvai normal-

polarity Subchron (about 1.65 Ma) and perhaps as many as 44 such

cycles since the Gauss-Matuyama Chron boundary (about 2.48 Ma) in

the loess record in China (Kukla and An, 1989). [Both paleomag-

netic boundaries currently are candidates for selection of the

international Tertiary-Quaternary (Pliocene-Pleistocene) boundary;

see note 5 in Table 1.] Individual IG-G cycles were mostly

within the range of 70 to 120 k.y.; thus they were similar but

not identical in duration. Also, they commonly differ in their

7



amplitude of climatic change. Some cycles were cooler than

normal during their glacial or interglacial phases and others

were warmer than normal during either or both phases. Therefore,

early investigators of terrestrial sequences tended to recognize

only the more pronounced, larger-amplitude manifestations, es-

sentially megacycle sets of more than one IG-G cycle.

(2) Between 12 and 15 percent of the last 500 k.y. was as

warm or warmer than now. About the same percentage of the young-

est complete IG-G cycle (Sangamon through Wisconsin) also was as

warm or warmer than today (Emiliani, 1967, 1970, 1972; Johnson,

1982; Imbrie and others, 1984).

(3) The last (Wisconsin) glacial (oxygen-isotope stage

began about 115 ka, and markedly increased about 70 ka (0-stage

4/5 boundary); its deglaciation began about 14 ka, and the cur-

ent interglacial (0-isotope stage 1) began 12-10 ka (footnote 1,

Table 1). The previous interglacial (Sangamon in the strict sense,

0-isotope stage 5e) lasted about 13,000 years (Table 1).

(4) From this record and earth-orbital insolation data pro-

jected into the future, it is likely that within several thousand

years the Earth will commence upon another glacial phase lasting

at least several tens of millenia--an environment that civilized

man has never experienced. It portends crises in energy and food

supplies far more severe than any that Civilized Man" has prev-

iously experienced. We are priviliged to live in an exceptional

time by paleoclimatic standards.

Chronostratigraphic division of the Quaternary

In the past, glaciations, the most striking manifestations

of climatic change in the terrestrial stratigraphic record, have

8



been the basis of division of the Pleistocene. The "classic" di-

visions in North America and Europe were based on the few then-

recognized glaciations and interglaciations, and these divisions

commonly were used akin to chronostratigraphic units. Now, as a

result of more advanced stratigraphic and chronometric research,

many more glaciations (and interglaciations, stadials, and inter-

stadials) are recognized throughout the Northern Hemisphere (Sib-

rava and others, 1986). Also understood is the fact that the

boundaries of the physical. units in glaciated areas (tills, out-

wash deposits, paleosols, etc.) in all the stratigraphic se-

quences are strongly time-transgressive ("diachronous") (Richmond

and Fullerton, 1986, p. 6, 8, 183-184, Chart 1).

Consequently, Quaternary workers are moving toward defining

chronostratigraphic boundaries on the basis of geologically iso-

chronous units, such as tephra layers and geomagnetic reversals.

Geomagnetic Chron and Subchron boundaries have global extent and

are deemed the most suitable for international boundaries. This

is illustrated by the recommendation of the INQUA 1987 Congress

that the Matuyama-Brunhes Chron boundary be adopted internation-

ally as the boundary between the Lower and Middle Pleistocene.

Also, both the upper boundary of the Olduvai Subchron and (pre-

ferably) the Gauss-Matuyama Chron boundary currently are candi-

dates for marking the Pliocene-Pleistocene [Tertiary (Neogene)-

Quaternary] boundary internationally (see footnote 5, Table 1).

Additional significant revisions- Much of the "classical"

chronostratigraphic/morphostratigraphic structure of classifying

Quaternary deposits is now revised on a global basis (Sibrava and

others, 1986). Quaternary geologists in the U.S. should note



that terms such as Yarmouth(ian), Kansan, Afton(ian), and Neb-

raskan are recommended to be abandoned (Richmond and Fullerton,

1986, p. 6-7, 183-184), because they have been widely misused as

chronostratigraphic names; although originally based on litho-

and pedostratigraphic units, they oversimplify a complex strati-

graphic record, and have led to much miscorrelation of units.

Other classical terms, including Sangamon, Illinoian, and parts

of the Wisconsin are more narrowly redefined (Richmond and Ful-

lerton, 1986, p. 6-7, 189-194, Chart 1).

Quaternary boundary dates used in this volume

Table 1 gives the boundary dates of key chronostratigraphic

divisions of the Quaternary according to usage in this volume.

The boundary dates are based chiefly on correlations between as-

tronomical data on variations in Earth's orbit (eccentricity, ax-

ial tilt, and precession of equinoxes) and oxygen-isotope data

from deep-sea cores (these chiefly record the amount of ice build-

up on land). These correlations provide the best currently avail-

able chronometry for the entire Quaternary, although they remain

somewhat controversial (see footnotes 2 and 4 to Table 1).
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TABLE 1

QUATERNARY BOUNDARY DATES USED IN THIS VOLUME

HOLOCENE (Oxygen-isotope stage 1)

-------------------------------------------------------- 10-12 ka

LATE WISCONSIN (Oxygen-isotope stage 2)

--------------------------------------------------- -28 ka

MIDDLE WISCONSIN (o-isotope stages 3 & 4)

2/
70 ka

EARLY WISCONSIN (O-isotope stage 5a - 5d)

-115 ka

SANGAMON (sensu strictu; O-isotope stage 5e)
2/

128 ka

LATE-MIDDLE PLEISTOCENE ("Illinoian" of Richmond

and Fullerton, 1986; O-isotope stages 6-8)
2/

300 ka

MIDDLE-MIDDLE PLEISTOCENE (O-isotope stages 9-15)
l3/

------------------------------------------------- -620 ka

EARLY-MIDDLE PLEISTOCENE (0-isotope stages 16-19)
2 4/

(Matuyama-Brunhes Chron boundary) 750-770+ka

EARLY PLEISTOCENE
5/

Upper boundary of Olduvai Subcron 1.65 Ma
OR Gauss-Matuyama Chron boundary 2.48 Ma

PLIOCENE
6/

5.0-5.5 Ma

MIOCENE

11



FOOTNOTES FOR TABLE 1, QUATERNARY BOUNDARY DATES

1. Based on the deep-sea record, the Pleistocene-Holocene

boundary should be placed at the boundary between O-isotope

stages 2 and 1 (Termination I), commonly given as 11-12 ka (e.g.,

Rudiman and Wright, 1987a; Imbrie and others, 1984, Tables 6 and

7). However, in deep-sea-cores throughout the world this bound-

ary is time-trangressive between about 9 and 13 ka. Its best ter-

restrial litho/biostratigraphic representations in North America

and western Europe appear to be at about 10 ka. Hopkins (1975)

proposed an abritary date of 10,000 yrs as a compromise for di-

vergent opinions based on land data. However, this proposal does

not meet the requirement of an internationally acceptable strato-

type for this important chronostratigraphic boundary. Richmond

and Fullerton (1986) accept 10 ka as a provisional date for the

Pleistocene-Holocene boundary; however, they note (p.186) that it

is a geochronometric boundary without stratigraphic basis; it

does not date the termination of continental glacial activity in

the U.S. and it has no significance in the overall record of

glaciation in the United States. Neither INQUA nor the Internat-

ional Geological Congress have decided upon a suitable stratotype

and date for this boundary.

2. Astronomical age of marine O-isotope stage boundary based

on Tables 6 and 7 in Imbrie and others (1984) and, older than 620

ka, corrected as described below.

Many deep-sea core-record chronologies were presented before

Johnson (1982) published the first attempt to link the deep-sea

oxygen-isotope and earth-orbital records by statistical analysis,

using O-isotope data from one core from the central-western



Pacific Ocean. Imbrie and others (1984) used data from this and

four other deep-sea cores (from the Southern Atlantic, Indian,

and Southern Oceans, and the Caribbean Sea; three of these cores

penetrated the M/B boundary) and more sophisticated statistical

techniques to correlate these deep-sea records with earth-orbital

parameters. They initially used two calibration points: 127 ka

for the O-stage 5/6 boundary, and 730 ka (from Mankinen and Dal-

rymple, 1979) for the M/B Chron boundary. After the oxygen-iso-

tope curves were "tuned" to the precessional parameters and av-

eraged, the final ages of these calibration points were 128 and

734 ka, respectively. Most knowledgeable workers in Quaternary

science believe that Imbrie and others (1984) product is the most

accurate available chronology for the deep-sea oxygen-isotope

record; most of its data are used as a standard in this volume,

in Table 1, Figure 2 and elsewhere.

However, minor correction seems to be indicated because Im-

brie and others (1984) used too young a date (734 ka) for the

Matuyama-Brunhes Chron boundary, one of their calibration points.

(Likely, the correct date is somewhere between 750 and 770 ka;

see footnote 4.) Nevertheless, their deep-sea O-isotope data are

fine-tuned to close agreement with astronomical data back to

about 620 ka, before which they are discordant, particularly with

terrestrial data (G.J. Kukla, written and oral commun., 1989).

Fig. 2 graphs their data on O-isotope variation with time, show-

ing both their original time scale and a modified time scale (be-

ginning at 620 ka in order to adjust the Matuyama-Brunhes Chron

boundary to 760 ka instead of 734 ka; Table 2).
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O- 1 8/0- 1 6 VARIATIONS

Fig. 2. Record of 180/160 variations in five deep-sea cores, tuned to each

other and to earth-orbital parameters, as a function of time, from Imbrie and

others, 1984, Table 7. The graph in color shows an incremental adjustment of

the data for the period before 620 ka, based on better data for the M/B Chron

boundary (see Table 1, footnote 4, for explanation). The numbers along the

graph refer to oxygen-isotope stages; the even-numbered peaks are glacial maxi-

ma, and odd-numbered troughs are interglacial minima.



Table 2. Proposed time-interval changes from those given in Imbrie and
others (1984, Table 7), between 620 and 800 ka (see Table 1, footnote 4,
for explanation).

Original Original Modified
time scale data time scale

(k.y.) (k.y.)

620 0.09 620
622 0.86 622
624 1.42 625
626 1.77 627
628 1.92 630
630 1.84 632
632 1.77 635
634 1.79 637
636 1.69 640
638 1.49 642
640 1.25 645
642 1.10 647
644 1.05 649
646 1.01 652
648 0.98 654
650 0.94 657
652 0.90 659
654 0.86 662
656 0.74 665
658 0.51 667
660 0.23 669
662 -0.05 672
664 -0.25 674
666 -0.38 676
668 -0.40 679
670 -0.23 681
672 -0.02 684
674 0.11 686
676 0.18 689
678 0.24 691
680 0.26 694
682 0.21 696
684 0.11 699
686 -0.01 701
688 -0.12 704

Original Original Modified
time scale data time scale

(k.y.) (k.y.)

700 1.42 718
702 1.36 721
704 0.76 723
706 0.08 726
708 -0.21 728
710 -0.32 731
712 0.16 733
714 0.10 736
716 0.15 738
718 0.18 740
720 0.26 743
722 0.21 745
724 0.08 748
726 -0.14 750
728 -0.43 753
730 -0.55 755
732 -0.49 758
734 -0.42 760
736 -0.18 762
738 0.39 764
740 0.91 767
742 1.19 770
744 1.25 772
746 1.18 775
748 1.14 777
750 1.15 780
752 1.22 782
754 1.40 784
756 1.48 787
758 1.18 789
760 0.75 792
762 0.40 794
764 0.18 797
766 0.03 799
768 -0.10 802
770 -0.23 804
772 -0.36 807
774 -0.40 809
776 -0.30 812
778 -0.24 814
780 -0.31 816
782 -0.42 819



3. Richmond and Fullerton (1986) use the Lava Creek B tephra

layer, dated 620 ka (K-Ar & fission-track; G.A. Izett, U.S. Geo-

logical Survey, oral commun., 1987) to define this boundary. This

tephra is widespread in the western U.S. This is approximate age

of the boundary between oxygen-isotope stages 15 and 16 (Fig. 2).

4. The Matuyama-Brunhes (M/B) geomagnetic Chron boundary is

now proposed by an international body as marking the boundary

between the lower and middle Pleistocene (INQUA Subcommission on

boundaries of subdivisions of the Pleistocene, 1987).

The age of the M/B Chron boundary cannot be ascertained direct-

ly; this age (like all paleomagnetic ages) must be determined by

proxy, by dating closely underlying and overlying strata by

independent means (isotopic, fission-track, or other methods) at

many localities. The best approximation of the age of this Chron

boundary appears to be about midway between the estimates of Man-

kinen/Dalrymple (1979), Imbrie and others (1984), and Johnson

(1982) (respectively, 730+11, 734+5 and 788 ka) for the following

reasons:

(1) Johnson's (1982) date of 788 ka is somewhat too old, be-

cause it does not allow enough time between the M/B Chron bound-

ary and the end of the Jaramillo Subchron (well-dated at 0.89 Ma),

as evinced by deposition rates in many deep-sea cores (G.J.Kukla,

personal commun., 1989). [Nevertheless, Richmond and Fullerton

(1986) accept Johnson's date as a provisional age for the M/B

boundary.]

(2) Both the Mankinen/Dalrymple and Imbrie and others ages

clearly are too young because they disagree with the re-determin-

ation of the age of the Bishop Ash by Glen Izett (U.S. Geological.
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Survey, personal commun.,1988) as 738+3 ka, obtained as a weight-

ed mean of 14 dates (K-Ar on sanadine and fission-track on zir-

con). This normal-polarity tephra layer lies 3.5 m above the M/B

boundary in a Lake Bonneville (Utah) sequence cored at the south-

ern edge of Great Salt Lake, and a strongly developed paleosol

lies just below the Bishop Ash; the M/B Chron boundary is esti-

mated (by deposition rate and disregarding time for soil develop-

ment) to be at least 15 ka older than the Bishop Ash (i.e., at

least 753 ka) (Eardley and others, 1973, Fig. 1 and p. 212).

In two borehole cores near Bakersfield, California, the M/B

boundary was identified (in lacustrine clay deposited during a

major deglaciation) 3.7 and 4.9 m below the Bishop Ash; the

average deposition rate including gaps is 11.7 cm/1000 yr, making

the approximate age of the M/B boundary about 775 Ma (using 738

ka as the age of the Bishop Ash; Davis and others, 1977).

Because of the above considerations, the Matuyama-Brunhes

Chron boundary is tentatively dated 750-770+ ka in this volume.

The Bishop tephra layer lies <1 m to rarely >3 m above this

boundary in remnants scattered widely over the western U.S.

(Chapters 5, 6, 7, 9, 10, 13, 14 and Plate , this volume).

5. Two quite different stratigraphic horizons/ages currently

are being proposed for the Pliocene-Pleistocene boundary:

(A)The end of the Olduvai normal-polarity subchron, dated 1.64-

1.65 Ma. This is the provisional boundary selected in 1981 by

joint resolution of the Working Group of the International Geo-

logical Correlation Program Project 41 (Neogene-Quaternary Bound-

ary) and the International Union for Quaternary Research (INQUA)
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Subcommission l-d on the Pliocene-Pleistocene Boundary (Internat-

ional Commission on Stratigraphy Working Group on the Pliocene-

Pleistocene Boundary).

Nevertheless, THIS CANDIDATE FOR AN INTERNATIONAL STRATO-

TYPE FOR A GEOLOGIC PERIOD BOUNDARY IS SERIOUSLY UNSUITABLE, for

these reasons:

(i) The proposed stratotype area in southern Italy is much

deformed and faulted, with many tectonic and erosional hiatuses;

even the proposed stratotype, the "Vrica section", is truncated.

Aguirre and Pasini (1985) propose that the international

stratotype for the Plio-Pleistocene boundary be designated as

the top of the Olduvai normal-polarity Subchron in the Vrica sec-

tion. However, its paleomagnetic, tephrochronologic, biostrati-

graphic, and chronologic data are ambiguous and may be in serious

error (Kukla, 1987, p. 214-216). Identification of the Olduvai

Subcron here is questionable; the normal-polarity strata may re-

present an older Subchron such as the Reunion (Tauxe and Opdyke,

1981; Arrias and Bonnadona, 1987).

(ii) The relatively short Olduvai Subchron cannot be identi-

fied paleomagnetically in many Pliocene-Pleistocene sequences,

marine and terrestrial-- and even less frequently, the precise

position of its upper boundary.

(iii) The Olduvai Subchron does not mark a substantial cli-

matic event on a global basis, and therefore is not a world-wide

distinctive litho- or biostratigraphic unit.

Published comments adverse to placing the Plio-Pleistocene

boundary at the top of the Olduvai Subchron include:
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(1) From Richmond and Fullerton (1986, p. 186):

"...there are no criteria by which the Pliocene-Pleistocene
boundary thus defined can be located accurately in the strati-
graphic sequences in the U.S.A."

Also, "The Pliocene-Pleistocene boundary thus defined has
no significance in the stratigraphic and chronologic framework
of glaciation in the United States. ... It has no significance
with respect to the dispersal of microtine rodents ...or other
vertebrate faunas...that distinguish the North American land
mammal ages; ... no clear significance with respect to climatic
or environmental changes in North America based on biotic cri-
teria."

(2) G. I. Smith (Chapter 11, this volume) observes regarding

the deep--core record at Searles Lake, California:

"...the 1.6 Ma "beginning of Quaternary time" falls near the
middle of a virtually uninterrupted intermediate hydrologic re-
gime that lasted about 0.75 m.y."

(3) Kukla (1987) comments that the proposed Pliocene-Pleisto-

cene boundary has no lithostratigraphic or biostratigraphic re-

presentation in the loess sequences of China.

(4) The Olduvai Subchron lacks distinctive features (other

than paleomagnetic) in deep-sea-core records (Fig. 1; Jenkins,

1987, p. 41).

(B) The Gauss-Matuyama Chron boundary, currently dated 2.48

Ma.

This paleomagnetic boundary should become the international-

ly accepted boundary between the Pliocene and Pleistocene Epochs

(Tertiary and Quaternary Periods) because:

(i) It is a widespread global stratigraphic marker horizon

approximately coeval with the initiation of moderate-sized ice

sheets in the Northern Hemisphere, between 2.5 and 2.4 Ma.

Throughout the early Pliocene, climate in the Northern Hemi-

sphere, even at high latitudes, was consistently warmer than
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Pleistocene climates; the climatic cycles had much smaller ampli-

tudes than those of the Pleistocene and never became colder than

the Pleistocene interglacials. The striking climatic shift (Fig-

ure 1) that occurred close in time to the Gauss-Matuyama Chron

boundary -- the true beginning of the "Great Ice Age" -- is re-

corded in marine deposits by marked decrease in percent CaCQ3
18

(along with a similar increase in ice rafting and delta 0) in

cores from the subpolar North Atlantic and the Labrador and

Norwegian Seas (Backman, 1979; Shackleton and others, 1984; Zim-

merman and others, 1985; Ruddiman and Kidd,1986; Eldholm and

others, 1987; Arthur and others, 1987; Ruddiman and Wright,

1987). This catastrophic change is recorded on land in middle

latitudes of the Northern Hemisphere by the start of loess depos-

ition (Kukla, 1987, 1989).

(ii) Furthermore, the Gauss-Matuyama polarity reversal can

be identified widely and unambiguously in terrestial and marine

sequences throughout the world.

Some proposals for Pliocene-Pleistocene boundary stratotypes:

A suitable stratotype for placing this important period boundary

at 2.4-2.5 Ma has not yet been officially proposed. I have sev-

eral candidates:

(a) Loess sections at either Xifeng or Luochuan, China, The

loess sequences of north-central China surpass those anywhere

else in the world in depth of exposure (>200 m) and stratigraphic

detail, as documented by intensive sedimentologic and magneto-

stratigraphic study (Kukla, 1987; Kukla and An, 1989; Liu, X.M.,

1985; Liu, T.S. and others, 1985). The exposures provide excel-
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lent, well-accessible potential holo- or parastratotypes for this

period boundary. The Gauss-Matuyama boundary (and the earliest

loess) are exposed in the uppermost part of the Pliocene Red Clay

Formation, at a depth of about 180 m in Xifeng and 135 m in

Luochuan (Kukla and others, 1988).

(b) The Pliocene-Pleistocene sequence (Pico Formation, etc.) in

the Ventura basin, California. This sequence is in a long-

active tectonic depocenter and has an exceptionally complete,

thick, detailed, chiefly marine record (including eight tephra

layers, many foraminiferal biozones, the Olduvai Subchron, and

extending far below and above the Gauss-Matuyama boundary (Yeats,

Chapter 7, this volume). Also, it is well-exposed, explored

extensively in depth by drillhole coring, and intensively studied

by micropaleontologists, sedimentologists, tephrochronologists,

structural and other geologists. Thus, it can be correlated,

chiefly via magnetostratigraphy and tephrochronology, with other

important terrestrial sequences, ranging from Clear Lake to Lake

Tecopa (see Chapters 7 and 10).

(c) The Hueso and Vallecito members (Woodard, 1963) of the

Palm Springs Formation in the Vallecito-Fish Creek basin, on the

west side of the Salton Trough about 60 km northwest of El Centro,

California. This section, several hundred meters of chiefly Colo-

rado River deltaic sediments, is well exposed due to strong de-

formation and deep badland-type erosion. Its magnetostratigraphy

is well studied and indicates that the Hueso and Vallecito

members range from 2.8 to 0.9 Ma (Johnson and others, 1983;

Johnson, 1985); both the Olduvai Subchron and G/M Chron boundary



have been identified, as well as several tephra layers. Winker

(Chapter 11, this volume) states: "this section ... contains the

most precisely located Plio-Pleistocene boundary in the Salton

Trough." The Hueso and Vallecito members also yield a diverse

vertebrate fauna of Blancan to Irvingtonian age (White and

Downs, 1961; Woodard, 1963; Downs and White, 1968).

6. The Miocene-Pliocene boundary currently is dated 5.0-5.5

Ma (Odin, 1982).
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Systematic variations in the carbon and oxygen isotopic
composition of pedogenic carbonate along elevation transects in
the southern Great Basin, United States
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ABSTRACT

Stable carbon- and oxygen-isotope varia-
lions in Holocene soil carbonates that formed
in the unsaturated zone were examined along
several elevation transects in the southern
Great Basin, United States, a region with a
semi-arid climate. Our intent was to study the
relationship between the stable isotopic com-
position of pedogenic carbonates and climate,
ecological variations, differences in parent
material, and soil depth.

C of pedogenic carbonate in three dif-
ferent soil profiles from different elevations
decreases with soil depth, indicating a de-
crease in the ratio of atmospheric to plant-
derived CO2 downprofile. Pedogenic carbon-
ate at the soil-air interface approaches a C
value in equilibrium with atmospheric CO2 in
all three soils. Observed 8 C profiles for
pedogenie carbonate can be described using a
one-dimensional model for 2CO2 and 3CO2,
assuming isotopic equilibrium between soil
CO2 and soil carbonate. The modeled best fit
to observed isotopic profiles suggests that the
profile differences in part result from differing
soil-respiralion rates at each site.

3C in deep pedogenic carbonate (>50
cm) varies by about 12 per mil over a 2,440-m
elevation range, being enriched in 3C at the
lowest elevations. The slope of 8513C for these
carbonates versus elevation is very similar for
soils developed on carbonate and on noncar-
bonate parent materials: depiction by 4.6 to
4.7 per mil per 1,000 m increase in altitude
between 300 to 2,740 m above mean sea level
for the localities studied. This concordance
makes it likely that there has been complete
isotopic exchange between IICO3- in solution
and soil CO, prior to carbonate precipitation.

Soil CO2 and soil-respiration rates increase
systematically with elevation. The plant-
derived component of soil C02 indicates that
C3 plants dominate the biomass at most meas-
ured sites in agreement with plant surveys.
Calculated equilibrium fractionation factors

between soil CO2 and soil carbonate are very
similar to those observed, again indicating
complete isotopic exchange between carbon
species. In all, the soil CO2 and soil-carbonate
data suggest that the C variation with ele-
vation observed in the soil carbonates resulls
from differing soil-respiration rates at each
site, as well as from variations in the propor-
tion of C3 to C4 and CAM plants in each site's
surface biomass.

0 values in pedogenic carbonates are
higher at lower elevations, due in part to the
more positive values for meteoric wa-
ters at lower elevations. The average
value of deep (>50 cm) pedogenic carbonate
at all sites, however, is enriched 2A to 3.7 per
mil with respect to values we predict should
be in equilibrium with the isotopic composi-
tion of local meteoric waters. This suggests
that evaporative isotopic enrichment of soil
waters may have occurred at all elevations
prior to precipitation of carbonate, or that
seasonal differences in the isotopic composi-
tion of meteoric waters coupled with differen-
tial infiltration may be taking place. One or
both of these processes also may explain the

decrease in soil carbonate with depth
observed in two of three soil profiles.

INTRODUCTION

Pedogenic carbonate is an important compo-
nent in many soils, yet relatively little is known
about its stable isotopic geochemistry. Although

the isotopic composition of soil carbonate has
been used to estimate the degree or recrystalliza-
tion of carbonate in soils (Magarilz and Amid,
1980, 1981; Amundson and Lund, 1987) and to
study paleoclimatology and palcoecology (Ma-
garitz and others, 1981; Ceding, 1984; Cerling
and Hay, 1986) few detailed studies of isotopic
variations in modern soils have been made.

The isotopic composition of soil CO2 is con-
trolled by the proportion of surface plant bio-
mass using the C3 or C4 photosynthetic pathway
(Cerling, 1984), which has average organic
carbon 813C values of about -27 per mil and
-13 per mil, respectively (Deines, 1980; Cerling.
1984). Considerations of typical carbonate dis-
solution reactions show that inherited carbon
from parent material is signiflcant in the dissolu-
tion step of carbonates (Salomons and Mook,
1986):

(1)

Because the rate of new soil carbonate (that is,
pedogenic) accumulation is small (10-7 to I0
mole/cm2/yr) compared to the CO2 respired
flux (10-1 to 10-5 mole/cm2/yr), Cerling
(1984) suggested that the isotopic composition
of pedogenic carbonate will be controlled by the
isotopic composition of soil CO2 and that inher-
itance of parent material 3C values through
dissolution would be insignificant. In this paper.
we compare pedogenic carbonates formed on
parent materials approaching pure limestone
with soil carbonates formed on a parent material
with little to no detrital carbonate. Such a com-
parison should show if any carbon isotopic in-
heritance in pedogenic carbonate occurs because
of dissolution of detrital limestone clasts.

Soil carbonates were studied along elevation

Additional material (an appendix) for this article may be secured free of charge by requesting Supplementary Data 8910 from the GSA
Documents Secretary.
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transects because it was expected that large
changes in the 6 C value of pedogenic carbon-
ates should occur over several thousand meters
of elevation change. This should result from
changes in the type of plant cover (Table 1) and
differing plant-derived CO2 respiration rates at
various sites. At low elevations, the 3C values
of pedogenic carbonate should be highest be-
cause these sites are most likely to have a high
proportion of biomass using the C4 photosyn-
thetic pathway, because C4 plants arc adapted to
conditions of high water stress. In addition, low-
elevation sites are likely to have lower net respi-
ration rates than are higher elevation sites.
Therefore, pedogenic carbonates from low-
elevation sites are more likely to have a signifi-
cant atmospheric component. Carbonate formed
in equilibrium with the atmosphere should be
very similar to that expected for a pure C4 bio-
mass (+4 per mil and +1 per mil for pedogenic
carbonate produced from a pure atmospheric
and pure C4 component at 25 °C, respectively,
using the three-component model of Cerling,
1984). For comparison, soil carbonate formed
from a pure C3 biomass with an insignificant
atmospheric component should have a
value of about -12 per mil at 25 If such a
relationship exists, the 3 C value or soil car-
bonate may be used as a potential palcoccologic
signal. Previously, Cerling (1984) described the
distribution or 3 (or soil CO2, using a one-
dimensional diffusion model. Detailed vertical
profiles of pedogenic carbonate should provide a
check on the validity of such a model.

In addition, these transects allow us to study
the variations of soil carbonates as a func-
tion of altitude, because the 8 value for me-
icoric water is progressively depleted with
increase in elevation (Dansgaard, 1964; Smith
and others, 1979).

METHODS

The sites studied are in the Spring Mountains
facing the Las Vegas Valley, in the Pine Valley
Mountains of southwestenmost Utah, and in
the Grapevine and Panamint Ranges of Death
Valley. All are in the southern Great Basin,
western United States (Fig. 1). To assure that
sampled soils were middle to late Holocene in
age, we selected terraces immediately adjacent
to, and therefore recently abandoned by, active
washes. Quade (1986) has shown that such ter-
races in the Las Vegas Valley are younger than
7,000 yr. We also confined ourselves to terrace
settings to minimize microclimatic variations,
because more xeric vegetation covers nearby
slopes and ridgetops. During the mid- to late
Holocene, the water table has been at least 25 m
(Quade, 1986), and in most cases hundreds of
meters, below the present alluvial-fan surface,
making it highly unlikely that any of the car-
bonate we have studied has a ground-water
association. All pedogenic carbonates sampled
show weak to mature Stage I morphology on
gravelly parent material (Gile and others, 1966).

We sampled eight sites in the Spring Moun-
tains near Las Vegas and in Titus Canyon facing
Death Valley (Fig. 1), where the parent material
was composed almost entirely of coarse detrital
limestone clasts. These sites varied from 300 to
2,740 m above mean sea level. For comparison

with noncalcarcous parent material, ten sites
were selected in the Grapevine, Panamint, and
Pine Valley Ranges (Table 1). For the Grape-
vine and Pine Valley sites, clasts derived from
Tertiary volcanic rocks entirely compose the al-
luvium. At the Panamint Range sites, alluvium
is dominated by noncalcarcous metamorphic
clasts (schists, phyllite, and quartzite). Calcar-
eous dust is usually present in surficial vesicular

horizons of soils at lower elevations in the region
(McFadden and others, 1987).

We sampled two or three separate profiles at
each site. All of the samples used for the eleva-
tion transects were collected from 50±10-cm
soil depth, unless otherwise noted. We chose this
depth because Cerling (1984) showed that sig-
nificant variations in the isotopic composition of
soil CO2 are expected at shallow levels in soil
profiles. To examine this depth dependency, we
also sampled three profiles in detail in which
pedogenic carbonate was present at all levels
Sample clasts were first thoroughly scrubbed of
any adhering detritus, and then relatively pure
encrustations of carbonate on clast undersides
were scraped free under a binocular microscope,
taking care not to include any carbonate from
the host clast itself, or from older carbonate
cement.

We determined the 8 '3 C composition or sev-
eral species of plants by taking the average of
three individuals. We took stems, roots, and
leaves from each individual and ground them
together;

Carbonates were baked under vacuum at 450
C for one hour prior to reaction with 100%

phosphoric acid. Plant organic matter was pyro-
lized under vacuum at 950 IC for 1.5 hours in
the presence of cupric oxide wire and silver foil.
Results arc reported in the 8 (per mil) notation
where

and c and refer to the
or ratios in a sample or standard,
respectively.

"Soil C02" refers to the concentration of
C02 in soil gas and is distinguished from "soil-
respired C02" which refers to the CO2 flux

TABLE 1. GENERAL FEATURES OF SOIL TRANSECT SITES
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Spring Range
Transect

Figure 1. Map of Nevada and
surroundings, showing location
or sites studied. The Insets show
detailed locations of most Grape-
vinc and Spring Mountain tran-
sect sites

Figure 2. Isotopic composition of pedo-
genic carbonates calculated from soil CO2
model described in text for 1 aim pressure,
T - 15 C, e - 0.5, 813C (respired C0 2 1 80 =
-27 per mil, and 513C (atmospheric) = o = -6
per mil at 300 ppmV.

from soils. Soil CO2 and soil-respired CO2 have
different isotopic compositions in systems where
mass transfer is controlled by diffusion (see
Cerling, 1984). Soil CO2 , depending on soil-
respiration rates and depth, can contain both
atmospheric and plant-derived components.
Soil-respired CO2 was collected for about 48
hours under inverted 22-liter buckets with 40 ml
of I N NaORI solution in an open dish. For soil
CO2, we first buried 4- to 5- wire mesh cages at
50-cm soil depth at each site. After allowing at
least three days for equilibration, we extracted
soil C0 2 through a rubber hose into 1-1 evacu-
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ated glass cylinders. We collectcd CO2 in both
the Spring and Fall.

CLIMATE AND VEGETATION

Climate varies considerably along the studied
transects. For example, Las Vegas, Nevada, with
an elevation of 640 m, has a mean annual
temperature of 19.5 C and mean annual precip-
itation of 10 cm/yr; whereas from 6 years or
records at the Kyle Canyon Ranger Station
(2,225 m) in the Spring Mountains, the figures
arc 9.2 C and 54 cm/yr. This produces temper-
ature and precipitation lapse rates of -65
*C/km and of 28 cm/km, respectively. Major's
(1977) estimates for the lower half of the Spring
Mountains transect were 5.4 °C/km and 12
cm/km, respectively.

Broadly, five vegetation zones are recogniz-
able along these climatic gradients. They are
creosote-burrobush, blackbush, sage, pinyon-
juniper-sagc, and fir-pinc (Table 1). Vegetation
lists were compiled at each locality in April
1987, although additional observations were
made in August 1986 and January 1987. Plant
density and species diversity were measured
along line transects 60 to 80 m long.

MODEL FOR THE VALUE
OF PEDOGENIC CARBONATE

To understand the origin of the isotopic com-
position of soil CO2 and that of soil carbonate
precipitated in equilibrium with soil C02, it is
necessary to model the distribution of bulk CO2 ,
12CO2, and 13CO 2 in the soil profile. Such a
model describing the distribution of carbon di-
oxide species in soils in the unsaturated zone was
derived by Cerling (1984) and will not be re-
peated in detail here. We will instead present the
final model equation describing steady-state dit-
fusion of CO2 in soils, define the terms used in
the equation, and state some assumptions under-
lying our use of the model. We then will apply
this model to observed carbonate isotopic pro-
files from southern Nevada.

We use the notation

where is the per mil value for soil CO2, the
atmosphere, or soil-respired C02, respectively,
and R; is the isotopic ratio (1 3CO2 /'2CO2 ) for
soil air, the atmosphere, or soil-respired CO2 ,
respectively, and RPDH is the ratio of(13C/t 2 C)
in the isotopic standard PDB.

Following the discussion of Cerling (1984),
the equation describing the isotopic composition
of soil CO2 as related to depth (in our model,
1 m), to total soil respiration, and to the isotopic
composition of the soil-respired CO2 is

Note: asterisk and the subscript s refer to bulk
CO2 without isotopic distinction, and to the soil,
respectively.

Concentration units in parts per million by vol-
ume (ppmv), moles cm-3, and pressure (atm)
are related by the ideal gas law (RT/eP) with
the assumption of total constant pressure (poros-
ity correction) at each site. D, (cm2 VS-1) = the
diffusion coefficient of C0 2 in the soil. D,' can
be related to the carbon dioxide diffusion coeffi-
cient in air (D,,,) by (Kirkham and Powers,
1972)

where is the free air porosity, and p is a tortuos-
ity factor. D, . varies with temperature (T) and
pressure (P) and can be corrected to ambient
conditions by (Bird and others, 1960)

where D is the diffusion coefficient for C02 in
air under standard conditions (T°, P0l and is
taken to be 0.144 cm2 sr1.

Our model is subject to the following bound-
aty conditions and assumptions.

1. The upper boundary condition is that the
concentration of soil CO2 (C,) equals that of the
atmosphere (C,) at z 0. The lower boundary
is a no-flux boundary at an impermeable barrier
where

Petraitis (1984), however, give solutions for dit-
ferent C02 production functions.

2. Losses due to mineral precipitation and to
ground water arm negligible. Cerling (1984) pre-
viously showed that the net annual CaCO3 pro-
duction in soils is several orders of magnitude
smaller than the net annual CO2 produced by
soil respiration. Solomon and Cerling (1987)
showed that the net C0 2 loss to the saturated
zone was less than 5% of the total CO2 produced
in a montane soil. Wood and Petraitis (1984)
calculated loss to the saturated zone to be about
17% and 3% for two Texas soils, respectively.
Thorstensen and others (1983) showed that
terms that include CO2 loss to soil water or to
mineral precipitation can be readily incorpo-
rated into the model.

3. The soil CO2 diffusion coefficient (D,)
can be treated as constant throughout the soil
profile, as CO2 concentrations are low relative
to total soil gas.

By using the 13C isotopic fractionation factor
between C0 2 (gas) and calcite (Deints and oth-
ers, 1974),

where

We assume a constant production or C02
throughout the upper 1 m of soil and no produc-
tion below 1 m. Solomon and Ceding (1987)
observed that for soils with identical total pro-
duction rates, varying the production function
with depth [ (z)] makes little difference in the
CO2 concentration profile if the centroid of pro-
duction is kept at the same depth. Wood and

it is possible to calculate the equilibrium 8"(C
profiles for pedogenic carbonate given the soil-
CO2 respiration rate, the isotopic composition
of the soil-respired and atmospheric CO2 , soil
porosity, and the temperature and pressure of
calcite formation.

RESULTS AND DISCUSSION

Model Results from Transect Soils

Figure 2 shows equilibrium depth profiles of
813C in pedogenic carbonates predicted by our
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model for a hypothetical soil over a range of soil
CO, respiration rates. For this soil, we assume a
pure C3 biomass (6"C of soil-respircd CO2 -
-27 per mil) formed it 15 C and 1 atmosphere
pressure. The figure shows some important
general features about soil carbonate precipi-
tated in isotopic equilibrium with soil C02 :
(1) pedogenic carbonate in all soils, regardless of
respiration rate (and therefore the isotopic com-
position of soil-respired C0 2) has the same iso-
topic value at the soil-air interface for a given
temperature; (2) the most rapid decrease in the
S1'C value for pedogenic carbonate is just
below the soil-air interface- (3) pedogenic car-
bonate formed under high rates of soil CO2 res-
piration has more negative C values at a
given depth, other conditions being constant;
and (4) pedogenic carbonate formed during pe-
riods of high soil respiration (more than about 3
mmole 2 hr ) approaches a constant iso-
topic value at shallow levels in the soil and
shows little isotopic variation between 10 to 20
centimeters, whereas pedogenic carbonates that
formed at lower rates of soil respiration show
isotopic variations to depths of 50 cm or more.
The last mentioned is particularly important be-
cause it implies that only pedogenic carbonates
from relatively deep in the profile are character-
istic of the isotopic composition of a particular
soil system. For comparative studies of soils or
paleosols, samples should be collected from ap-
proximately the same depth below the soil-air
interaface.

We sampled three soil profiles in order to
compare the model predictions to actual soils.
All of the soils are developed on limestone-
cobble-dominated alluvium and include PaM-1,
SM-21, and SM-3(B)a, which occur at 300,
1,550, and 1,900 m elevation, respectively. Car-
bonale in the soils is mid-Holocene or younger
in age (see methods section forage criteria), and
it encrusts cobble undersides from the soil sur-
face to at least 1-m depth. The isotope profiles
display patterns with depth that generally con-
form well with model prediction (Figs. 3A, 3B,
and 3C). The C of soil carbonates (1) are
positive at the surface, having formed in equilib-
rium with isotopically heavy atmospheric CO2;
(2) decrease systematically with depth, reflecting
increased concentrations of plant-derived C0 2;
and (3) decrease with depth at different rates,
depending on the soil. For example, the SM-
3(B)a profile shows the most rapid decrease
with depth, SM-2b somewhat less, and PaM-I
the least of all. As our model suggests (Fig. 2),
the increase in profile curvature can be produced
simply by increasing the respiration rate, while
holding the C of input respired C 2 con

Figure 3A. Isotopic composition of pedo-
genie carbonate in detailed vertical profile for
soil PaM-Id. Solid line is calculated isotopic
composition using model described in text
where elevation is 300 m, T = 23 C, 0.5,
Q = 0.18 mmole/m 2/hr, and 80 = -21.7 per
mil. Pedogenic carbonates at 50-cm depth
from nearby localities shown as open figures

stant. Measured respiration rates in fact do in-
crease markedly along the transects, as discussed
in the next section. Best fits to our observed data
predicted respiration rates of about 0.2,0.4, and
13 mmoles/m 2/hr, corresponding to PaM-I,
SM-2b, and SM-3(B)a, respectively. The direc-
tion of this increase matches what we would
predict about respiration rates based on percen-
tage of plant cover, which increases from about
5% to 58% between PaM-I and SM-3(B)a. The
model also predicts that C3 plants dominate at
these sites, in agreement with our plant surveys
(Table 2). We give these results merely for illus-
tration, realizing that the details of carbonate
precipitation are very complex and await
further data collection for adequate modeling.
Among the unknowns at this point are such
questions as how soil carbonate precipitation is
distributed seasonally and to what soil depth,
how C3 and C4 plant-root systems are distrib-
uted with depth, and how infiltrating soil waters
alter soil porosity and therefore gas-diffusion
cocfficients, to name a few.

In a qualitative way, however, all three 8t3C
profiles for soil carbonate are in good agreement
with a model where pedogenic carbonate forms
in isotopic equilibrium with soil C02 whose iso-
topic composition can be described by diffusion,
and with the atmosphere being an upper bound-
ary condition. This agreement suggests that
kinetic effects or Rayleigh fractionation (Salo-
mons and others, 1978; Dever and others, 1987)
are relatively unimportant for these soils. It is

Figure 3B. As in Figure 3A for soil SM-2b.
For elevation of 1,550 m, T 13.6 C, 0.5,
Q 0.4 mmole/m2/hr, and -23.4 per mil.

Figure 3 C As in Figure 3A for soil SM-
3(B)a. For elevation of 1,900 m,T = 11.4 °C,
= 0.5, Q = 1.3 mmole/m 2/hr, and = -21.2
per mil.

generally believed that soils are dewatered by
evapotranspiration and that certain ions impor-
tant in carbonate equilibria (for example, Ca 2,
HCO , CO 2 ) are preferentially excluded dur-
ing fluid uptake by plants, resulting in an in-
crease in their concentrations in residual soil
solution (Thompson, 1975). For these soils,
plant growth occurs in the moist spring when
high respiration rates, high C02 concentra-
tions, and dewatering of the soil coincide for a
fairly short time interval. Changes in P(C0 2)
occur only after soil water drops to levels where
plant productivity drops off. It is therefore likely,
for these and for many other soils, that soil car-
bonate precipitation results dominantly from
dewatering due to evapotranspiration and only



TABLE 1. SPRING VEGETATION TYPES (% TOTAL COVER) AT TRANSECT SITE
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F igure 4. Plot of the carbon isotopic com-
position of pedogenic carbonate from 50-cm
soil depth versus site elevation. All sites are
alluvial soils. Parent clast composition is dif-
ferentiated by open or solid symbols.

to a much lesser extent from degassing or evapo-
ration (Schlesinger and others, 1987).

In summary, the detailed C profiles for
soil carbonate are compatible with a model
where the isotopic composition of the carbon-
ates are in equilibrium with soil CO2 as
determined by the diffusion of co2 in the soil.
We do not find evidence that kinetic effects or
Rayleigh-fractionation processes are of major
importance in the formation of pedogenic car-
bonates in the soils examined. Furthermore, as
suggested by these profiles, one important con-
trol on the isotopic composition of pedogenic
carbonate is the CO2 respiration rate of the soils.
Evidence from a wider range of sites given in the
next section lends further support to this inter-
pretation but also suggests that at lower eleva-
tion sites the limited C4 and CAM plants present
evidently contribute to soil CO2.

Origin of the Decrease in C of Pedogenic
Carbonate as a Function of Elevation

The 3C value for pedogenic carbonates at
50-cm soil depth decreases systematically with
elevation (Pig. 4) for soils formed on carbonate
or noncarbonate parent materials. Both suites of
samples decrease by 4.6 to 4.7 per mil per
1,000-m increase in elevation, although the best-
fit lines are offset by about 1.2 per mil. The C
relationship to elevation for the two transects are

Figures 5A, 5B. Soil CO2 concentrations at 40-60 cm from soils in the Spring Mountains (A)
and Grapevine Mountains (B) for April and September.

where Z is the elevation above mean sea level
in meters.

At the outset of this study, we recognized two
processes that could produce the observed trend
toward isotopic depletion in pedogenic carbon-
ate with increase in elevation: (1) the proportion
of C3 (813C-depleted) plants increases in the
cooler, moister soil conditions at higher eleva-
tion; and/or (2) as suggested above, soil-
respiration rates increase in the more vegetated
higher elevations, thus progressively excluding
isotopically heavier atmospheric CO2 from the
soil.

In order to select between alternatives, we
first need to know the over-all isotopic composi-
tion of the biomass at each site. This can be
approached either by plant survey, or by analyz-
ing soil CO2 derived from that biomass. We
looked in detail at the proportion of C3, C4, and
CAM plants at eleven sites on our two major
transects. CAM plants are largely succulents,
such as cactus and yucca common at our lower
elevation sites. They are isotopically interme-
diate between C3's and C4's, averaging -18 per
mil; but in moisture-stressed environments such
as ours, Wells (1976) observed that they are
isotopically similar to C4 plants. In discussions
below, we will assume this is the case with
CAM plants in our area. Our plant transect sur-
veys for Spring and Fall show that at all sites, C3
plants dominate (Table 2). At higher elevation
sites, C4 and CAM plants are entirely absent. At
lower elevations, their proportion does not ex-
ceed 20%, except at GM-3 and GM-5, in sites
depicted in Figure 4. The main perennial C4

6s
we observed were Hilaria rigida and Erioneuron
pulchellum (fluffgrass). Johnson (1976) and
Mulroy and Rundel ;(1977) noted that C4
grasses, perennial and annual, typically make up
only a small portion or the biomass in the Mo-
jave Desert, and that growth is largely in
Summer when supported by local thunder-
shower activity. The relatively low proportion of
C4 and CAM plants therefore fails to entirely

Figure 5C. Respiration rates from soils
in the Spring Mountains for April and
September.

explain the isotopically heavy soil carbonates we
observe at sites at lower elevations.

Soil CO2 measurements support this view,
but they also allow a clearer assessment of the
relative contribution of CAM and C4 plants ver-
sus the atmosphere to soil CO2. To begin with,
both soil CO2 (Figs. 5A, 5B) and soil respiration
rates (Fig. 5C) increase with elevation. Spring
values in all cases exceed those of the Fall. The
isotopic composition of soil CO2 is 10.2 to 12.3
per mil lighter than that of soil carbonate (Figs.
6A, 6B), corresponding closely to the expected
range of 10.5 to 11.7 (Deines and others, 1974)
for equilibrium precipitation given the observed
temperature range on the transects. The fit of

C values for Spring soil CO2 is slightly better
than for Fall. The "total" soil CO2 with which
the carbonates are in equilibrium at each site is a
mixture of plant-derived and atmospheric CO2.
The 3C content of the plant-derived end
member can be estimated by plotting 1/CO2
(ppmv-l) against 3 of soil CO2 for a given
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Figures 6A, 6B. Comparison from the Spring (A
(PDB) composition of soil CO2, or observed soil c
be in equilibrium with total Spring soil CO2 at eac
to mean annual temperature at each site.

April - May

soil and for the atmosphere. Extrapolation of the
line connecting these points to infinitely high
CO2 gives the 3C value of plant-derived CO2.
By subtracting the atmospheric component in
this manner, several important patterns then be-
come evident (1) The C of total CO2 Versus
plant-derived CO2 in most cases converge with
elevation, as we would expect because the lower
respiration rates at lower elevations should
allow more mixing of atmospheric CO2 deeper
in the soil; and (2) the 3C of plant-derived soil
CO2 is not constant from site to site, suggesting
that C4 and CAM plants, although not abundant
as previously noted, exert some influence on the

isotopic composition of soil CO2 and therefore
of soil carbonate (Figs. 7A, 7B, 7C, 7D). This
effect is most evident at GM-3, where the high

A) and Grapevine (B) Mountains of the 3C abundance of Atriplex has contributed to the
arbonate, and of soil carbonate predicted to unusually heavy 3C of soil CO2 (Figs. 7C,
h site, using fractionation factors appropriate 7D). The plant-derived component of CO2 on

the Spring Mountain trinsect also retains a clear
gradient with elevation after subtraction of at-
mospheric CO2, likely the result of the few Ci's
and CAM's present at lower elevations. We can
arrive at an estimate of the isotopic composition

September of the local biomass for each site by adding 4.4
per mil to the 13C of plant-derived CO2 be-

3000 cause of fractionation arising from diffusion
(Dorr and Munnich, 1980; Ceding, 1984). If we
compare this to similar estimates based on our

plant surveys, in most cases we get concordant
results: the biomass is 100% at the upper three
sites, and it decreases to 63% C3's at SM-2
(Table 2). The one exception is SM-1, where
our Spring plant survey on the terrace underes-
timates the proportion of CAM's and C4 plants
in equilibrium with Spring soil CO2 by 45%. A
wash bottom 10 m away, like others on the
lower fan, is covered by up to 50% C4 grass

(Hilaria rigida). Could CO2 from these areas
mix laterally? The thick (70- to 100-m) vadose
zone may store and homogenize CO2 from all of

September the lower fan plant communities, and contribute
to soil CO2 at SM-I that then is out of isotopic
equilibrium with terrace vegetation immediately

around the site. In general, it is evident that iso-

topic gradient in soil carbonates is determined
by a combination or biomass composition and
by the amount or atmospheric C02 in soil air,
which depends on soil-respiration rates.

The impact of biomass composition on the
of soil carbonates is particularly evident

under extensive stands of saltbush (Atriplex ca-
nescens) and shadscalc (A. convertifolia), both
C4 shrubs. Silty parent material appears to favor
these shrubs, in contrast to most transect sites
where the gravelly soils are dominated by C3

shrubs. Results from GM-3 and GM-5 in the
Grapevine Mountains are offset toward slight

eric) compared to plant-derived CO2 for 3C enrichment (Fig. 4) in comparison to the
nd Spring (C) and Fall (D) in the Grapevine rest of the isotopic trend on noncalcarcous par-

ent materials. They are also the only two sites in

Figure 7. Total CO2 (plant-derived + atmosph
Spring (A) and Fall (B) in the Spring Mountains, an
Mountains.
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the noncarbonate trinsect with substantial C4
(Atriplex sp.) components in their biomass: 38%
for GM-3 and about 50% to 60% at GM-5.Afri-
plex sp. covers 70% to 100% of N-87, not in-
cluded in Figure 4, and TC-1. The C values
of pedogenic carbonate are the heaviest of any
sites examined, ranging, for example, between
+3.4 and +5.8 per mil at N-87. Sites SM-I and
PaM-1 with comparable elevations and soil res-
piration rates (based on similar percentage of
plant cover) are 4 to 6 per mil lighter in C,
reflecting the predominantly C3 surface bio-
masses favored by the gravelly parent material at
these sites. Thus, the presence of Atriplex, not
low respiration rates, largely accounts for the
isotopically heavy soil carbonate observed.
Moreover, cattle and sheep are known to
browse Atriplex extensively (Pieper and Donart,
1978; Shoop and others, 1985). Evidently the
impact of grazing has not significantly modified
the extent or Atriplex at our sites.

A final consideration is that some of the
isotopically heavy soil CO2 at our low-elevation
sites may come from the C3 plants themselves.
Ehleringer (1988) and Ehleringer and others
(1987) observed that under moisture-stressed
and high light-intensity conditions, C3 plants can
display average C values substantially heav-
ier than the average of -27 per mil for C s. To
assess this, we analyzed the five major plants
covering SM-1 (Table 2), and found, by
weighting by percentage of plant cover, that the
biomass equaled -24.9 per mil. Soil carbonates
formed in isotopic equilibrium with this biomass
should fall around -9 per mil, depending on
temperature, still much heavier than the average
observed value of 1.6 per mil. Thus the isotopic
shift in C3. plants resulting from high light
intensities or moisture stress does not appear to
contribute much to the heavy 813C values in
carbonates at low elevations.

Our results agree with those of Amundson
and others (1988a, 1988b) except for the ques-
tion of the relative contribution of C4 and CAM
plants to soil CO2, which those authors viewed
as negligible. Both of our approaches involved
above-ground plant surveys. This method is at
best a crude estimation or below-ground bio-
mass, which itself ultimately determines soil
CO, composition. For example, grasses and
forbs are not woody and may be underrepre-
sented by above-ground plant surveys. Another
complication is that decomposing organic mat-
ter in the Spring in part will originate from
growth of plant types from other times of the
year, such as in Summer when C4 annuals come
out. In addition, our survey or vegetation shows

that numerous nonindigenous plants such as
Brome grasses (Bromus rubens, Bromus tecto-
rum), storksbill (Erodium sp.), and various mus-
tards have invaded the area. This makes modem
vegetation surveys of uncertain value in estimat-
ing the proportion of C4 biomass for pre-
settlement times. For these reasons, we consider
our evidence from plant-derived CO2 to be the
more reliable indicator of the relative contnbu-
tion of plants to total soil CO2.

Our conclusions do not contradict those of
Cerling (1984), who concluded that for high
respiration-rate soils, the isotopic composition of
soil carbonates below 10 to 20cm is determined
by the proportion of C3 to C4 (and CAM) plants
in the soil biomass. Spring respiration rates at
the higher Spring Mountain sites equal or ex-
ceed 3 mmoles/m 2/hr (Fig. 5C). The 3C of
soil C02 and soil carbonate is consistent with
the observed 100% C3 biomass at the sites, sug-
gesting that little atmospheric CO2 is penetrating
to 50 cm, the depth of our carbonate sampling.
For this region, such a respiration rate represents
effective moisture conditions produced by mean
annual temperatures of 6 to 7 C and mean
annual precipitation of 50 to 60 cm. In drier
conditions and for depths we are considering,
the proportion of C4 (and CAM) plants in sur-
face biomass and soil respiration must be con-
sidered in interpreting the 3C of soil
carbonate.

Inheritance of Carbon from the
Dissolution Step

The isotopic compositions of soil C02, dis-
solved HCO3 , and newly precipitated soil car-
bonate are related by the fractionation factors
between these species and the kinetics of ex-
change and precipitation. The CO2 composition
of soil gas can be described by diffusion equa-
tions as discussed above with C3, C4, and the
atmospheric end-member components. Marine
limestone has an isotopic composition of about
0 per mil (Keith and Weber, 1964). Any inher-
itance of carbon derived from dissolution of ma-
rine limestone should thus result in a mixing line
between the marine value and one or the other
end members. The dissolution equation given
above (equation 1) shows that half of the carbon
in the dissolution step of carbonate is derived
from pre-existing carbonate. Therefore, if total
isotopic exchange with soil CO2 does not occur
or if detrital contamination is present, carbon-
ates with very negative 3C values (high C3
component) would be shifted by inheritance of a
marine-dissolution component by several per

mil, whereas virtually no shift should occur for
conditions of a heavy 813C value for soil CO2
(high C4 or atmospheric component). If one
transect had a significant marine limestone-
dissolution component but the other transect did
not, the 813C values should diverge at high ele-
vations. The similarity of the 813C-versus-eleva-
tion slopes for soil carbonate formed in a
carbonate-rich parent material compared to a
noncarbonate parent material (Fig. 4) suggests
that virtually no carbon isotopic inheritance oc-
curs in newly precipitated soil carbonate. Equi-
librium exchange is also evident between
directly measured Spring soil CO2 and asso-
ciated soil carbonate, irrespective of parent
material (Figs. 6A, 6B).

Complete isotopic exchange with soil CO2
means that 14C/12C content pedogenic carbon-
ates should be the same as that of soil CO2
present during mineral precipitation. The limita-
tions of 14C studies of soil carbonate are more
likely to be with (1) dissolution and reprecipita-
tion or carbonate, particularly in relict paleosols
but probably not in buried palcosols if burial has
not been deep and (2) detrital contamination. As
an example of the latter, Amundson and others
(1988a) recently demonstrated detrital contami-
nation in soil carbonates from relict paleosols in
nearby Kyle Canyon through carbon-14 dating
and 813C analysis. They analyzed the loose

Figure 8. Plot of the oxygen isotopic com-
posilton orpedogenic carbonate from 50-cm soil
depth versus site elevation. All sites are allu-
vial soils. Parent clast composition is differen-
tiated by open or solid symbols.
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powdery coatings on clasts in soils which, like
the soils we studied on the same fan, contain
much fine-grained limestone detritus. These
samples yielded a wide range of ages (and 613C
values), including Pielistocene ages, reflecting dit-
terent degrees of detrital contamination. The
denser inner-rind coatings yielded a much nar-
rower range of dates which in several cases were
younger than dates from the outer powdery
coatings (Amundson and others, 1988b). In con-
trast, we sampled younger surfaces with weaker
soils in which all of the soil carbonate was likely
Holocene in age. We thoroughly scraped and
washed off the loose coment and detritus, expos-
ing the much denser inner coatings for sampling,
the same kind of coating that, on Amundson's
older surfaces, yields much tighter isotopic ages.
The consistency of our results, and of Amund-
son's inner-rind radiocarbon ages, suggests to us
that this is the type of carbonate least likely to be
detritally contaminated and therefore to yield
useful results.

Relationship of the Oxygen Isotopic
Composition of Pedogenic Carbonate
to Elevation and Soil Depth

The oxygen isotopic composition of pedo-
genic carbonate decreases markedly with in-
creasing elevation in both suites of samples (Fig.
8), although there is more scatter in the data
than was observed for carbon. The relationship
between 818O (PDB) and elevation is

Figure 9. (PDB) of soil carbonates as
measured in this study in comparison to
of carbonates calculated to be in equilibrium
with rainfall. Soil carbonates are enriched
with respect to "predicted" values by 2.4 to
3.7 per mil, depending on elevation.

where Z is the elevation in meters. The relation-
ship of meteoric water to elevation is compli-
cated in the Great Basin and Mojave Desert
region by rain-shadow effects of the Sierra
Nevada and other mountain ranges. Smith and
others (1979), however, found that over similar
topography and elevation range in southeastern
California, including the Mojavean portions, the

composition of weighted mean annual rain-
fall decreased by -30 to -40 per mil/1,000 m.
In a more detailed follow-up study covering 6
years of rainfall in the same area, G. I. Smith
and I. Friedman (1988, personal commun.)
found that the composition of mean annual
rainfall decreased by about -29 per mil/1,000
m over an elevation range similar to our tran-

sects. Assuming a slope of 7 for this
region, this would be equivalent to a change of
about -4.1 per mil/1,000 m for :

where Z. is elevation in meters. This gradient
is very similar to that observed (slope = -3.7 per
mil/1,000 m) in soil carbonates for this study.

The similarity in slopes suggests that a major
control on the isotopic composition of pedo-
genie carbonate is related to the isotopic compo-
sition of meteoric water. It is possible, however,
that this signal is further modified by evapora-
tive effects or differential infiltration or waters
related to changes in season.

In Figure 9, we compare our observed
pedogenic carbonate trend to a predicted
line for carbonate precipitated in isotopic equi-
librium with area rainfall as described by Smith
and Friedman (1988, personal commun.). We
assumed mean annual temperature (Table 1) in
Calculating the CaCO3-H2 0 fractionation fac-
tors at each site. Although gradients are similar,
our observed values are systematically en-
riched with respect to predicted values for pedo-
genie carbonate. Enrichment of the observed
pedogenic carbonate value compared to the cal-
culated value is about 3.7 per mil at low celva-
tion, decreasing to 2.4 per mil at our highest site.
There are several possible explanations for this.
One is that the original isotopic gradients in
rainfall produced by the "orographic effect" are
subsequently modified by evaporation toward

enrichment in soil solution prior to car-
bonate precipitation. It is also possible that some
isotopically lighter waters, perhaps associated
with large Winter precipitation events, largely
infiltrate through the entire soil column, thus

Figure 10. (PDB) of soil carbonates versus soil depth from three sites. A. SM-2b at 1,550 m. B. SM-3(B)a at 1,900 m. C PaM-Id
at 300 m.
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failing to precipitate appreciable soil carb
Schlcsinger (1985) concluded that evapo
was of importance in his study of Mojave I
soil carbonates. Our present data are insuf
to resolve the exact cause for the observe
topic enrichment.

of pedogenic carbonate also dec
systematically with depth (Figs. 10A, 10B,
in the two of the three profiles we exam
Again, this could be the result of greater e
rative enrichment of near-surface soil sol
or it could be due to preferential infiltra
isotopically light Winter events to greate
depth. In areas of high plant density where
water loss is through evapotranspiration
probable that little isotopic enrichment o
soil water occurs. Allison and others (1
however, have shown that, in areas such as
where bare soil is present at all sites, there c
significant isotopic enrichment. Our Death
icy profile inexplicably shows no surfac
topic enrichment, in an area where we
expect evaporation to be most intense.
profile studies in the area are planned. Wha
the cause, the lighter isotopic values evident
depth in our other two profiles, although
enriched with respect to mean annual rai
probably precipitated in equilibrium with l:
more deeply penetrating (and therefore
evaporated or differentiated) rainfall event
such, values below 30 cm should be
topically closer than surface values to the
age annual 0 composition of infiltr
water at the site. We conclude that depth
pendency should be kept in mind when i
preting the ecological meaning of both the
and 0 composition of soil carbonate.

CONCLUSIONS

Measurements of the carbon and oxygen
topic composition of mid- to late Holocene
ogenic carbonates from the Great Basin
Mojave Desert show a strong dependenc
elevation. Comparison of the carbon isot
composition of pedogenic carbonates on
bonate and noncarbonate parent materials
gests that virtually no isotopic inheritance t
place. From this we conclude that complet
topic exchange or soil CO2 with the disso
bicarbonate in the soil solution occurs prio
soil carbonate formation. This in turn im
that the carbon isotopic composition of p
genic carbonates is directly related to the
topic composition of soil CO2 , which itse
controlled by soil-respiration rates, and by

onate. fraction of C3 and C4 biomass present if this
ration isotopic signal is preserved in paleosol carbon-

Desert ates, the C value of paleosol carbonates
ficient could prove to be a valuable tool in palcoeco-
d iso- logic studies. Furthermore, complete exchange

means that C dates on pedogenic carbonate
reases should reflect the integrated age of carbonate
10C) precipitation, assuming that only short intervals

mined. are sampled, and that there is no detrital con-
vapo- tamination present.
ution, Modeling the soil CO2 system using a diffu-
ion of sive mass-transfer model makes several impor-
er soil tant predictions for the 3 C value of pedogenic
most carbonates. In particular, it suggests that pedo-
it is genic carbonate near the soil-air interface should

of the approach C values of about +4 to +6 per mil,
984), that the C values should decrease rapidly
s ours with depth, and that the C value should ap-
an be proach a constant value with depth, usually at

Val- about 10 to 50 cm below the soil-air interface.
iso- These features were observed in three detailed

would soil profiles. No evidence for significant kinetic
More or Rayleigh-fractionation effects was found in
atever these soils.
t with In the dry desert setting of our study area, we
h still conclude that the proportion or C4+CAM to C3
infall, plants, as well as soil-respiration rates, which fall
arger, mostly under 3 mmoles/m2/hr, largely deter-

less mine the C content of pedogenic carbonate.
s. As The higher the respiration rate, the higher the

iso- ratio of plant-derived to atmospheric CO2 in the
aver- soil, and in turn the lighter the resultant pedo-
ating genic carbonate. This relationship combined
h de- with the presence of a few C4 and CAM plants
inter- at lower elevations then explains the systematic

C decrease in the C of pedogenic carbonate
with elevation gain. Large deviations from this
trend can be explained by the presence of Atri-
plex, C4 plants which generally favor silty rather
than gravelly soils. The persistence of Atriplex at

n iso- our isotopically heaviest sites suggests that over-
ped- grazing has not significantly altered the C4 to C3
and plant proportion at our transect sites. Above

e on respiration rates of about 3 mmoles/m2 /hr, the
topic carbon isotopic composition pedogenic carbon-
car- ate is more indicative of the surface-plant
sug- biomass, suggesting that respiration rate is no

takes longer a determining factor in the 3C content
iso- of soil carbonate at 50 cm and below.

olved Our study confirms the utility of the C
or to content of soil carbonate at depth as an ecologic
plies or paleoccologic indicator. Light C values
edo- typify soils with high respiration rates domi-
iso- nated by a C3 biomass. Heavy values usu-

elf is ally signify moisture-stressed conditions, wheth-
the er arising from low respiration rates, a high

fraction of C4 and CAM plants, or both. In fa-
vorable circumstances, the cause can be distin-
guished by observing the depth of carbonate
leaching, the details of the depth profile, or
the of associated organic matter where
preserved.

Preservation of the oxygen isotopic value in
paleosol carbonates may also make it a useful
paleoenvironmental indicator. of pedo-
genic carbonates and rainfall show a systematic
decrease in the soil carbonates with increasing
elevation. Pedogenic carbonates in our area,
however, are systematically enriched in
with respect to predicted soil-carbonate values
in equilibrium with nearby rainfall. We suggest
that soil solutions at all elevations are enriched
in by evaporation prior to carbonate pre-
cipitation, or that isotopically light Winter rain-
fall is preferentially flushed through our soil
profiles, thus precipitating little carbonate at the
depths we sampled.

Finally, the strong depth dependency of both
the and o composition of pedogenic
carbonate must be kept in mind in interpreting
the ecological implications or isotope results.
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ABSTRACT

Badland exposures in the Indian Springs Valley, southern Nevada contain evidence of formally

widespread spring and seep discharge. The stratigraphic position and appearance of most of these deposits

suggests correlation with late Wisconsin (30,000 to ca. 10,000 yr B.P.) marsh sediments in nearby the Las

Vegas Valley. Previously, all these deposits have been loosely described as lacustrine because of the

presence of extensive green mudstones associated with aquatic mollusks. However, this association also

typifies modern ground-water discharge environments in many basins of northeast Nevada such as the

Steptoe Valley, basins often without hydrographic closure. Such analogs best explain the origin of late

Wisconsin fine-grained deposits In the unclosed southwestern arm of the Indian Springs Valley. Key features

of these depositional systems are the lack of shoreline deposits, the presence a broad belt of sub-aerially

deposited pale-brown silts surrounding spring, "wet meadow", and marsh deposits, and the intermixture of

terrestrial and aquatic mollusks in most horizons where mollusks occur.

INTRODUCTION

Dissected fine-grained deposits blanket much of the Las Vegas Valley bottom from the urban areas of

Las Vegas northwest about 70 km to Indian Springs (Fig. 1). This expanse of mainly late Wisconsin sediments,

in places underlain by genetically similar sedimentary sequences of greater age, has long been of
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paleontological and archeological interest (Spurr, 1903; Harrington and Simpson, 1961; Shutter and Shutler,

1962). Up to the mid-sixties, the deposits were interpreted as lake beds. This Interpretation is often applied

uncritically to any continental basin deposit that Is fine grained, light colored, and that contains aquatic

mollusks, as has been the case with the Las Vegas Valley deposits (Hubbs and Miller, 1948; Maxey and

Jameson, 1948; Snyder et al, 1964; Longwell et al, 1966). Haynes (1967) was the first to describe the

deposits in detail with his work at the Tule Springs archeological site 12 km north of Las Vegas (Fig. 1), and in

adjacent spring areas. Haynes recognized the stratigraphic record as dominantly fluvial, and also established

the presence of a shallow, tule-fringed lake or marsh -'Pluvial Lake Las Vegas' at the archaeological site

during full-glacial time (Unit D). Although Haynes's Interpretation of Unit D was locally correct, the shallow

lacustrine setting has, not proved representative of most contemporaneous fine-grained deposits studied

since then. Mifflin and Wheat (1979) first suggested that deposition of Unit D was largely related to vigorous

ground-water discharge, and not to a valley-wide lacustrine setting. Detailed stratigraphic studies of Quade

(1986) lent strong support to this interpretation, and extended it to late Wisconsin deposits along the length of

the upper Las Vegas Valley. However, the origin of many sedimentologic features in Unit D has remained

uncertain. This report presents the results of a comparative study of the sedimentologic and faunal evidence

from late Wisconsin sediments in the Indian Springs Valley, and existing ground-water discharge environments

of the Steptoe and Butte Valleys in northeastern Nevada.

Faunal Identification

The basic references used for mollusk identification are Pilsbry (1939-1948) for land snails, Burch

(1982) for the aquatic snails, and Burch (1972) for bivalves. Baker (1928), Bequaert and Miller (1973),

Harrington (1962), and Hibbard and Taylor (1960) are supplementary sources forsome taxa. Taylor (1975)

proved useful as an entry into the literature on particular problem species. Very little has been published

regarding habitat selection by Great Basin mollusks, but most of the species involved are widespread, and

habitat data are available from a variety of sources, including the authors' studies. Important among published

studies are Bequaert and Miller (1973), Chamberlin and Jones (1929), Henderson (1924, 1929, 1936a,

1936b), Hibbard and Taylor (1960), Hubricht (1985), and Russell (1971).
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ANALOGS TO THE GEOLOGIC RECORD:

MODERN GROUND-WATER DISCHARGE ENVIRONMENTS

By studying modern ground-water discharge systems we seek to explain several features of the late

Wisconsin fine-grained sediments at Indian Springs, which taken together, set them apart from lacustrine

deposits:

(1) a sharp coarse-to-fine (gravel to sandy silt) transition on valley flanks, as described by Quade (1986).

This textural transition, although previously interpreted as possibly shoreline related, shows no

sedimentologic features typical of shorelines. Also, the transition does not follow contours, but rather parallels

the gentle slope of the valley axis.

(2) a kilometer-wide (or less) subaerial sand-silt flat which separates gravels higher on the alluvial fan

from marsh deposits in the basin center.

(3) white to green clayey sediments containing closely associated terrestrial, semi-aquatic, and aquatic

mollusks.

(4) sediments deposited in standing water on valley bottoms and flanks in hydrographically unclosed

basins.

Modem ground-water discharge is widespead in basins of Nevada. We chose examples from Steptoe

and Butte Valleys as analogs for the late Wisconsin deposits at Indian Springs because no pluvial lake was

present during the late Pleistocene due to lack of hydrographic closure (Mifflin and Wheat, 1979). The surface

geology is therefore uncomplicated by exposures of older lacustrine deposits. Steptoe Valley is located about

450 km north-northeast of Indian Springs Valley. It receives roughly twice as much annual precipitation (23 cm)

as the Indian Springs Valley, while mean annual temperature is about 10 C lower (Eakin et al, 1967). The

study area included the west side of the northern Steptoe Valley between Indian Ranch and Cordano Ranch

(Fig. 2). Goshute Lake, an intermittant playa lake, occupies the valley bottom, while the Cherry Creek Range

borders the west side. The range exceeds 3000 m in places, and serves as the principal recharge source to

this segment of the valley. Over seventy piedmont springs and seeps discharge in this portion of the valley on

the west side. Smaller mountain ranges border the east side; as a result, no springs are present between the
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range fronts and Goshute Lake. Little surface runoff from mountains on either side appears to reach the lake

most of the year, probably because they are dominated by permeable carbonate rocks. In this respect, the

ranges are analogous to those in southern Nevada. Goshute Creek is the only perennial creek in the area. In

July of 1985, flow in the creek was comparable to only that of a single medium-sized spring on the west side.

Three distinct vegetation zones covering the valley lowlands were mapped on a reconnaissance basis

since they exercise significant control on grain size of valley alluvium. These include xerophyte and

phreatophyte zones on dry alluvial flats, and dense stands of grasses, herbs, and shrubs around springs and in

wet meadows.

Alluial flats

A distinct lineament visible on aerial photographs runs most of the length of the west side of the valley

just above the highest piedmont springs. The lineament marks the sharp vegetation transition between

xerophytic black sagebrush (Artemisia tridentata nova) and shadscale (Atriplex convertifolia) upslope, and

phreatophytic big sagebrush (Artemisia tridentata tridentata), greasewood (Sarcobatus vermiculatus), and

rabbitbrush (Chrysothamnus nauseous) below the lineament (Fig. 2). The elevation of this transition

decreases downvalley (south to north), like the elevation of the highest pledmont springs. This correlation

suggests that the transition marks plant root's first penetration of the capillary fringe as it approaches the

ground surface above and between springs (Miller et al, 1982).

On aerial photographs, the trend and position of this vegetation lineament, and the coarse-to-fine

facies transition in late Pleistocene sediments fringing valleys in southern Nevada are remarkably similar. The

reason for this similarity can be seen in contrasting the impact of different vegetation on surface

sedimentology. Above the transition, individual plants are small and widely spaced, and the alluvium is gravelly.

Below the transition, live plants and deadfall are much denser. Increasing hydraulic roughness causes

unconfined surface flow to drop most of its coarse load about 50 to 100 m downslope of the transition. Thus,

most of the big sagebrush - greasewood - rabbitbrush zone is underlain by pale brown (1 OYR 7/3d)sandy silt.

We will suggest later that most late Wisconsin fine-grained deposits pertain to this "phreatophyte flat" setting.

The remainder of the fine-grained deposits at Indian Springs, though formally called lacustrine, probably

originate in a wet meadow setting described below.
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Springs and wet meadows

More than 70 springs and seeps discharge on the piedmont zone in this portion of the valley.

Depending on local gradient and discharge rate, either a marshy seep or a small flowing stream form at the point

of discharge. If the springs are closely spaced, as in the case of the clusters around Cordano Ranch, then a

more continuous marshy area forms as spring discharge coalesces downslope. Where the springs are widely

spaced, then big sagebrush and rabbitbrush cover intervening areas. Thus the big sagebrush zone is not

continuous in that springs intersperse the entire zone. The transition of this zone to the coalescing wet

meadows below is also irregular, depending on the extent of local discharge (Fig. 2).

The morphology of spring disharge areas and associated wet meadows offers an explanation for the

mixed terrestrial/aquatic mollusk assemblages so common in the southern valleys in the Pleistocene. When a

flowing stream issues from the spring orifice, Pyrgulopsis (Fontellcella of Quade, 1983, 1986, and previous

authors) was observed everywhere in watercress in the margins of the clear, oxygenated, flowing water (Table

1). A band of marsh vegetation composed mostly of blade and wire grasses as well as several types of wild

flowers often fringes the stream. This area can be saturated, depending on the time of year. But by July,

efflorescent salt gives the dried surface a white appearance on aerial photographs.

Where discharge Is less, a marshy seep or "wet meadow" instead of a stream often forms at and below

the orifice. One such typical seep, 300 m by about 75 m in area, was covered by tufts of grass interspersed with

standing water 20 to 40 cm deep. Two small ponds were also present. Water was deeper and sediment sandier

where spring water was roiling from the ground in several hollows. Mollusks were collected from each of the

environments (Table 1). The small ponds and sluggish flowing water are dominated by Gyraulus parvus and

Pisidium casertanum (Table 1, SV-3 and other unlisted samples).The grass tuft areas contained various

terrestrial mollusks such as Vallonia gracilicosta and Pupilla musconum. Sediment samples (SV-4 and 5) from

the small streams feeding out of the base of the seep area contained most taxa living in the seep, as well as

Fossaria parva (a semiaquatic snail), Pyrgulopsis, and several additional terrestrial forms (Vertigo ovata,

Catinella sp.).The seep sediment is largely composed of strongly reduced silty clay. Local subaerial exposure

turned the sediment white (10 YR 8/1 dry), but pockets remained black due to lack of oxidation. The small

streams produced well-sorted sand where flow was strong but mostly poorly sorted clay, angular pebbles, and
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sand. We did not observe any mollusks or permanent marsh vegetation, such as is present in the Ruby Marsh

in the nearby Ruby Valley, in Goshute Lake itself.

Two sediment samples (Table 1, BV-2 and 3) containing mollusks were collected along a small

perennial creek at the north end of the Butte Valley. The creek drains a large (several km2) wet meadow fed by

several large springs about a kilometer from the sample sites. The mollusks samples constitute

thanatocenoeses accumulated in muddy channel sediment and contain a mixture of aquatic and terrestrial

mollusks that faithfully reflect the local stream setting bordered by marshy banks and wet meadow.

Interestingly, Pyrgulopsis Is present in nearby springs tributary to the stream, but is scarce or absent in the

channel sediment samples. Moreover, mollusks favoring a seasonal moisture regime are absent. Evidently,

mollusks undergo little transport after death in the wet meadow setting.

The foregoing describes a few seep systems among many that occur in Steptoe, Butte, and

neighboring valleys. They illustrate how clayey sediments containing aquatic mollusks come to be deposited

over broad areas of valley piedmonts and bottoms, often in basins without hydrographic closure. The analogs

also suggest that the most fine-grained sediments produced in these systems should not contain evidence of

standing water, having been entrapped by phreatophytes on dry alluvial flats separating the more restricted

seep areas.

STRATIGRAPHY AND SEDIMENTOLOGY OF LATE WISCONSIN DEPOSITS IN S. NEVADA

Indian Springs and Cactus Springs lie in the south end of the Indian Springs Valley (Fig. 1). The valley is

the highest of a series of sub-basins connected by one continuous northwest-southeast trending structural

basin (Las Vegas Shear Zone) that includes Las Vegas Valley along its southern extent. The hydrographic

sub-basins were created by the encroachment of large alluvial fans issuing from bordering ranges across the

valley axis. Both Indian Springs Valley and adjacent Three Lakes Valley lie in closed sub-basins divided by low

alluvial sills. In the Las Vegas Valley to the southeast, Corn Creek Flat and Tule Springs Flat (just north of Las

Vegas) are tributary to the Colorado River. Fine-grained, late Quatemary deposits are nearly continuously

exposed from Las Vegas northwest to Indian Springs Valley. Haynes (1967) established the basic stratigraphic

framework for these deposits in his work at the Tule Springs archeological site(Fig. 1). Quade (1983,1986)
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extended most of that stratigraphy to Corn Creek Flat, between the site and Indian Springs. Similar appearing

deposits are also exposed around Three Lakes Valley.

The Indian Springs Valley has a backwards "L" shape. A playa occupies the longer, north-south portion

of the valley, while Indian and Cactus Springs, and a wash that feeds into the playa, occupy the southwestern

extension of the valley. The origin of fine-grained deposits exposed along that wash and around the springs is

the main topic of this report. The playa and surrounding bajada are undissected.

The extension of Haynes's stratigraphic section from the archeological site to Indian Springs rests upon

three radiocarbon dates, lithologic similarity, and stratigraphic position . Briefly, Haynes recognized two

principle marsh phases at Tule Springs: Unit B2, which fell beyond the range of 14C dating, and the more

widespread Unit D (30,000 to 15,000 yr B.P.). Following 15,000 yr B.P, a period of marsh contraction (Unit

E1 -E2) ended by about 7000 yr B.P. with the attainment of near modem aridity. Widespread dissection of

fine-grained deposits began after 7000 yr B.P., and this continues today. The fine-grained deposits of the

Indian Springs Valley range in age from modem to probably beyond the range of 14C dating. The emphasis in

this paper is on Unit D and Unit E, the two units spanning the last pluvial period (30,000 to ca. 7000 yr B.P.).

Older Sediments and Soils

Pre-Unit D age fine-grained deposits are not extensive in the valley (Fig. 3). Most important are some

prominent white bluffs cropping out upslope from Cactus Springs. The bluffs sediments are well indurated and

are capped by up to 75 cm of dense caliche, a degree of development much greater than that characteristic of

Unit D. The exposed section is largely fluvial, but contains several thin horizons with a mix of terrestrial and

aquatic mollusks similar to those of later periods described below. Pre-Unit D sediments are not confined to that

one area, but poor exposure prevents mapping their complete extent with confidence. Based on physical

appearance and stratigraphic succession, we tentatively propose correlation (Fig. 4) to similar appearing

sediments and soils described by Haynes (1967).

Late Wisconsin beds (Unit D and E)

Age. Pale green clay and mudstone mixed with secondary carbonate occur just below the top of the

fine-grained valley fill over broad areas around Indian and Cactus Springs. This is also the stratigraphic position

and basic composition of Unit D (30,000 to 15,000 yr B.P.) and Unit E1(14,000 to 11,800 yr B.P.) in the lower
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Las Vegas Valley, and thus a correlation with one or both is strongly suggested. Furthermore, a similar

appearing thin brown alluvial unit caps the clays in both areas. In the lower Las Vegas Valley, the brown alluvium

generally correlates with all or part of upper Unit E2 (ca. 10,000 to 7200 yr B.P.).

Pale green clay crops out within 30 m downslope of the caliche-capped bluffs above Cactus Springs.

The clays are inferred to be inset into the older caliche-capped sediments (pre-Unit D) although no outcrop

actually exposes this relationship. The clays are much less indurated and are greener (5 Y 6/2 dry) than the

older sediments (10 YR 8/1-8/2 dry). The exposure shown in Figure 5 summarizes the stratigraphic succession

in the younger green clays around Cactus Springs in which disseminated carbonized wood was found.

Carbonized wood is charcoal-like in appearance, but, unlike typical charcoal, it is soluble in basic (2% NaOH)

solution. Its field occurrence and chemical behavior led Haynes (1967) to conclude it was probably unpyrolized

wood. Both Haynes (1967) and Quade (1983) concluded that the material yielded reliable radiocarbon dates. A

date of 42,600±1600 (Table 2, USGS-2211) on wood in green clays is probably too old since the wood occurs

about a meter below two early Holocene organic layers (see below). No disconformities are evident between

the organic layers and clays, and they are similarly indurated. The wood may therefore be redeposited. Haynes

(1967, p. 73) encountered similar anomalies at Tule Springs in the vicinity of paleospring orifices.

One and in places two dark gray (10 YR 4/1.5 dry), organic-rich layers overlie the green clay in most

exposures around Cactus Springs. The humate fraction from two separate samples of the organic layer yielded

9680 00 yr B.P. (Table 2, USGS-2212) and 9460±70 yr B.P. (Table 2, USGS-2213). A date on the humate

fraction should reflect a mean residence time for the organics in the layer. Pieces of a mammoth molar were

discovered eroding from the top of the underlying green clays. This position relative to the organic layers is

consistent with a late Rancholabrean age for the molar.

Lithology and distribution. Similar to observations at Corn Creek Flat and Tule Springs Flat (Quade,

1986), Unit D undergoes regular sedimentologic and faunal changes from valley margin to center. Gravels of

the surrounding bajada surfaces grade abruptly ( 00 m) to brown silty alluvium, which downslope grades to

the white and pale green clay and mudstone already mentioned (Figs. 6 and 7). Fine-grained deposits below

this textural transition are generally devoid of gravel. As seen elsewhere, the coarse-to-fine transition gently

increases in altitude westward parallel to the length of the valley, so that the highest fine-grained deposits at
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the west end of the valley are about 120 m above the playa (elev. 919 m). Moreover, within this southwestern

arm of the valley, the coarse-to-fine transition averages 30 m higher in elevation on the Spring Mountain

(south) side than on the Spotted Range (north) side.

Figure 8 shows the distribution of the three fades of Unit D-E in the Cactus Springs area. Briefly, the

facies from valley center to margin are:

(1) Pale green clays to clayey silts -- pale green (5 Y 7/2 dry) very hard; very sticky, very plastic; strong,

medium to coarse prismatic structure; calcareous with dispersed to continuous layers of nodular secondary

carbonate; locally mixed with angular pebbles; MnO2 and FeO coatings in certain horizons; generally lacking in

sedimentary structures; mollusks common.

(2) White clayey silts- - white (10 YR 8/1 dry) hard to very hard; sticky, plastic; weak, coarse prismatic

structure; secondary carbonate as nodules or as massive ledges; MnO2 stains and mollusks common.

(3) Sand - silts - pale brown (10 YR 7/2-7/4 dry) interbedded sand and silt showing well-preserved planar

and cross-ripple laminations; slightly hard; slightly sticky, slightly plastic; weak crumb structure to silts;

secondary carbonate extensive in valley center deposits, dispersed or absent on valley margins; cicada

burrows common; large bone fragments; rare mollusks.

The late Pleistocene environment on Indian Springs playa remains unknown due to lack of exposure.

The presence of marshy deposits on the valley flanks suggests that possibly more than ephemeral surface

runoff may have reached the playa at that time. However, as pointed out by Mifflin and Wheat (1979), lack of

paleostrandlines rules out the existence of "Pluvial Indian Springs Lake" of Hubbs and Miller (1948).

Faunal Distribution and Depositional Setting. Twenty-four mollusk/ostracode samples were collected

from the area (Table 3; Fig. 9). The relationship between facies and fauna can be summarized as follows:

(1) All the greenish sediments contain ostracodes. Most aquatic mollusks present favor standing water

that experiences seasonal drying (e.g. Stagnicola caperata, Stagnicola montanensis, Gyraulus circumstriatus).

Fossaria parva, a semi-aquatic snail, lives in moist areas bordering permanent water. Only three samples (Table

3, CACSPR-10,17, 24) contain abundant Gyraulusparvus, which requires permanent standing water.

Abundances of terrestrial mollusks also tend to be low in these samples. It is doubtful that the terrestrial forms

were washed from a distance into the sample locality since there are no indication that the clays were reworked.
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(2) The white clayey silts lack ostracodes, but can contain mollusks locally. Terrestrial mollusks such as

Pupilla muscorum, Catinella sp., and others dominate (Table 3, CACSPR-1, 9, 19, 20, 21). Fossaria parva,

Gyraulus circumstriatus, and Pisidium casertanum are also usually present. They are semi-aquatic to aquatic

but none require permanent standing water to survive.

(3) The sand-sift facies lacks ostracodes and mollusks except for occasional terrestrial forms such as

Vallonia gracilicosta (Table 3, CASPR-3)and more rarely Stagnicola caperata. Mammal bones, and burrowing

produced by cicadas (Cicadidae), a terrestrial insect, are common.

Although the Indian Springs faunas indicate that standing water was present, sedimentologic and

faunal patterns are not typical of a lacustrine setting. Green mudstones occur upslope from at least one area of

white clayey sifts (Figs. 4 and 8), the reverse of that expected had standing water extended continuously over

the area. Continuous standing water can be dismissed by physical constraints alone, since the highest clays

rest nearly 120 m above the basin threshold. Also, all but one of the mollusk samples contain terrestrial forms,

suggesting close proximity of unsubmerged ground.

The pattern of sedimentation and the types of mollusks are sufficiently similar between the Steptoe

Valley and Pleistocene strata in the Indian Springs Valley to allow the reconstruction given in Figure 10. The

coarse-to-fine (gravel to sand-silt) transition in Unit D-E probably resulted from the surface hydraulic effects of

the nonphreatophyte to phreatophyte transition, as is visible in Steptoe Valley today. Below this transition,

sandy silts were entrapped by dense, phreatophytic vegetation on slopes between 0.3 and 0.8 degrees, as is

occurring in Steptoe Valley now. Cicadas, whose burrows are common in this facies, are known to favor

unsaturated, sagebrush-covered environments in the northern Great Basin (Hughie and Passie, 1963). The

former presence of sagebrush in the valley is attested to by pollen spectra from the archeological site

(Mehringer, 1967), and by pack-rat midden evidence (Spaulding, 1985). Spaulding also found rabbitbush in a

nearby hillslope midden (Point of Rocks #3) dated at 14,800 yr B.P. The presence of large mammal bones,

particularly where this facies grades into the white clayey silt facies, suggests proximity to but not inundation by

water. Paucity of gravels in the sand-silt facies indicates that little perennial surface flow was reaching the valley

bottom from the surrounding upper fans and mountains. This phreatophyte zone surrounded all of the Indian

Springs Valley wet meadows, as well as those on Corn Creek Flat (see Fig.4 in Quade, 1986) and on Tule
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Springs Flat. The white clayey silt facies downslope from the sand-sifts probably coincides with moist grassland

and typically is dominated by terrestrial and semi-aquatic mollusks. Fossaria parva, Gyraulus circumstriatus, and

Pisidium casertanum are sometimes present, implying marshiness and local seasonal stands of water.

Pale green clays to clayey silts containing a mix of terrestrial and semi-aquatic mollusks were probably

produced in the more continuously saturated seep areas, which combines subaerial (grass tufts) and shallow

subaqueous microenvironments over broad areas. Seasonal drying is implied by those assemblages

dominated by the various Stagnicola species (except S. eloides) and Gyraulus circumstriatus. These types are

notably absent from the Steptoe Valley assemblages. Perhaps they were actually present in the area but were

not sampled since by July seasonal water has dried and such mollusks would be dormant In muds of the

unsampled wet meadows. Pale-green clays containing Gyraulus parvus are interpreted to represent those

portions of the wet meadow environment that didn't experience seasonal drying, such as the ponds, springs,

and perennial channels. Pyrgulopsis is notably lacking in the Cactus Springs samples while it is common at

Tule Springs and Corn Creek. Fast flowing (stream or spring), well-oxygenated waters that Pyrgulopsis favors

were evidently not widely present in the area during Unit D time. Deeper, permanent water mollusks (e.g.

Lymnaea stagnalis, Planorbella subcrenata, Stagnicola elodes) found in modem Ruby Marsh (W.L. Pratt,

unpub. data), and in Unit D on lower Corn Creek Flat (Quade, 1986) and at Tule Springs (Taylor, 1967) are not

present in any of the Cactus Springs samples.

The overall setting was therefore: spring or seep discharge along gentle slopes on the valley flanks, an

intervening dry area crossed by perhaps a sluggish, perennial stream immediately below the springs, and finally

emergence of wet meadows and ponds at lower elevation. Wet meadow stood higher in the valley on the

Spring Range side (south) than the Spotted Range (north) side, as seen on a larger scale in Steptoe Valley.

Poor exposure and/or preservation in several areas hampers reconstruction of all potential discharge areas of

the Indian Springs Valley during the late Pleistocene. Pale green mudstones and sandy silts crop out in a few

places around Indian Springs, but urban development has destroyed most evidence of Pleistocene discharge

in that area. Isolated outcrops of fine-grained sediments are visible on the Spotted Range side of the valley, but

they remain uninvestigated. Judging from modern analogs in northeast Nevada, a playa or intermittant playa

lake, permanent marsh, or combination of the three environments were all possibly present during the late
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Pleistocene in the area now occupied by Indian Springs playa.

Holocene sediments and soils

Upper Unit E2 rests directly atop the organic layer at Cactus Springs (Fig. 5) and in exposures to the

west. The unit is largely pale-brown (10 YR 7/3 dry) silt with local mixed sand and gravel. It averages 1.5 to 2 m In

thickness. One weak soil (Soil 5a) sometimes occurs within Unit E2, while a stronger one is usually found on

top(Soil 5b)(Figs. 4 and 5). A tightly packed desert pavement with darkly varnished clasts (10 YR 3/2) mantles

the surface. Cicada burrows are common in upper Unit E2. Their presence suggests persistance of moist,

sagebrush-covered steppe in the area after 9400 yr B.P. (Hughie and Passie, 1963; Quade, 1986). The

thickness of upper Unit E2 and the weak development of Soil Sa suggests that dissection of the fine-grained

deposits began within a few thousand years after 9400 yr B.P. Similar dissection began to the southeast in Las

Vegas Valley at about 8000 to7000 yr B.P. (Haynes, 1967: Quade, 1986). Following dissection, gravelly

alluvium flooded into the valley bottom. Several distinct geomorphic surfaces and deposits are inset into the

fine-grained deposits, which for mapping purposes were lumped under Unit FG (Fig. 3).

CONCLUSIONS

The stratigraphic column first established by Haynes (1967) at Tule Springs has been shown to apply to

Corn Creek Flat (Quade, 1986), and is herein extended to the Indian Springs Valley. Limited radiocarbon

dating and physical similarity of units support the correlations. Continuity of stratigraphy between these areas is

noteworthy as the Indian Springs and Tule Springs areas are over 60 km apart and lie within hydrographically

separate sub-basins. Shared climatic controls on paleohydrology and associated depositional and erosional

events best explain the apparent uniformity of the stratigraphy.

Detailed examination of active phreatic discharge environments in northeast Nevada has allowed

reconstruction of similar late Wisconsin environments in southern Nevada. With few exceptions, the

sedimentology and fauna of the two areas have proved to be remarkably similar. It is unlikely that basin

depositional environments were lacustrine in southern Nevada during the late Wisconsin as has been

suggested by some previous workers. Instead, fine-grained deposits at Indian Springs and in the Las Vegas

Valley were deposited in a complex mosaic of hydrologic environments. Of the valleys adjacent to the Spring

Mountains studied thus far, the Indian Springs area manifests the least valley discharge. Wet meadows with
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only a few perennial pools characterize the area. Downvalley on Corn Creek Flat, greater discharge produced

widespread wet meadows and a small perennial marsh at the lower end of the valley (Quade, 1986). The Tule

Springs area contains evidence for the largest discharge with the development of a shallow, tule-fringed marsh

in the area (Haynes,1 967). Sedimentologic evidence from all areas suggests that water reached the valley

primarily through springs, not as surface runoff.

The most southerly pluvial lakes in the Great Basin identified by Mifflin and Wheat (1979) (excluding

those supported by runoff from the Sierra Nevadas and the San Gabriel Mountains) are Kawich and Groom

Lakes, located 100 km north of Indian Springs. South of these former lakes, localized occurrences of

fine-grained deposits very similar to those described In this report are now under study outside the Las Vegas

Valley (Quade, unpub. data). Valleys containing such deposits include Coyote Springs (Nevada), Pahrump and

Mesquite (Nevada-California), and Chicago and Shadow Valleys (California). Recently, Hay et al (1986) reported

on a similar ground-water discharge origin to Plio-Pleistocene fine-grained deposits in the southern Amargosa

Desert, 60 km west of Indian Springs. The apparent extent of these fluvio-paludal deposits in the southern

Great Basin suggests that vigorous spring discharge resulting in local marshy areas was the principal surface

hydrologic expression of increased recharge associated with the last pluvial period.
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TABLE 1 COMPOSMON (%) OF MOLLUSK SAMPLES FROM STEPTOE AND BUTTE VALLEYS,

NORTHEAST NEVADA

Sample No.

Note: SV = Steptoe Valley, see Fig. 2 for locations; BV = Butte Valley, in main creek at north

end of valley
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TABLE 2 RADIOCARBON DATES FROM THE CACTUS SPRINGS AREA
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TABLE 3. FAUNAL AND TEXTURAL ANALYSES (%) FROM LATE WISCONSIN DEPOSITS IN THE CACTUS SPRINGS AREA, SOUTHERN NEVADA

Note: See Figure 9 for sample locations
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Figure Captions

Fig. 1 Map showing distribution of fine-grained deposits in several valleys northwest of Las Vegas.

Those deposits in the southwestern portion of the Indian Springs Valley are discussed in this

report.

Fig. 2 Sketch map of vegetation and surface hydrology of the central Steptoe Valley. Most

years Goshute Lake is a dry playa. Numbers refer to mollusk/ostracode sample localities.

Fig. 3 Surnicial geology of of the Cactus Springs area.

Fig. 4 Stratigraphic column and brief description of units and soils of the Cactus Springs area.

Fig. 5 Wash-cut exposure located about 300 m south of Cactus Springs. One radiocarbon sample

(USGS-2212b) comes from this exposure, while USGS-2211b comes from the indicated unit

nearby.

Fig. 6 Fence diagram of measured sections, southwest Indian Springs Valley. Location of

cross-section and measured sections is given in Figure 3.

Fig. 7 View toward the north-northwest of the Cactus Springs badlands. Arrows mark the

coarse-to-fine transition between alluvial fan gravels and the sand-silt facies. The transition

probably marks the boundary between phreatophytic and nonphreatophytic vegetation

present during the late Wisconsin.

Fig. 8 Distribution of lithologic facies for Unit D-E. in the Cactus Springs area.
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Fig. 9 Locations of fossil fauna samples, and their surface hydrologic implications, Cactus Springs

area. Perennial water was identified by the presence of Gyraulus parvus, ostracodes.

generally abundant Pisidium sp., and assorted semi-aquatic and terrestrial mollusks.

Localities covered by seasonally dry water contain generally low (<20 %/ )Pisidium sp.,

abundant (> 20 % ) terrestrial mollusks, and one or more of the following: Gyraulus

circumstriatus, Fossaria parva, Stagnicola caperata, or ostracodes. Moist terrestrial localities

contain terrestrial and rarely semi-aquatic taxa .

Fig. 1 0 Late Wisconsin depositional environments in the Cactus Springs area.
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Description

Unit F-G: Sand and gravel, mainly limestone cobbles but some reworked secondary carbonate;
mainly inset into older units as alluvial sheets and terraces.

Soil S5b: weak cambic horizon (10 YR 7/4d, 5/4m. at base of vesicular horizon;
weak Stage II calcic horizon in gravelly alluvium; generally relict.
with tightly packed, well-varnished pavement capping erosionally inver-
ted Pleistocene sediments.

Upper Unit E2: Alluvial silt pale brown (10 YR 7/3d) at base, separated by weak soil (5a)
from overlying gravel and sand. The silt is soft, lacks molluscs or
secondary carbonate, and is bioturbated by cicadas. a

Soil S5a mostly eroded, truncated cicada burrows, dispersed carbonate coatings on
rootlet molds.

Unit D-E: Locally capped by dark gray (10 YR 4/1.5 dry) organic layer(s) containing disper-
sed molluscs.

Three facies:
(1) sand-silt falies: soft, pale brown (10 YR 7/3 dry); local gravel lenses, no

molluscs or secondary carbonate.

(2) white silty clay facies: slightly hard to hard, white (10 YR 8/1 dry); silt to
silty clay, bioturbated secondary nodular carbonate, terrestrial and semi-
aquatic molluscs, common vertebrate remains.

(3) pale green clay facies: hard to very hard, pale green (5 Y 7/1 dry): strong
prismatic structure, bioturbated, sparse to abundant secondary carbonate,
terrestrial and aquatic molluscs.

soil S3: generally buried, strong cambic horizon (10 YR 6/4 dry); strong, medium
prismatic; Stage II calcic horizon in fine-grained alluvium.

Unit B-C: Silt, pale brown (10 YR 7/3d); very hard, weakly prismatic; locally sandy, dis-
persed secondary carbonate nodules, MnO2 as coatings on rootlet molds.

Pre-S 3 soil: relict, 50-75 cm of dense caliche, more dispersed downwards; no extant
B horizon.

Pre-Unit B: Silt to clayey silt, pale brown (10 YR 7/2-7/3 dry); very hard, coarsely pris-
matic; local gravelly sand layers; several possible weak soils; strong
MnO2, FeO stains, secondary carbonate; dispersed terrestrial molluscs.
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Abstract

Recent progress in two areas of research significantly

improves our understanding of the causes of pluvial climates in

desert regions. Chronological control and resolution of

paleoenvironmental records have improved vastly in proportion to

the increased number of paleoenvironmental investigations in

several of the planet's great deserts. The second area of

improvement is the strong interpretive potential provided by

climate modeling. By identifying major inputs to the global

"weather machine", and by showing potential relationships between

changes in boundary conditions (e.g., ice sheet size, insolation

variations) and regional climatic responses, General Circulation

Models have become valuable heuristic tools.

Paleoenvironmental and paleobiotic records from two northern

latitude desert regions are used, along with results of model

simulations of 18,000 and 9,000 yr B.P. climate, to show that

differences in pluvial chronologies can be explained by the

interaction of a relatively small number of variables. The

climatic, geographic, and orbital factors that appear to account

for pluvial episodes over the last ca. 24,000 yr B.P. are

summarized in a dual model pluvial climate. A glacial (stadial)

pluvial climate is associated with enhanced and latitudinally

displaced zonal circulation, caused chiefly by the effects of
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continental ice sheets on global circulation and a steepened

arctic-equator pressure gradient. Winter seasonality of

precipitation and substantially lower mean annual temperatures are

reflected in the paleoenvironmental record; and simulated by model

runs for the full-glacial. This type of pluvial regime affects

mid-latitude deserts most profoundly, and is well illustrated by

paleoenvironmental data from the American southwest.

A second, interglacial (interstadial) model type is associated

with intensified meridional circulation, caused by increased solar

radiation (Milankovitch forcing) and resultant enhanced ocean-land

pressure gradients. Summer seasonality of precipitation and mean

annual temperatures close to those of the present are seen both in

the fossil record and in model simulations incorporating increased

summer insolation for ca. 9,000 yr B.P. Because the degree of

excitation of summer monsoons is directly proportional to land mass

size, and because monsoons are salient features the subtropics, the

most robust interglacial-type pluvials are seen in records from

subtropical deserts such as the Sahara. Certain regions, such as

northernmost North Africa and the southern portion of the American

southwest, are affected by both types of pluvial climatic regimes.

Pluvial chronologies from these areas show episodes of increased

effective moisture during stadial periods, and during those

intervals of interglaciations and interstadials that are

characterized by significantly increased summer insolation. Thus,

it appears that much of the asynchrony, and the regional conflict
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in paleoenvironmental data from the deserts of North America and

North Africa, can be explained by entertaining a dual model of

pluvial climate. This approach may be useful in assessing the

observed variability of effective moisture in other deserts, where

conflicts in chronologies and indicators of seasonal climate have

often been unresolved.

Introduction

Evidence can be found for former, wetter climates during the

Late Quaternary in virtually all of the world's deserts.

Understanding the causes of these pluvial events, and the processes

of desertification that brought them to an end, is a major

objective of arid-lands paleoenvironmental research. Toward this

end I will trace some causal relationships between particular

pluvial episodes and contemporaneous changes in global climate

dynamics, focusing on paleohydrologic and paleoecological records

from two Northern Hemisphere desert regions, the American southwest

and North Africa. However, the broader relationships and mechanisms

discussed here are applicable to the study of major pluvial

episodes in other of the World's deserts.

Arid-lands paleoenvironmental research has flourished in the

deserts of North America (see summaries in Martin and Mehringer,

1965; Baker, 1983; Spaulding et al., 1983; Hall, 1985; Van Devender

et al., 1987) and, more recently, in North Africa (e.g. Gasse et

al., 1987; Pettit-Maire, 1986; Ritchie et al., 1985; Rognon, 1987).
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New, well-controlled 14C chronologies from both paleobiotic and

paleohydrologic studies significantly improve our understanding of

correlations between pluvial climates and global climatic events.

Also, sensitive paleoecological records have helped resolve

questions regarding seasonality of precipitation, the relative

degree of temperature changes, and allowed sub-continental scale

reconstruction of climatic gradients.

The interpretive potential of arid-lands paleoenvironmental

research has also been improved by general circulation model (GCM)

studies of the climatic response to changes in Late Quaternary

boundary conditions. By identifying the effects of major changes

in the input to the global weather machine (e.g., ice-sheet size,

seasonal and latitudinal variations in solar radiation), and

through the comparison of model simulations with the geologic

record of past climate, GCM's have become valuable heuristic tools.

Both model-simulations and paleoenvironmental records show

asynchronous pluvial chronologies for the worlds deserts, and

distinctly different types of pluvial climates. However, most of

this variation can be explained by the interaction of a relatively

small number of factors, and is best presented in the context of

two distinct model-types of pluvial climate.

Models of Pluvial Climate

The Late Quaternary pluvial chronologies of the deserts of

North Africa and North America are distinctly out of phase. This
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diachrony stems from the fact that pluvial episodes in one region

(North America) are largely linked to circulation patterns

predominant during glacial (stadial) times, and pluvials in the

other (North Africa) are largely the result of circulation patterns

attendant with interglacial (interstadial) conditions. Inverse

relationships abound in a comparison of the primary features of

these two types of pluvials (Table 1), which no doubt has been one

cause of past debates regarding the correlation and climatology of

pluvial events in different desert regions.

The Glacial (Stadial) Model

Paleohydrologic and paleoecological reconstructions in

southwestern North America show greatly increased effective

moisture during the Late Wisconsin (Late Weichselian, Devensian)

stade (ca. 23,000 to 14,000 yr B.P.), relative to both the

preceding Middle Wisconsin interstadial and the Holocene. Most

pluvial lakes were filled to near-maximum depth (Smith and

Street-Perrott, 1983), woodland species descended into current

desert lowlands, and subtropical plant taxa retreated to more

southerly latitudes (Spaulding et al., 1983). Although warm-desert

ecosystems were restricted to a relatively small region at the head

of the Gulf of California (Fig. 1; Van Devender et al., 1987),

cold-temperate Artemisia steppe was probably widespread (Thompson

and Mead, 1982; Spaulding, 1985). The general features of
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paleoclimate during the Late Wisconsin appear to agree with GCM

simulations for the period (Kutzbach and Wright, 1985; Spaulding

and Graumlich, 1986). They are summarized below, and are presented

as synoptic characteristics of a glacial-type pluviar climate in a

mid-latitude desert.

Circulation and Precipitation Zones

A salient feature of Northern Hemisphere glacial climate was

the intensification of zonal circulation, and southward

displacement of the westerly jet and resultant storm tracks. In

model studies the strengthened westerly jet dominates winter

circulation over southern North America during the last stadial

maximum (Fig. 2; Kutzbach and Wright, 1985). However, the modeled

zone of increased precipitation attendant with this circulation

does not encompass all pluvial lakes. Consideration of the summary

provided by Kutzbach and Wright (1985, Fig. 11) shows that pluvial

lakes of the northern Great Basin, including Lake Bonneville, lie

outside the zone of increased precipitation (a in Fig. 2), not

within it (ihid., p. 176). This is consistent with recent revisions

of the Pluvial Lake Bonneville chronology which show an attenuated

period of full-glacial high lake levels (e.g. Oviatt et al., 1987).

Despite this, model results and paleoenvironmental data are largely

consistent, and confirm Antevs' (1952) hypothesis that enhanced

effective moisture and winter seasonality of precipitation were the

results of a displaced westerly jet. The presumed increased
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frequency of cyclonic storms transported inland, coupled with a

lowered temperature regime, account for full-glacial pluvial

conditions in most of the American southwest.

Three interrelated factors have been associated with the

establishment of this circulation feature: (1) diversion and

splitting of the westerly jet by the massive Laurentide ice sheet,

(2) an enhanced pole-equator pressure gradient associated with the

expansion of the Arctic high-pressure zone, and (3) a steepened

latitudinal temperature gradient (Kutzbach and Wright, 1985;

CLIMAP, 1981). The Pacific Northwest, a region now under the

influence of the prevailing westerlies, has a moist, maritime

climate on the coast and a semi-arid, continental climate east of

the Cascade Range. However, during the glacial maximum anticyclonic

circulation about the low pressure center established by the

Laurentide Ice Sheet brought dry, frigid surface easterlies into

the region (Barnosky et al., 1987). Meanwhile, in the Southwest,

both model results and fossil data indicate increased winter

precipitation, consistent with the southward displacement of the

prevailing westerlies and inferred increased frequency of

Pacific-type storms (Fig. 2; Spaulding and Graumlich, 1986; Van

Devender et al., 1987).

An expected result of zonally dominant circulation would be

regional homogeneity of climate within a given latitudinal belt.

While there were east-west precipitation gradients, particularly

when modulated by orography, there are unlikely to have been any

-7-



sharp east-west transitions in climate or vegetation. That is,

longitudinal heterogeneity should have been subdued during the last

glacial age (stade), relative to those periods when meridional

circulation dominated (interglacials and interstadials).

Paleobotanical evidence for a smoothing of longitudinal climatic

gradients in western North America comes from a comparison of

records from opposite sides of the Sierra Nevada (Fig. 3). Both

pollen and plant macrofossil records demonstrate the widespread

occurrence of interior plant species such as sagebrush (Artemisia

subgen. Tridentatae) and pinyon pine (Pinus monophylla) west of the

Sierra Nevada during the Late Wisconsin (Fig. 1; Mason, 1944; Cole,

1983; Adam, 1985; Anderson et al., 1986). Today these species are

relictual or extinct in "cismontane" California, but abundant at

higher elevations in the desert interior. The postglacial

accentuation of transmontane contrasts in vegetation (and

presumably climate) can be related to weakening westerlies, and the

increased importance of meridional circulation.

Seasonal Precipitation and Temperature Regimes

Enhanced and latitudinally displaced zonal flow forced desert

climates of the American southwest into a pluvial mode. Dominantly

winter seasonality of precipitation is indicated by the fossil

plant record (Van Devender et al., 1987), consistent with the

hypothesized increased in frequency of Pacific storms. While

longitudinal contrasts in vegetation and climate may have been
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smoothed, latitudinal differences appear to have been at least as

marked as those of today. Low-elevation macrofossil records from

southern Nevada (Fig. 1) indicate dominance of steppe shrubs (e.g.,

Artemisia subgen. Tridentatae., Chrysothamnus spp., Tatradymia

spp.) and xeric woodland conifers during the full glacial. However,

macrofossil assemblages from southwestern Arizona show that steppe

shrubs were less common, and reveal an abundance of succulents,

chaparral species, and thermophilous woodland trees such as

evergreen oaks (Spaulding and Graumlich, 1986).

Latitudinal contrasts in full-glacial vegetation from the

Southwest indicate that the maximum increase in precipitation was

south of of ca. 360 N lat. (Van Devender and Spaulding, 1979). In

the northern Mojave Desert (Fig. 2) paleobotanical evidence

suggests only a modest increase in precipitation (AP 40% above

modern; Spaulding, 1985), as opposed to values approaching 100% for

the Sonoran Desert. While this contrast in precipitation may have

been enhanced by the absence of the Sierra Nevada rainshadow to the

south (Fig. 1; Van Devender et al., 1987), it also suggests a more

conservative northerly limit of the enhanced precipitation zone

associated with the full-glacial jet stream (b in Fig. 2).

Reconstructions of full-glacial temperature regimes also

suggest a strong latitudinal gradient. Mild winter temperatures

(-ATW 5 4 C) in the southerly Sonoran Desert (Fig. 1; Van Devender

et al., 1987) may be related to increased cloud cover and
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atmospheric humidity, and to the absence of winter arctic air

outbreaks sweeping south, due to the blocking effect of the

Laurentide Ice Sheet. The evidence for frigid winter temperatures

; Dohrenwend, 1984; Spaulding, 1985) in the Great Basin

is consistent with the this region's tendency to be dominated by

stagnant, cold air during the winter months (Houghton et al.,

1975), and its isolation from the moderating influence of maritime

air by the high Sierra Nevada. Thus, equable (mild winters, cool

summers) full-glacial temperature regimes may have been restricted

to lower-latitude deserts.

The Interglacial (Interstadial) Model

World-wide deglaciation brought an end to maximum pluvial

conditions in the American southwest, although some pluvial lakes

show marked reversals in terminal Wisconsin and early Holocene

desiccation (e.g., Searles Lake; Smith, 1979). The paleobotanical

record also indicates that, in some desert areas, woodland lingered

for millennia after the close of the Wisconsin (to ca. 7800 yr

B.P.; Wells and Berger, 1967; Van Devender, 1977). The persistence

of relatively moist conditions long after the reduction of the

continental ice sheets and presumed failure of enhanced zonal flow

over the region, can be explained by the advent of a different

pluvial regime. For reasons that will become apparent, this early
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Holocene pluvial was not as pronounced in western North America as

it was in the Sahara and contiguous semi-arid regions to the south.

The desert regions of North Africa lie farther south than

those of the American southwest and, therefore, may have been less

under the influence of the displaced westerlies during the full

glacial. Also, simulations of full-glacial circulation suggest the

enhanced westerly jet may not have been displaced as far to the

south by the relatively small Scandanavian Ice Sheet (Fig. 3;

Kutzbach and Wright, 1985). Therefore, the factors that led to

pluvial conditions in the American southwest may not have had the

same effect here. This is concordant with the geologic record from

North Africa, where clear evidence for increased effective moisture

during the Late Weichselian (to ca. 20,000 yr B.P.) comes primarily

from its northern periphery (e.g., the Mahgreb (Rognon, 1987],

Paleolake Shati (Petit-Maire, 1986]; Fig. 3). Elsewhere, in the

Sahara and Libyan Deserts, conditions during the last glacial stade

appear to have been as dry as those of today. However, between

9,000 and 10,000 yr B.P. there began a pluvial episode that

affected this region at least as strongly as did the full glacial

pluvial of the American southwest.

Circulation

Associated with precipitation during the summer half-year,

intensified meridional circulation and strengthened monsoons are

characteristic of pluvial episodes in subtropical deserts (e.g.,
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Bryson and Swain, 1981; Kutzbach and Street-Perrott, 1985).

Requisite conditions for the intensification of monsoonal

circulation include strong heating of land surfaces producing

enhanced ocean-land thermal gradients (Kutzbach, 1983), as well as

relatively high global temperatures. Such conditions are usually

met only during interglacials (interstadials). Heating of the

continental interior and the consequent increased surface low

pressure leads to enhanced advection of maritime-tropical air.

Inland flow of maritime-tropical air combines with thermally

enhanced convective uplift and, in some regions, convergence over

topographic irregularities to produce monsoonal thunderstorms.

Along with the intensification and enlargement of subtropical

high-pressure systems, such as the Bermuda High, these phenomena

are the proximal causes of increased monsoonal rainfall in

subtropical deserts.

Seasonal Precipitation and Temperature Regimes

Model studies have provided strong theoretical grounds for the

assertion that increased insolation during the summer half-year was

the ultimate cause of the early to middle Holocene pluvial of

central and southern North Africa (Kutzbach, 1983; Kutzbach and

Street-Perrott, 1985). Increased heating of the continental

interior was a result of Milankovitch forcing, orbitally induced

changes in the intensity of seasonal insolation (see Berger et al.,

1984). Due to variations in the elements of the Earth's orbit, the
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northern hemisphere received almost 8% more summer insolation than

today at ca. 9,000 yr B.P., with a corresponding reduction during

the winter half-year. While the proposition that increased heating

can lead to increased effective moisture in deserts is

counterintuitive, such has been demonstrated by both model

simulations and field studies in North Africa (Kutzbach and

Otto-Bleisner, 1982; Kutzbach, 1983; Gasse et al., 1986;

Petit-Maire, 1986; Ritchie et al., 1985). That this type of pluvial

was more pronounced in North Africa, and relatively subdued in the

American southwest, is due to differing latitude and geography of

the two land masses. The North African land mass is much larger

that the Southwest, and the effect of continental heating on

advective flow should increase with increasing area. The intense

low-level pressure anomaly would result in excitation of advective

flow, which would encounter few mountain barriers on the North

African continent.

Seasonality of precipitation is an important determinant of

the composition of desert vegetation. Winter precipitation regimes

are usually characterized by shrub-steppe, chaparral, or xeric

woodland depending on temperature regime and degree of aridity.

Succulent-rich desertscrub, grassland or savanna, or thornscrub

dominate in summer-rainfall regions. In particular, predictable

rainfall during the growing season often results in strong grass

and succulent components in the vegetation of monsoonal areas.
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The northward migration of savanna and thornscrub into what is

now the hyperarid interior of North Africa (Fig. 4) is an striking

feature of the last interglacial pluvial episode on this continent.

Due to its current aridity (rainfall in most areas is < 1 mm/yr),

precipitation estimates of 300 to 500 mm during this period

(Ritchie et al., 1985; Haynes and Mead, 1987) result in enormous

values for percent changes in annual rainfall. The resultant

expansion of aquatic environments and subtropical vegetation into

the Saharan region was profound, and offers sharp contrast to the

current vast expanse of sand seas and hamadas. The last

interglacial pluvial in North Africa apparently led to a

revegetation of the landscape, while the glacial-age pluvial of the

American southwest led simply to a shift in species composition.

Estimates of temperature departures are generally lacking, but

it would appear that few workers, if any, think that decreased

temperatures account for increased P/E during the early and middle

Holocene. This is of interest because, while there was enhanced

summer insolation at about 9,000 yr B.P., there was a corresponding

decrease in Northern Hemisphere winter insolation (Berger, 1978).

The northward migration of Sahelian elements, most of which are

derived from tropical families and are ill-adapted to freezing

conditions, suggests that decreased winter insolation did not

result in a marked decrease in winter temperatures.
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Concurrent Pluvial Episodes

It stands to reason that there may be regions that are

alternately influenced by first one and then the other type of

pluvial climate. These would be deserts in the southern

mid-latitudes and northern subtropics, far enough north to be

affected by westerlies displaced southward by the continental ice

sheets, but far enough south to be influenced by enhanced monsoonal

rainfall. The pluvial records from such desert regions should be

distinctive, showing maxima in effective moisture correlating both

with world-wide stadial episodes, and with local insolation maxima.

As mentioned previously, there appears to be abundant evidence

for pluvial conditions during the last glacial stade in the Mahgreb

(Fig. 3; Rognon, 1987). An early termination of this pluvial

episode (by ca. 20,000 yr B.P.) may be related to chilling of the

Atlantic Ocean during maximum stadial times, a phenomenon not well

simulated by published model runs. However, simulations do show

that this region, lying between ca. 30 and 37 N lat., received

enhanced precipitation accompanying the displaced and strengthened

westerly jet. Radiometric dates from Wadi (Paleolake) Shati in

north-central Libya suggest that the zone of enhanced precipitation

accompanying this stadial circulation feature extended even farther

west than simulated by the model (Fig. 3). However, they also show

pluvial conditions existed during oxygen isotope Stage 5

(Petit-Maire, 1986, Fig. 3). Paleobiotic assemblages from this site
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should reveal warm temperatures and summer seasonality of

precipitation during Stage 5 times, and cooler temperatures

associated with dominantly winter precipitation during the Late

Weichselian. Hence, two separate global climatic states can both

produce pluvial climates in certain transition regions.

The possibility of overlapping, climatically distinct pluvial

episodes in the western United States has been discussed by

Spaulding and Graumlich (1986). Paleohydrologic records from

Pluvial Lake Searles (Smith, 1979; Smith and Street-Perrott, 1983)

and from the Las Vegas Valley (Quade, 1986), both in the southern

Great Basin (Fig. 1), are particularly relevant. Maximum pluvial

conditions at these localities correlate well with the full

glacial; pronounced desiccation brought this pluvial to a close by

ca. 14,000 yr B.P. Reversal of the trend toward drier conditions

between 12,000 and 9,000 yr B.P. is seen in the refilling of

Searles Lake and reactivation of paleosprings in the Las Vegas

Valley (Fig. 5). Plant macrofossil records from the Amargosa Desert

(Fig. 1) reveal abundant steppe shrubs conifers indicating winter

seasonality of precipitation during the full-glacial pluvial

episode. However, vegetation was quite different during the

subsequent terminal Wisconsin - early Holocene pluvial. Grasses and

succulents were important, and steppe shrubs were reduced,

indicating increased importance of summer precipitation (Fig. 5).

Thus, concurrent pluvial episodes may explain some peculiar

features of the paleoclimatic record in southwestern North America.
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The persistence of woodland species as much as 300 m below their

current lower elevational limit until ca. 7800 yr B.P. was

attributed to a continuation of the glacial-type, winter rainfall

regime by Van Devender and Spaulding (1979). However, the current

paleobiotic record indicates strong summer seasonality of

precipitation during the early Holocene. It appears that

desiccation accompanying the end of the maximum glacial conditions

may have been arrested by the advent of the pluvial episode

accompanying the Milankovitch insolation maximum. Understory plants

such as cacti and grasses were favored, and woodland conifers

persisted in current desert habitats until the end of the early

Holocene. It is probably no coincidence, given the present

dominance of summer rainfall in the Sonoran Desert, that woodland

appears to have persisted at lower elevations here than in the more

northerly Mojave Desert (Fig. 1; Spaulding, 1983).

Observations and Conclusions

Given the complexity of global climate, and the variable

distribution of the planet's land masses and water bodies, it would

be unreasonable to expect concordance in pluvial records from

differing desert regions. However, the apparent asynchrony of

pluvials on a global scale appears to be a tractable problem.

Changes in two critical parameters appear to be the ultimate

forcing mechanisms for pluvial events; ice sheet size and seasonal
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insolation. Hence there appears to be one type of pluvial climate

associated with the expansion of continental ice sheets during

glacial (stadial) intervals. This could be considered external

forcing of desert climate, modulated by the repositioning and

intensification of the westerly jet. Another type of pluvial

climate seems linked to increased solar radiation during the summer

half-year, and consequent intensified monsoonal circulation through

direct heating of the land surface. This could be considered an

internally forced pluvial climate since the crucial components

(surface low pressure, enhanced advection) of monsoonal rainfall

are local anomalies. However, the ultimate forcing mechanism for

both types of pluvial regime is orbitally induced variation in

incoming solar radiation. In one case it is expressed through the

glacial climatic signal, in the other it is a direct function of

seasonal insolation.

While this dual model of pluvial climates may explain the

general asynchrony and the contrasting seasonal nature of pluvial

episodes in North Africa and the Southwest, anomalies remain that

deserve serious attention. These include both data-model

contradictions and deviations in the duration of pluvial events

unexpected if there is close linkage between orbital forcing and

monsoonal climate. An example of the former is the failure of

published models to simulate effective moisture as great as that

suggested by paleoenvironmental data for the full-glacial

Southwest. While circulation patterns appear well simulated,
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modeled annual values for effective moisture are too dry to account

for the filling of pluvial lakes and extension of woodlands into

current deserts (Spaulding and Graumlich, 1986). Kutzbach and

Wright's (1985) findings to the contrary apparently resulted from

differences between boundaries of their modeled Southwest and that

part of western North America chosen as the "Southwest" for

data-model comparison.

Another anomalies are found in the duration of the terminal

Wisconsin-early Holocene pluvial in the deserts of North America

and North Africa. Although enhanced summer insolation may have

forced pluvial climates in both regions, there are important

differences in timing. The more subdued monsoonal pluvial of the

American southwest began by ca. 12,000 yr B.P. and lasted to ca.

8,000 yr B.P. That of North Africa apparently did not start until

after 10,500 yr B.P. and persisted to at least ca. 5000 yr B.P. in

some areas. The delay in the inception of pluvial conditions in

North Africa could be attributed to the lingering effects of the

continental ice sheets. But this is an unsatisfactory explanation

given the fact that the Southwest, closer to the last large ice

continental ice sheet, records an earlier beginning of the

interglacial pluvial. The persistence of relatively moist

conditions in North Africa until, and sometimes after, 5000 yr B.P.

suggests that pluvial climates may lag triggering insolation maxima

by millennia.
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TABLE AND FIGURE CAPTIONS

Table 1.

Figure 1.

Figure 2.

The principal model types of pluvial climates based on

model simulations and paleoenvironmental data from the

North American southwest and North Africa.

Sketch map showing southwestern North America with

approximate extent of major deserts and localities

mentioned in the text. The summer monsoon boundary is

after Mitchell (1974). Abbreviations are: AD, Amargosa

Desert; LV, Las Vegas Valley; SL, Searles Lake.

Sketch map showing the primary features of circulation

over western North America during a modeled full-glacial

winter (modified from Kutzbach and Wright; 1985). Two

possible positions for the northern limit of the

enhanced zone of full-glacial precipitation are

portrayed; (a) the northern limit at ca. 40 N Lat. (at

1200 W. Long.) proposed by Kutzbach and Wright (ibid.,

Fig. 11), and (b) at ca. 36 N. Lat. based on published

GCM simulations and paleoecological data (see Spaulding

and Graumlich, 1986). Abbreviations are: B, Lake

Bonneville; L, Lake Lahontan; S, Lake Searles.



Figure 3.

Figure 4.

Sketch map showing the primary features of circulation

over North Africa during a modeled full-glacial winter

(modified from Kutzbach and Wright; 1985). The enhanced

zone of precipitation accompanying the displaced jet may

have extended farther to the east, given the evidence

for pluvial conditions at Paleolake Shati ("S",

Petit-Maire, 1986).

Map showing the hypothesized minimum extension of

Sudano-Sahelian ecosystems (stippled zone) into the

hyperarid center of North Africa. Smaller symbols

indicate (undated) records of shells of the snail

Limicolaria which, today, is associated with an average

annual rainfall >300 mm (Haynes and Mead, 1987).

Isohyets for 100 mm/yr (A) and 300 mm/yr (B) bracket the

present Sahelo-Saharan transition zone (-300 mm/yr) and

define the approximate present northern limit of

Limicolaria (ibid.). Key localities which provide

detailed evidence for greatly increased effective

concordant with annual rainfall >300 mm are designated

by a +; 1, Oyo Depression (Ritchie et al., 1985); 2,

Wadi Howar (Pachur and Kropelin, 1987); 3, Haijad in

Taoudenni (Petit-Maire, 1986).



Figure 5. Comparison of paleohydrologic and paleoecological records

from the southern Great Basin of western North America.

See Figure 1 for the relative position of these

localities Pie diagrams represent the averaged relative

percentages of macrofossils of four classes of plant

taxa, averaged for samples dating within 1,000 yr of the

selected target dates of (from left to right) 18,000,

15,000, 12,000, and 9,000 yr B.P. All samples were from

sites below 1200 m elevation, in what is currently xeric

Mojave desertscrub.
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Abstract

Differences in pluvial chronologies Late Quaternary among the

planet's deserts can be related to fundamental differences in the

climatology of those pluvial episodes. Paleoenvironmental records

and climate model simulations for two Northern Hemisphere desert

regions are used to illustrate two types of pluvial climatic

regime. In the higher-latitude deserts of the American Southwest,

pluvial conditions during the last glacial maximum were caused by

the southward displacement of the westerly jet stream, in turn

caused by the blocking effect of Laurentide Ice Sheet and a

steepened arctic-equator pressure gradient. Winter seasonality of

precipitation and substantially lower mean annual temperatures are

reflected in the paleoenvironmental record, and simulated by models

of 18,000 yr B.P. climate.

A second pluvial climate type which strongly influences the

lower-latitude deserts of North Africa is characterized by enhanced

summer monsoons, and occurs during during interglacials and,

perhaps, interstadials. The primary forcing mechanism of the last

pluvial episode in the Sahara and Libyan Deserts appears to have

been increased solar radiation (Milankovitch forcing), causing

thermally enhanced ocean-land pressure gradients and increased flow

of maritime tropical air into the interior of the continent.

Poleward displacement of the summer monsoon is consistent with

floristic evidence for summer seasonality of precipitation, and

replicated by model simulations of 9000 and 6000 yr B.P. climate.
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Chronologies from some deserts, such as the southern portion

of the American Southwest, suggest the consecutive occurrence of

both types of pluvial climatic regime. Pluvial conditions during

the last glacial maximum were brought about by the equatorward

displacement of the prevailing westerlies. A subsequent, more

subdued pluvial period occurred later, between ca. 12,500 and 8000

yr B.P., caused by the poleward displacement of summer monsoons.

Characterization of the climatology of pluvial episodes generates

explanations for their temporal distribution and, therefore, this

approach may be useful in assessing the Quaternary chronology of

pluvial episodes in other desert regions.

Introduction

Evidence can be found for former, wetter climates during the

Late Quaternary in virtually all of the world's deserts.

Understanding the causes of these pluvial events and the processes

of desertification that brought them to an end is a major objective

of arid-lands paleoenvironmental research. Toward this end I will

trace some apparent causal relationships between particular pluvial

episodes and contemporaneous changes in global climate, focusing on

paleohydrologic and paleobiotic records from two Northern

Hemisphere desert regions, the American Southwest and North Africa.

The broader relationships and forcing mechanisms should be

applicable to the study of major pluvial episodes in other deserts

of the World. The term pluvial is used here to describe any period
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characterized by a pronounced and sustained increase in effective

moisture in current desert or semi-desert.

Arid-lands paleoenvironmental research in the deserts of North

America (e.g. Baker, 1983; Spaulding et al., 1983; Hall, 1985; Van

Devender et al., 1987) and North Africa (e.g. Gasse et al., 1987;

Petit-Maire, 1986; Ritchie et al., 1985; Rognon, 1987; Schulz,

1987) has provided well-controlled 14C chronologies from both

paleobiotic and paleohydrologic studies that significantly improve

our ability to correlate pluvial episodes and global climatic

states. Also, sensitive paleoecological records have helped resolve

questions regarding seasonality of precipitation, the relative

degree of temperature changes, and allowed sub-continental scale

reconstruction of climatic gradients.

The interpretive potential of arid-lands paleoenvironmental

research has also been improved by general circulation model (GCM)

studies of climatic responses to changes in Late Quaternary

boundary conditions. By identifying the possible effects on

atmospheric circulation of major changes in ice-sheet size and the

seasonal and latitudinal distribution of solar radiation, and

through comparison of model simulations with the geologic record of

past climate, GCM's have become valuable heuristic tools.

Models of Pluvial Climate

The Late Quaternary pluvial chronologies of the deserts of

North Africa and North America are distinctly out of phase. This
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asynchrony stems from the fact that pluvial episodes in North

America are linked largely to circulation patterns predominant

during glacial times, and pluvials in North Africa are largely the

result of circulation patterns attendant upon interglacial or

interstadial conditions. Inverse relationships abound in a

comparison of the primary features of these two types of pluvials

(Table I), which no doubt has been one cause of past debates

regarding their correlation in different desert regions.

The Winter Precipitation Model

Both paleohydrologic and paleoecological reconstructions show

greatly increased effective moisture in the American Southwest

during the Late Wisconsin stade (Late Weichselian, Devensian; ca.

23,000 to 14,000 yr B.P.), relative to both the preceding Middle

Wisconsin interstadial and to the Holocene. Most pluvial lakes were

filled to near-maximum depth (Smith and Street-Perrott, 1983),

woodland species descended into current desert lowlands, and

warm-desert plant taxa were restricted to more southerly latitudes

(Spaulding et al., 1983; Van Devender et al., 1987). Cold-temperate

Artemisia steppe and subalpine woodland were more widespread than

at present (Thompson and Mead, 1982; Wells, 1983; Spaulding, 1985).

The salient features of full-glacial climate reconstructed from the

fossil data agree with GCM simulations for the period (Kutzbach and

Wright, 1985; Spaulding and Graumlich, 1986) and are summarized
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below as the synoptic characteristics of a winter-precipitation

pluvial in a mid-latitude desert.

Circulation and Precipitation Zones

A salient feature of global climate during the last glacial

stade was the intensification of zonal circulation and equatorward

displacement the mid-latitude westerlies and resultant storm tracks

(COHMAP, 1988). In model studies the strengthened westerly jet

dominates winter circulation over southern North America during the

last stadial maximum (Fig. 2; Kutzbach and Wright, 1985). GCM

results and paleoenvironmental data are largely consistent, and

support Antevs' (1952) hypothesis that enhanced effective moisture

and winter seasonality of precipitation were the results of a

displaced westerly jet. The presumed increased frequency of

cyclonic storms transported inland, coupled with a lowered

temperature regime, account for full-glacial pluvial conditions in

most of the American Southwest (Van Devender et al., 1987).

However, the modeled zone of increased precipitation attendant with

this circulation does not encompass all pluvial lakes in the

region. Area averages provided by model simulations indicate that

pluvial lakes of the northern Great Basin lie outside the zone of

increased precipitation (a in Fig. 2), not within it (Kutzbach and

Wright, 1985, Fig. 11, p. 176). This is consistent with recent

revisions of the Late Wisconsin chronology of Pluvial Lake Lahontan

showing an attenuated period of high lake levels (Benson and

Thompson, 1987).
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The major features of reconstructed full-glacial circulation

over western North America also account for paleoecological data

from the Pacific Northwest. This region is now under the influence

of the prevailing westerlies and has a moist, maritime climate on

the coast and a semi-arid, continental climate east of the Cascade

Range. However, during the glacial maximum anticyclonic circulation

about the Laurentide Ice Sheet brought dry, frigid surface

easterlies into the region (Barnosky et al., 1987). Meanwhile, in

the Southwest, the fossil data indicate increased winter

precipitation due to the southward displacement of the prevailing

westerlies and inferred increase in the frequency of Pacific-type

storms (Fig. 2; Spaulding and Graumlich, 1986; Van Devender et al.,

1987).

An expected result of zonally dominant circulation during the

full-glacial would be regional homogeneity of climate within a

given latitudinal belt. While there were east-west precipitation

gradients, particularly in major rain-shadows, it is unlikely that

there were any sharp east-west transitions in climate or

vegetation. That is, longitudinal heterogeneity should have been

subdued during the last glacial age (stade), relative to those

periods when meridional circulation dominated (interglacials and

interstadials). Paleobotanical evidence for a smoothing of

longitudinal climatic gradients in western North America comes from

a comparison of pollen and plant macrofossil records from opposite
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sides of the Sierra Nevada (Fig. 1). Interior plant species such as

sagebrush (Artemisia subgen. Tridentatae) and pinyon pine (Pinus

monophylla) were widespread west of the Sierra Nevada during the

Late Wisconsin (Fig. 1; Mason, 1944; Cole, 1983; Adam, 1985;

Anderson et al., 1986). These species are now relictual or extinct

in coastal California, but persist as dominants at higher

elevations in the Great Basin Desert. The subsequent accentuation

of transmontane contrasts in vegetation (and presumably climate)

could be related to the increased importance of meridional

circulation during the postglacial.

Seasonal Precipitation and Temperature Regimes

Equatorward displacement westerly flow forced desert climates

of the American Southwest into a pluvial mode. Dominantly winter

seasonality of precipitation is indicated by the fossil plant

record (Van Devender et al., 1987), consistent with the

hypothesized increase in frequency of Pacific storms. While

longitudinal contrasts in vegetation and climate may have been

smoothed, latitudinal differences appear to have been at least as

marked as those of today. Low-elevation macrofossil records from

southern Nevada (Fig. 1) indicate dominance of steppe shrubs (e.g.,

Altemisia subgen. Tridentatae , Chrysothamnus spp., Tatradymia spp.)

and xeric woodland conifers during the full glacial. However,

macrofossil assemblages from southwestern Arizona show that steppe

shrubs were less common, and reveal an abundance of succulents,
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chaparral species, and thermophilous woodland trees such as

evergreen oaks (Spaulding and Graumlich, 1986; Van devender et al.,

1987).

Latitudinal contrasts in full-glacial vegetation indicate that

the maximum increase in precipitation in the Southwest was south of

of ca. 36 N lat. (Van Devender and Spaulding, 1979). In the

northern Mojave Desert (Fig. 2) paleobotanical evidence suggests

only a modest increase in precipitation ( P 40%; Spaulding,

1985), as opposed to values approaching 100% for the Sonoran

Desert. While this contrast in precipitation may be enhanced by the

absence of the Sierra Nevada rainshadow to the south (Fig. 1; Van

Devender et al., 1987), it also conforms with the modeled northerly

limit of the enhanced precipitation zone associated with the

full-glacial jet stream (b in Fig. 2).

Reconstructions of full-glacial temperature regimes also

suggest a strong latitudinal gradient. Mild winter temperatures

( T 4 C) in the southerly Sonoran Desert (Fig. 1; Van Devender

et al., 1987) may be related to increased cloud cover and

atmospheric humidity, and to the absence of winter arctic air

outbreaks due to the blocking effect of the Laurentide Ice Sheet.

Frigid winter temperatures in the Great Basin ( AT 6 C;

Dohrenwend, 1984; Spaulding, 1985) are consistent with this

region's tendency to be dominated by stagnant, cold air during the

winter months (Houghton et al., 1975), and with its isolation from

the moderating influence of maritime air by the high Sierra Nevada.
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Thus, equable full-glacial temperature regimes (mild winters, cool

summers) may have been restricted to lower-latitude deserts.

The Summer Precipitation Model

World-wide deglaciation brought an end to maximum pluvial

conditions in the American Southwest. Evidence from Pluvial Lake

Lahontan (Fig. 2; Benson and Thompson, 1987) shows that the mean

position of the westerly jet stream had shifted northward to ca.

40 N lat. by 14,000 yr B.P. However, the paleobotanical record

indicates woodland lingered for millennia after the close of the

Wisconsin in some desert areas (to ca. 7800 yr B.P.; Van Devender

et al., 1987). There were also marked reversals in the terminal

Wisconsin and early Holocene desiccation of some pluvial lakes in

the south (e.g. Searles Lake; Smith, 1979). Relatively moist

conditions occurring after major deglaciation and presumed failure

of enhanced zonal flow can be explained by the advent of a

different pluvial regime attendant upon a different global climatic

state. This type of pluvial climate is well illustrated by data

from North Africa.

The deserts of North Africa are at lower latitudes than much

of the American Southwest and were less under the influence of the

displaced westerlies during the full glacial. Also, simulations of

full-glacial circulation suggest that the westerly jet may not have

been displaced as far to the south by the relatively small

Scandinavian Ice Sheet (Fig. 3; Kutzbach and Wright, 1985).
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Therefore, the phenomena that led to pluvial conditions in the

American Southwest did not strongly affect this region. This

appears to agree with the North African paleoenvironmental record;

clear evidence for increased effective moisture during the Late

Weichselian comes primarily from its northern periphery (e.g., the

Mahgreb (Rognon, 1987], Paleolake Shati (Petit-Maire, 1986]; Fig.

3). Elsewhere, in the Sahara and Libyan Desert, conditions during

the last glacial stade appear to have been as dry as those of

today. However, between 10,000 and 9000 yr B.P. there began a

pluvial episode that affected this region at least as strongly as

did the full glacial pluvial of the American Southwest.

Circulation And Atmospheric Dynamics

Associated with precipitation during the summer half-year,

strengthened monsoons are characteristic of pluvial episodes in

subtropical deserts (e.g., Bryson and Swain, 1981; Kutzbach and

Street-Perrott, 1985; Ritchie et al., 1985). The requisite

conditions for the intensification of monsoonal circulation include

relatively high global temperatures, strong heating of land

surfaces to produce enhanced ocean-land thermal gradients, and

poleward displacement of the equatorial trough (also known as the

Intertropical Convergence Zone; Reihl, 1979; Kutzbach, 1983). Such

conditions can be met only during interglacials or interstadials.

Behind (equatorward) the advancing equatorial trough, inland flow

of maritime-tropical air combines with thermally enhanced

convective uplift and, in some-regions, convergence over
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topographic irregularities to produce monsoon rains (Bell, 1979;

Krishnamurti and Kanamitsu, 1981; Krishnamurti and Surgi, 1987).

Seasonal Precipitation and Temperature Regimes

Model studies support the hypothesis that increased summer

insolation was the primary cause of the early to middle Holocene

pluvial of central and southern North Africa (Kutzbach, 1983;

Kutzbach and Street-Perrott, 1985). By ca. 9000 yr B.P.

Milankovitch forcing of seasonal insolation (Berger et al., 1984)

led to Northern Hemisphere summers that received almost 8 percent

more insolation than today. GCM simulations for 9000 and 6000 yr

B.P. show that enhanced summer monsoons can result from these

conditions (COHMAP, 1988). Field studies in North Africa (e.g.

Gasse et al., 1986; Petit-Maire, 1986; Ritchie et al., 1985)

provide evidence confirming the northward displacement of monsoons

from ca. 9500 to 5000 yr B.P. The existence of a planetary-scale

monsoon pattern responsive to global increases in potential energy

(Krishnamurti and Surgi, 1987) suggests that such a phenomenon may

not have been restricted to North Africa. Indeed, intensified

monsoons during the early postglacial appear to have occurred in

the deserts of the southern portion of the American Southwest

(Cole, 1985; Spaulding and Graumlich, 1986; Oviatt, 1987),

Australia (Singh, 1981; Singh and Luly, this volume), and India

(Bryson and Swain, 1981; Swain et al., 1983).

Seasonality of precipitation is an important determinant of

vegetation composition in arid-lands. Winter precipitation regimes
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are usually characterized by shrub-steppe, chaparral (maquis,

matorral), or xeric coniferous woodland depending on temperature

regime and degree of aridity. Succulent-rich desertscrub

(succulents here refer to the families Cactaceae and Agavaceae, and

certain members of the Liliaceae and Euphorbiaceae; members of the

Chenopodiaceae often exhibit leaf succulence, but due to a

different cell-physiological process and should not be considered

true succulents [Walter, 1973]), tropical grassland or savanna, or

leguminous thornscrub characterize summer-rainfall regions.

The northward migration of Sudano-Sahelian vegetation (savanna

and thornscrub) into what is now the hyperarid interior of North

Africa (Fig. 4) is a striking feature of this continent's last

pluvial episode (Shulz, 1987). Due to its current aridity (rainfall

in most areas is less than 5 mm/yr), precipitation estimates of 300

to 500 mm during this period (Ritchie et al., 1985; Haynes and

Mead, 1987) yield enormous values for percent changes in annual

rainfall. The resultant expansion of aquatic environments and

subtropical vegetation into the Sahara offers sharp contrast to the

current vast expanse of sand seas and hamadas. This interglacial

pluvial in North Africa led to a revegetation of a barren

landscape, while the glacial-age pluvial of the American Southwest

simply led to a shift from desertscrub to steppe or woodland.

Estimates of temperature changes are generally lacking, but it

would appear that few workers, if any, think that decreased

temperatures account for increased P/E during the early and middle

Holocene. This is of interest because enhanced summer insolation at
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about 9000 yr B.P. was accompanied by a corresponding decrease in

Northern Hemisphere winter insolation (Berger, 1978). The northward

migration of Sudano-Sahelian elements, many of which are derived

from tropical families and ill-adapted to freezing conditions,

suggests no marked decrease in winter temperatures after ca. 9500

yr B.P.

Consecutive Pluvial Episodes

There appear to be regions that were alternately influenced by

first one and then the other type of pluvial climate. In the

Northern Hemisphere these deserts lie in the southern mid-latitudes

and northern subtropics, sufficiently far north to be affected by

westerlies displaced equatorward by the continental ice sheets, and

close enough to the tropics to receive enhanced monsoonal rainfall.

The pluvial records from such deserts are distinctive, showing

maxima of effective moisture correlating both with world-wide

stadial episodes, and with subsequent postglacial thermal maxima.

As mentioned previously, there appears to be abundant evidence

for pluvial conditions during the last glacial stade in the Mahgreb

(Rognon, 1987). COHMAP (1988) simulations suggest that enhanced

precipitation in this region accompanied the displaced and

strengthened westerly jet stream (Fig. 3). Radiometric dates from

Wadi (Paleolake) Shati in north-central Libya suggest that the zone

of enhanced precipitation accompanying this stadial circulation

feature extended even farther west (Fig. 3). They also show that
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pluvial conditions existed during oxygen isotope Stage 5

(Petit-Maire, 1986, Fig. 3). If available, paleobiotic assemblages

from this site should reveal warm temperatures and summer

seasonality of precipitation during Stage 5, and cooler

temperatures associated with dominantly winter precipitation during

the Late Weichselian.

The possibility of consecutive, climatically distinct pluvial

episodes in the southern part of the American Southwest has been

discussed by Spaulding and Graumlich (1986). Paleohydrologic

records from Pluvial Lake Searles (Smith, 1979; Smith and

Street-Perrott, 1983) and from the Las Vegas Valley (Quade, 1986),

both in the southern Great Basin (Fig. 1), are particularly

relevant. Maximum pluvial conditions at these localities correlate

well with the full glacial; pronounced desiccation brought this

pluvial to a close by 14,000 yr B.P. Reversal of the trend toward

drier conditions between ca. 12,000 and 9000 yr B.P. is seen in the

refilling of Searles Lake and reactivation of paleosprings in the

Las Vegas Valley (Fig. 5). Full-glacial plant macrofossil records

from the Amargosa Desert (Fig. 1) reveal abundant steppe shrubs,

indicating winter seasonality of precipitation during the first

pluvial episode. However, during the second pluvial episode,

grasses and succulents were important and steppe shrubs were

reduced, indicating increased importance of summer precipitation

(Fig. 5).

Woodland persisted as much as 300 m below its current lower

elevational limit until ca. 7800 yr B.P., a phenomenon attributed
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by some to a continuation of a winter rainfall regime (Van Devender

et al., 1987). However, the reduced importance of of steppe shrubs,

abundance of succulents and grasses, and northward migration of

subtropical taxa (e.g. Prosopis, Acacia, Carnegeia; Spaulding and

Graumlich, 1986; Van Devender, 1987) indicate summer seasonality of

precipitation. It appears that desiccation accompanying the decline

of winter rainfall at the end of the full-glacial was retarded by

the advent of a monsoonal pluvial accompanying the Northern

Hemisphere Milankovitch insolation maximum.

Observations and Conclusions

Given the complexity of global climate, and the variable

distribution of the planet's land masses and water bodies, it would

be unreasonable to expect concordance of pluvial chronologies from

differing desert regions. There appears to be one type of pluvial

climate associated with the expansion of continental ice sheets

during glacial or stadial intervals. This externally forced pluvial

climate was modulated by the position and intensity of the westerly

jet. Another type of pluvial climate seems linked to increased

solar radiation and thermal regimes during the summer half-year,

generating intensified monsoonal circulation through direct heating

of the land surface. This could be considered an internally forced

pluvial climate since some crucial components of monsoonal rainfall

(surface low pressure, enhanced advection) are local anomalies.
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However, the ultimate mechanism forcing both types of pluvial

climate is orbitally induced variation in incoming solar radiation.

In one case it is expressed through the glacial climatic signal, in

the other it is a more direct function of summer insolation.

While this dual model of pluvial climates may explain the

general asynchrony and the contrasting seasonal nature of pluvial

episodes in North Africa and the Southwest, anomalies remain that

deserve attention. These include both data-model contradictions and

deviations in the duration of pluvial events that would not be

expected from a close linkage between Milankovitch forcing and

monsoonal climate. An example of the former is the failure of

published models to simulate effective moisture as great as that

suggested by paleoenvironmental data for the full-glacial

Southwest. While circulation patterns appear well simulated,

modeled annual values for effective moisture are too dry to account

for the filling of pluvial lakes and extension of woodlands into

current deserts (Spaulding and Graumlich, 1986).

Other anomalies are found in the timing of the terminal

Wisconsin-early Holocene pluvial in the deserts of North America

and North Africa. Although enhanced summer insolation may have

forced enhanced monsoons in both regions, there are important

differences in timing. The more subdued pluvial of the American

Southwest began by ca. 12,000 yr B.P. and ended before 7500 yr B.P.

That of North Africa apparently did not start until after 10,000 yr

B.P. and persisted to ca. 5000 yr B.P. The delay in the inception

of pluvial conditions in North Africa could be attributed to the
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lingering effects of the continental ice sheets. But this is an

unsatisfactory explanation if the American Southwest, closer to the

last large continental ice sheet, experienced an earlier beginning

of the interglacial pluvial.

Despite its potential explanatory power, this model is

simplistic and therefore limited. In some deserts winter or

summer rainfall can be dominant during any one year. Summer

seasonality of precipitation at ca. 9000 yr B.P. in the American

Southwest does not exclude the possibility that winter rainfall

amounts may have been as great as those of today. Also,

explanations for enhanced monsoons that invoke orbital forcing

should take into account the latitudinal and seasonal variation of

insolation maxima (Davis et al., 1986). Increased summer insolation

in the Northern Hemisphere by ca. 9000 yr B.P. was accompanied-by a

corresponding insolation decrease during the austral summer

(Berger, 1978). Therefore, the advent of monsoon rainfall by ca.

13,000 yr B.P. at Lake Frome in South Australia (Singh and Luly,

this volume) could not have been due to Milankovitch forcing.

However, it may reflect the impact of planetary-scale heating that

accompanied deglaciation. Krishnamurti and Surgi (1987) have

pointed out that the onset of monsoons on a planetary scale is

preceded by the organization of heat sources. Significant poleward

migration of the equatorial trough at ca. 13,000 yr B.P., crucial

to the onset of monsoons in Australia (McBride, 1987), may have

occurred in response to enhanced thermal regimes not directly

associated with Milankovitch forcing.
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TABLE AND FIGURE CAPTIONS

Table I. Characteristics of two principal types of pluvial climates

based on model simulations and paleoenvironmental data

from the American Southwest and North Africa. Ps, Pw, and

Pa are, respectively, summer, winter and average annual

precipitation; Ta, average anual temperature.

Figure 1.Map showing southwestern North America with approximate

extent of major deserts and localities mentioned in the

text. The summer monsoon boundary is after Mitchell

(1976). Abbreviations are: AD, Amargosa Desert; LV, Las

Vegas Valley; SL, Searles Lake.

Figure 2.Map showing the primary features of circulation over

western North America during a modeled full-glacial winter

(modified from Kutzbach and Wright, 1985). Two possible

positions for the northern limit of the enhanced zone of

full-glacial precipitation are portrayed; (a) at ca. 40 N

Lat. (at 120 W. Long.) proposed by Kutzbach and Wright

(ibid., Fig. 11), and (b) at ca. 36 N. Lat. based on

published GCM simulations and paleoecological data (see

Spaulding and Graumlich, 1986). Abbreviations are: B, Lake

Bonneville; L, Lake Lahontan; SL, Lake Searles.



Figure 3.Map showing the primary features of circulation over North

Africa during a modeled full-glacial winter (modified from

Kutzbach and Wright; 1985). The enhanced zone of

precipitation accompanying the displaced westerly jet may

have extended farther to the east, given the evidence for

pluvial conditions at Paleolake Shati ("S", Petit-Maire,

1986).

Figure 4.Map showing the hypothesized extension of Sudano-Sahelian

ecosystems (stippled zone) into the hyperarid center of

North Africa. Smaller symbols indicate (undated) records

of shells of the snail Limicolaria which, today, is

associated with an average annual rainfall >300 mm (Haynes

and Mead, 1987). Isohyets for 100 mm/yr (A) and 300 mm/yr

(B) bracket the present Sahelo-Saharan transition zone

(-300 mm/yr) and define the approximate present northern

limit of Limicolaria (ibid.). Key localities which provide

detailed evidence for greatly increased annual rainfall

(>300 mm/yr) are designated by a +; 1, Oyo Depression

(Ritchie et al., 1985); 2, Wadi Howar (Pachur and

Kropelin, 1987); 3, Haijad in Taoudenni (Petit-Maire,

1986). See Schulz (1987) for a more detailed

reconstruction of the central Sahara. Base from Haynes and

Mead (1987).



Figure 5. Comparison of paleohydrologic and paleoecological records

from the southern Great Basin of western North America.

See Figure 1 for the relative position of these

localities. Pie diagrams represent the relative

percentages of macrofossils of four classes of plant taxa,

averaged for samples dating within 1,000 yr of the

selected target dates of (from left to right) 18,000,

15,000, 12,000, and 9,000 yr B.P. All samples were from

sites below 1200 m elevation, in what is currently xeric

Mojave desertscrub.
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Abstract

Differences in Late Quaternary pluvial chronologies among the

planet's deserts can be related to fundamental differences in the

climatology of those pluvial episodes. Paleoenvironmental records

and climate model simulations for two Northern Hemisphere desert

regions are used to illustrate two types of pluvial climatic

regime. In the higher-latitude deserts of the American Southwest,

pluvial conditions during the last glacial maximum were caused by

the southward displacement of the westerly jet stream, in turn

caused by the blocking effect of Laurentide Ice Sheet and a

steepened arctic-equator pressure gradient. Winter seasonality of

precipitation and substantially lower mean annual temperatures are

reflected in the paleoenvironmental record, and simulated by models

of 18,000 yr B.P. climate.

A second pluvial climate type which strongly influences the

lower-latitude deserts of North Africa is characterized by enhanced

summer monsoons, and occurs during during interglacials and,

perhaps, interstadials. The primary forcing mechanism of the last

pluvial episode in the Sahara and Libyan Deserts appears to have

been increased solar radiation (Milankovitch forcing), causing

thermally enhanced ocean-land pressure gradients and increased flow

of maritime tropical air into the interior of the continent.

Poleward displacement of the summer monsoon is consistent with

floristic evidence for summer seasonality of precipitation, and

replicated by model simulations of 9000 and 6000 yr B.P. climate.
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ABSTRACT

In the southeastern Great Basin vegetation reconstructions from

plant macrofossil assemblages from packrat middens can be compared

to paleohydrologic records of climatic change. A trend toward

aridity at the end of the full glacial was not accompanied by

widespread change in vegetation formations. However, changes in the

composition of local plant communities are evident. Vegetation

instability that appears to have been initiated at this time was

characterized by a disproportionate number of local immigrations at

sites presently near the lower woodland boundary, and a

disproportionate number of local extinctions at desert sites. Thus,

the dynamics and pace of "modernization" appear to have differed

with elevation, and this can be accounted for by variable dispersal

distances. Woodland species that persisted at low elevations during

the last glacial age arrived at sites within current woodland

before 11,700 yr B.P. Warm-desert plants that were displaced far to

the south began arriving after 9500 yr B.P.

The paleohydrologic record of increased effective moisture

between ca. 12,000 and 9,000 yr B.P. is contemporaneous with

evidence for widespread vegetation change. However, there is no

strong evidence for a shift to more mesophytic vegetation during

this second pluvial episode, suggesting that hydrologic systems and

vegetation can respond to different components of the same climatic

change. Recharge and runoff apparently were sufficient to fill

pluvial lakes and maintain spring discharge, while increased
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temperatures and intermittent rainfall led to reduced

plant-effective moisture. The presence of transient plant species

in many plant communities at this time, and the staggered arrivals

of desert thermophiles, suggests that desert vegetation may not

have been in equilibrium with climatic conditions.

INTRODUCTION

Divergent ideas are held by Quaternary paleoecologists regarding

vegetation response to climatic change at the end of the last

glacial age. On one hand, there is evidence that plant species'

responses closely track seasonal climate, leading to claims that

vegetation patterns at any one time appear to reflect determining

climate conditions (e.g., Webb et al., 1987; Huntley and Webb,

1989). On the other hand, it has been suggested that physical

barriers to migration and biotically mediated lags in response may

retard the establishment of equilibrium relationships between plant

communities and climate (e.g., Davis, 1983; Birks, 1986; Ritchie,

1986). Tests of the role that biotic processes may play in

vegetation responses are rare because an independent, well-dated

proxy climate record is needed to assess vegetation sensitivity to

climatic change (Wright, 1984). Paleohydrologic records can be used

to infer the timing and sign (increased or decreased effective

moisture) of major climatic changes. In the southern Great Basin

they include Pluvial Lake Searles in eastern California (Smith,

1979, 1984), and the artesian springs of the Las Vegas Valley in
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adjacent southern Nevada (Fig. 1; Quade, 1986). Plant macrofossil

records from indurated packrat (Nentoma spp.) middens, recovered

from sites in the hills and mountains of the area (Spaulding, 1981,

1985, in review), provide records of vegetation change that can be

compared to these paleohydrologic records.

Chronological Framework and Pluvial Episodes

Regional time-stratigraphic boundaries are used to distinguish

portions of Late Quaternary time. I accept 10,000 yr B.P. as the

Pleistocene-Holocene boundary, and the period between 23,000 and

10,000 yr B.P. as encompassing the Late Wisconsin in the southern

Great Basin (Spaulding, 1985). For the purpose of this paper, the

full glacial (Wisconsin maximum) refers to the period from 20,000

to 16,000 yr B.P., and the "latest Wisconsin" is used as an

informal term for the period 16,000 to 10,000 yr B.P. Although

different time-boundaries have been proposed for the early Holocene

(e.g., Van Devender, 1987), it is here considered to date between

10,000 and 7800 yr B.P. (Spaulding, 1985).

As used here, the term "pluvial" refers to a period of increased

effective moisture when Searles Lake was at an intermediate to

maximum level (Smith and Street-Perrott, 1983). Major lake-level

fluctuations in this basin appear to reflect regional climatic

change because they correlate with the record of artesian spring

activity in the Las Vegas Valley (Figs.1, 2; Quade, 1986). Both

Searles Lake and the Las Vegas Valley springs have received careful
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study, and their chronologies are well controlled by multiple

radiometric dates (Haynes, 1967; Stuiver, 1964; Stuiver and Smith,

1979; Peng et al., 1978; Quade, 1986; Quade and Pratt, 1989).

Artesian springs are the end-points of a type of hydrologic system

that differs from a pluvial lake; while high stands of a pluvial

lake largely reflect runoff (e.g., Smith and Street-Perrott, 1983),

spring discharge is affected by recharge to the regional aquifer.

However, in this case each system should display rapid (<1000 yr)

responses to significant pluvial episodes. The regional Paleozoic

carbonate aquifer of the Las Vegas Valley is a confined system

(Winograd and Thordarson, 1975; Quade, 1986). Increased recharge in

the highlands of the Spring and Sheep Ranges (Fig. 1) would steepen

the hydrologic gradient and result in a rapid increase in spring

discharge at the end of that gradient (M. Mifflin, pers. comm.,

1988). Thus, in the absence of evidence to the contrary, the

correlation of these paleohydrologic records across the southern

Great Basin (Figs. 1, 2) indicates that they provide a reliable

chronology of regional climatic changes.

Late Wisconsin and Early Holocene Pluvial Episodes

Searles Lake attained maximum depth by ca. 21,000 yr B.P., and

its subsequent decline occurred well before the end of the Late

Wisconsin (Fig. 2). A date of 18,800 ± 240 yr B.P. (Y-1214B) is

reported for the transition from high to low sedimentation rates in

the Late Wisconsin Parting Mud Unit (Stuiver, 1964), although the
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actual fall in lake level is estimated to date from ca. 16,000 to

15,000 yr B.P. (Smith, 1979; Smith and Street-Perrott, 1983; Fig.

2). Coincident deposition of sediments by spring-fed ponds and

marshes in the Las Vegas Valley ceased by ca. 15,000 yr B.P.

Subsequent development of soil S3 appears to have been largely

contemporaneous with the low stand of Searles Lake that lasted from

ca. 15,000 to 12,000 yr B.P. A regional increase in effective

moisture is seen in the refilling of Searles Lake and reactivation

of the Las Vegas Valley springs between ca. 13,000 and 12,000 yr

B.P. (Fig. 2). This second, latest Wisconsin and early Holocene

pluvial episode lasted until ca. 9000 yr B.P., although spring

activity in the Las Vegas Valley persisted for another ca. 1000 yr

(Fig. 2; Haynes, 1967; Quade, 1986; Smith, 1979).

Vegetation Reconstruction

Packrat middens possess several attributes that make them useful

in vegetation reconstruction: spatial definition of the macrofossil

assemblage, taxonomic resolution of the fossil data, and the

relative abundance of midden deposits in the study area. Control of

spatial scale is critical in describing vegetation change (Maarel,

1988) and tight definition of source area is possible with

macrofossil assemblages from packrat middens. For these analyses, a

radius of 30 m from the midden site is assumed to encompass the

foraging activities of Neotoma.

In describing midden assemblages, macrofossil frequencies are
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expressed as percent values of NISP (number of identified

specimens) or NISP-DT (DT = the number of macrofossils of the

dominant taxon; methods follow Spaulding; 1985). For the Eleana

Range-2 midden, the abundance of arboreal taxa is expressed as

weight/weight ratios ([g macrofossils / kg of processed midden

sample] x 1000). Site locations, radiocarbon dates, and references

are listed in Appendix 1. Plant taxa common to abundant in midden

assemblages are used to characterize local paleovegetation to the

formation level (e.g., desertscrub, woodland, forest). The

appearance, or disappearance, of a plant taxon in a site-specific

chronosequence of macrofossil assemblages is taken as evidence for

its local immigration or extinction, respectively. Local

immigrations and extinctions (also termed arrivals and departures)

provide an index of vegetation change at the community level, and

the methods of Cole (1985, 1986) are used to identify these events.

Bias in Neotoma foraging activities (Dial, 1988; Vaughn, 1989)

may affect some reconstructions. In some cases isolated trees near

midden sites may lead to the inference of woodland when desertscrub

prevailed. With a large data base this hazard is minimized to the

extent that replicable species assemblages are often used to

reconstruct past vegetation zones on mountainside gradients (e.g.,

Betancourt, 1984; Cole, 1982; Van Devender et al., 1987).

VEGETATION OF THE STUDY AREA

Regional vegetation conditions during the Wisconsin maximum and

during the Wisconsin-Holocene transition are discussed after a
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brief overview of the modern vegetation of the southeastern Great

Basin. The local vegetation changes and plant community dynamics

that will be discussed subsequently are, perhaps, best understood

in the context of these regional patterns.

Present Vegetation

Plant communities of the floristic Mojave Desert occupy most of

the southeastern Great Basin, south of lat. 37 30' N (Fig. 1).

Throughout the area thermophilous desertscrub typified by Larrea

divaricata and Ambrosia dumosa occurs below ca. 1000 m elevation

(see Table 1 for plant species' names used here). Between ca. 1000

and 1800 m temperate desertscrub occurs, supporting vegetation

characterized variously by Coleogyne ramosissima, Yucca brevifolia,

Menodora spinescens, Lycium spp., and Haplopappus spp. Great Basin

desertscrub, or steppe, is important north of ca. 37 N. lat.

Occasionally zoned between temperate desertscrub and pygmy conifer

(Pinus monophylla and/or Juniperus osteosperma) woodland, these

plant communities are dominated by differing combinations of

Atriplex confertifolia, Artemisia tridentata, A. nova, Tetradymia

spp., and Chrysothamnus spp. Pygmy conifer woodland gives way to

montane fir-pine (Abies concolor-Pinus ponderosa) forest above ca.

2200 m. The Spring and Sheep Ranges support subalpine woodland

above ca. 2700 m elevation where Pinus longaeva is the usual

dominant and P . flexilis is but rare. Artemisia nova scrub and

"interior chaparral" (Brown et al., 1979; typified by Cercocarpus
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intsricatus and Forsellesia nevadensis) are common vegetation types

on south aspects and windswept ridges above ca. 2000 m (Bradley and

Deacon, 1967; Beatley, 1976; Spaulding, 1981).

Full-glacial Vegetation

Low elevation (790 to 1010 m) midden sites on the small mountains

and inselbergs of the Amargosa Desert (Fig. 1) indicate a

vegetation mosaic with woodland occupying most habitats, and Great

Basin desertscrub on xeric sites (Spaulding, 1989; Fig. 3; Table

1). Samples from the Point of Rocks-3 (PR-3) midden, located on a

southwest facing slope at 930 m elevation, span the last ca. 7500

yr of the Late Wisconsin. The site presently supports thermophilous

desertscrub dominated by Ambrosia dumosa and Gutierrezia

microcephala, with scattered Larrea divaricata, Peucephyllum

schottii and Amphipapus fremontii.

The oldest PR-3 midden assemblages have overlapping radiocarbon

ages ranging from 17,530 ± 200 to 17,000 ± 270 yr B.P. Macrofossils

of steppe shrubs account for 43% to 53% of NISP in these samples

(Fig. 4). Symphoricarpos sp., a shrub typical of higher elevation

(1500-2000 m) scrub and xeric woodland (Beatley, 1976), is also

common. The remains of woodland obligates (Juniperus, Pinus, and

Petrophytum caespitosum) and Coleogyne ramosissima occur in

significant amounts only in the oldest assemblage (Fig. 4),

suggesting that more mesic conditions may have prevailed just

before initiation of deposition of the PR-3 midden. However, the
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only marked vegetation change noted in this record occurred between

ca. 12,700 and 10,000 yr B.P., when steppe shrubs and

Symphoricarpos sp. gave way to grasses and succulents. Scopulophila

rixfordii (Caryophyllaceae), which appears only in the youngest

PR-3 macrofossil assemblage (Fig. 4), is a monotypic genus endemic

to calcareous rocks of the northern Mojave Desert (Munz, 1974;

Beatley, 1976). It presently occurs in the area, but not in such

xeric habitats as the Point of Rocks-3 site.

Throughout the southeastern Great Basin, full-glacial midden

records between ca. 1000 and 1800 m elevation reveal pygmy conifer

woodland typified by Juniperus osteosperma with infrequent Pinus

monophylla (Fig. 3; Wells, 1983; Spaulding, 1985). At present, a

zone of fir-pine forest separates pygmy conifer woodland from

high-elevation subalpine conifer woodland. However, this apparently

was not the case during the Late Wisconsin (Fig. 3; Spaulding et

al., 1983). Without this intervening fir-pine zone, juniper

woodland graded directly into limber pine woodland. On calcareous

soils of the Sheep Range (Fig. 1), the full-glacial ecotone between

these two woodland types lay near 1800 m elevation, the same

approximate elevation as the current desertscrub-woodland ecotone

(Fig. 3).

The Eleana Range-2 (ER-2) midden, at 1810 m elevation on soils

derived from volcanic tuffs, shows that subalpine woodland extended

to lower elevations on igneous substrate than it did on calcareous

soils. ER-2 assemblages indicate open woodland characterized by

Pinus flexilis and steppe shrubs from 17,100 to 13,200 yr B.P.
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(Fig. 5), but its composition does not appear to have been stable

during this period. At ca. 16,000 yr B.P. the woodland thermophiles

Purshia tridentata and Haplopappus nanus begin to increase, and

Lupinus cf. argenteus declines by ca. 14,000 yr B.P. (Fig. 5).

Despite these changes, major vegetation turnover was delayed until

after 13,200 yr B.P., when pygmy conifers and cactus replaced Pinus

flexilis and steppe shrubs (Fig. 5; Spaulding, 1985).

Latest Wisconsin And Early Holocene Vegetation

Expansion of desertscrub in the lowlands and upslope retreat of

woodland were salient features of late- and postglacial vegetation

development in the Southwest (Van Devender et al., 1987; Thompson,

1988), but details of this process remain poorly understood. Midden

records are temporally discontinuous, and no site-specific sequence

encompasses vegetation changes from maximum glacial to fully

interglacial conditions. However, a network of sites can be used to

track the approximate position of retreating woodland (Fig. 3).

The youngest midden assemblage dominated by juniper near the

Amargosa Desert is dated to 11,760 ± 90 yr B.P., and comes from the

Last Chance Range-1 site (LCR-1; 960 m elev.; Figs. 1, 3).

Secondary macrofossils in LCR-1(3) are common in desertscrub and

interior chaparral (Fig. 6, Table 1; Beatley, 1976; Spaulding,

1981). The association suggests either woodland (Van Devender et

al., 1987), or scrub with but a few junipers on the rocky slopes

(Spaulding, 1985). Juniperus osteosperma is no longer important in
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LCR-1(2), dated at ca. 9300 yr B.P. Instead, the evergreen,

sclerophylous shrub Mortonia utahensis is abundant. Other plants

common in current Mojave desertscrub appear in this sample, such as

Yucca brevifolia, Lycium spp., and Buddleja utahensis. However, no

thermophilous desertscrub species appear (Fig. 6).

Skeleton Hills-2 (Sk-2; 940 m elev.; Fig. 1) is a xeric site

comparable to Point of Rocks-3, and it provides a more detailed

record of early Holocene desertscrub (Fig. 7). Mortonia utahensis is

abundant in all Sk-2 samples, although today it is restricted to

nearby mesic slopes. Extralocal components that are well represented

in the oldest assemblages appear to decline by ca. 9200 yr B.P., and

by ca. 8800 yr B.P. the local community had changed substantially

(Fig. 7). The new arrivals included Nicotiana trigonophylla,

Erioneuron pulchellum, Peunephyllum schottii, and Ambrosia dumosa.

Only Ambrosia retains importance in the modern control (Fig. 7).

Encelia virginensis appears in abundance at ca. 8200 yr B.P., at the

same time as Atriplex confertifolia. But while Atriplex persists at

the site to this day, Encelia is found only at higher elevations or

in disturbed habitats. Creosote bush, the current dominant at the

site, was not present during the early Holocene (Fig. 7).

Middens from the low desert mountains ( 2200 m elevation) to

the east of the Amargosa Desert show that Juniperus osteosperma

occurred as low as 1100 m as late as ca. 7800 yr B.P. (Fig. 3; Wells

and Berger, 1967). Early Holocene woodland at intermediate

elevations (1420 - 2100 m) in the Sheep Range differed from that of

the full glacial (Spaulding, 1981). At the Willow Wash-4 site (WW-4;
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1580 m elev.), full-glacial associates of juniper included steppe

shrubs and the montane species Jamenia americans (WW-4C(2); Fig. 8).

By ca. 9800 yr B.P. steppe shrubs were reduced, but Pinus monophylla

and shrubs typical of nearby woodland and mesic desertscrub were

common (Fig. 8).

While the lower edge of pygmy conifer woodland retreated

upslope, subalpine conifer woodland was also withdrawing to higher

elevations. At the ER-2 site (1810 m elev.), Pinus monophylla and

Juniperus osteosperma replaced Pinus flexilis and steppe shrubs

between ca. 13,200 and 11,700 yr B.P. Pinyon and juniper continue to

be abundant in the modern control (ER-4), but there were important

differences in associates at the end of the last glacial age. Among

other vegetation changes that occurred after ca. 10,600 yr B.P.,

Opuntia cf. polyacantha declined and Atriplex canescens assumed its

current importance at the site (Fig. 5).

VEGETATION DYNAMICS AND CLIMATIC CHANGE

Vegetation stability is the tendency for a plant community to

persist without change, and that stability can be evidence for

either a stable environment or for inertia. Inertia is the ability

of a vegetation system to maintain stability by resisting

displacement in structure or function when subjected to a disturbing

force (Westman, 1978; see also Cole, 1985). Inertia can be

considered as one type of biotic "response modifier" (Ritchie,

1986). Migrational lag, the delay between the initiation of a
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species' migration and its arrival at a given site, is another

biotic response modifier separate from inertia (Ritchie, 1986). Webb

(1988) points out that such biotic factors can be viewed as

"frictional" forces that would slow the response of vegetation to

climatic change.

Different scales of resolution offer varying perspectives on

vegetation response to climatic change. Prentice (1986) suggests

that the primary controls on vegetation dynamics shift from abiotic

to biotic as scales diminish and resolution increases. If this is

true, then regional vegetation changes in the southeastern Great

Basin might appear largely consistent with the paleohydrologic

record of climatic change. It also follows that site-specific fossil

records would allow better assessment of the role of biotic response

modifiers.

Regional Vegetation Patterns

The paleohydrologic record suggests that vegetation change could

have been pronounced during three periods: (1) ca. 18,000 to 15,000

yr B.P., (2) ca. 12,000 to 11,000 yr B.P., and (3) ca. 10,000 to

8,000 yr B.P. (Fig. 2). However, the only response evident in the

regional record is the withdrawal of woodland to higher elevations

after ca. 12,000 yr B.P. (Fig. 3). Enhanced aridity may have caused

an upward retreat of the lower limit of pygmy conifer woodland by

ca. 15,000 yr B.P., and increased effective moisture may have halted

or reversed that retreat by ca. 11,500 yr B.P. Unfortunately, this
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network of sites has insufficient spatial and temporal coverage to

reliably test this possibility (Fig. 3). However, the robust

response of lake levels and spring discharge to

the latest Wisconsin and early Holocene pluvial episode (Fig. 2)

begs the question: Why have contemporaneous paleoecological data

been interpreted as indicating increased aridity at this time (e.g.

Van Devender et al., 1987)?

Paleohydrologic evidence for increased effective moisture

between ca. 12,000 and 9000 yr B.P. (Fig. 2) is accompanied by

floristic evidence for increasing temperatures and increasing

monsoonal (summer half-year) rainfall, a climate quite different

from that which typified the Late Wisconsin (Cole, 1985; Spaulding

and Graumlich, 1986). Establishment of pygmy conifer woodland at

Eleana Range-2 was the vegetation response to this climatic change

at one site (Fig. 5). Species abundant prior to ca. 11,700 yr B.P.

are adapted to regions typified by frigid winters and summer drought

(Beatley, 1975; Spaulding et al., 1984). They persisted under

conditions of increased aridity after the end of the full glacial,

and then gave way as Searles Lake refilled (Figs. 2, 5).

The Las Vegas Valley record idicates that effective moisture was

lower during this second, latest Wisconsin-early Holocene pluvial

episode, while the contemporaneous record from Searles Lake (Fig. 2)

indicates that the wettest episodes were perhaps too brief to allow

strong vegetation response. Intermittent monsoons (or tropical

storms) and increased temperatures may account for evidence of

desiccation in the lowlands (Mehringer, 1967) while nearby springs,
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dependent on recharge in the highlands (Winograd and Thordarson,

1975), remained active (Quade, 1986). That there was no marked

change toward more mesic vegetation at this time suggests that

hydrologic and vegetation systems can respond to different

components of the same climatic change.

Woodland persisted millennia longer at higher elevations than in

the Amargosa Desert, consistent with Wright's (1984) observation

that a species within its optimum range (in this case, juniper at

higher elevations) may not respond immediately to climatic change.

However, other alterations in local plant communities occurred that

were not associated with retreating or advancing ecotones. This is

because ecotones are usually defined by the limits of a few notable

species (such as juniper) that were undergoing changes only at the

limits of their range. The nature of these alterations appears to

have differed strongly among different vegetation types.

Local Vegetation Changes

The woodland that existed at the Eleana Range-2 site during the

last two millennia of the Late Wisconsin bore some resemblance to

modern pinyon-juniper woodland, but contemporaneous records of scrub

vegetation at lower elevations (e.g. Skeleton Hills-2, Point of

Rocks-3) did not resemble present thermophilous desertscrub (Figs.

4, 5, 7). Different rates of "modernization" at sites from different

elevations can be seen by comparing vegetation change at the ER-2

and PR-3 sites using Sorensen's (1948) index of similarity (IS). The
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first curves for each site (Fig. 9A, C) show deviations from

full-glacial conditions by comparing each macrofossil assemblage to

the oldest assemblage at that site. The second set (Fig. 9B, D)

shows trends

toward modern vegetation conditions by comparing each assemblage

with the modern midden from the site.

At 1800 m elevation the Eleana Range-2 record shows major change

beginning by ca. 14,000 yr B.P. (Figs. 5, 9B) but, at 930 m

elevation, the PR-3 record shows little trend toward modernization

by ca. 10,000 yr B.P. (Fig. 9C, D). There is deviation from

full-glacial conditions (Figs. 4, 9C), but not to the degree shown

by the youngest ER-2 samples (Fig. 9A). The regional effect of this

differential development can be seen by arraying IS coefficients on

an elevational gradient. Comparisons of full-glacial macrofossil

assemblages with modern vegetation records show little change over

more than 1000 m of elevation (Fig. 10A). But, by ca. 10,000 yr

B.P., rapid modernization of woodland is seen in high IS values for

assemblages above 1800 m elevation (Fig. 10B). These elevational

differences in vegetation change can be better understood by

examining the dynamics of local vegetation alteration.

Figure 11 shows species richness values, first occurrences

(arrivals), and last occurrences (departures) of tree, shrub, and

succulent species at ER-2 (criteria follow Cole, 1985). Arrivals of

plants that subsequently went locally extinct (transients) are also

noted. Because sample size affects observed diversity in midden

assemblages (Spaulding et al., 1989), species richness values are

-16-



presented both as the number of tree, shrub, and succulent taxa

(Nts), and as values adjusted for sample size (Nts/NISP-DT x 1000).

While not completely removing the influence of varying sample size,

the resultant coefficients provide useful contrast with raw Nts

values.

Arrivals exceed departures for most of the Eleana Range-2 record

(Fig. 11). Nts also increases with time, although values adjusted

for sample size cast doubt on the trend's validity. Recorded

departures exceed arrivals only when the youngest ER-2 assemblage

and the modern midden are compared (Fig. 11). These results suggest

vegetation instability after ca. 16,000 yr B.P., with new species

appearing at a rate that consistently exceeded apparent local

extinctions. The influx of arrivals was highest between 13,200 and

11,700 yr B.P., when pygmy conifer woodland replaced Pinus flexilis

and steppe shrubs (Figs. 5, 11).

The cause of slow modernization at lower elevations can be seen

in rates of arrivals and departures at Point of Rocks-3 and Skeleton

Hills-2 (sites of similar habitat and elevation). With two

exceptions at the beginning of each time series, departures

consistently exceeded or equaled arrivals (Fig. 12). And, at the

time of greatest vegetation change at PR-3 (ca. 12,700 to 10,000 yr

B.P.; Figs. 4, 12), all arrivals were transients. Thus, the stocking

of local desertscrub with "modern" species had not proceeded far by

the close of the Wisconsin. Modernization appears to have begun

between ca. 10,000 and 9000 yr B.P. with the arrival of 6 taxa at

the Sk-2 site, only one a transient (Fig. 12).
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Explanations of Differential Development

Two types of vegetation instability are identified here; one

where arrivals dominate the fossil record, and the other where

departures exceed arrivals. Although neither case proves that

vegetation was in disequilibrium with climate, they do invite that

thought. It is interesting that, in the time intervals sampled and

at the sites examined, there appears to be no tendency for the

number of arrivals to balance the number of departures.

Differences in the pace of local extinctions and immigrations

could be due to either vegetation inertia and(or) migrational lag.

Using the packrat midden record from the Grand Canyon (Fig. 1), Cole

(1985) found evidence for inertia in an excess number departures

versus arrivals between ca. 18,000 and 10,000 yr B.P., followed by

an excess of arrivals relative to departures between ca. 10,000 and

8,000 yr B.P. The records discussed here do not consistently conform

to this pattern. Arrival-dominated instability at Eleana Range-2

site suggests little resistance to immigration. However, scales of

analysis differ. Cole's (1985) data encompassed the entire Grand

Canyon while site-specific records are treated here.

Another explanation for differences between arrival- and

departure-dominated instability involves highly variable distances

to the nearest full-glacial "refugia" for colonizing species. During

the Late Wisconsin, many woodland plant species persisted at lower

elevations in the southeastern Great Basin (Wells, 1983; Spaulding,

1985). With latest Wisconsin climatic change, these quickly spread

-18-



to higher elevation sites such as ER-2. But few, if any,

thermophiles survived in this area (Spaulding, 1985) and glacial-age

refugia for warm-desert plant taxa lay south of 34° N Lat. (Fig. 1;

Cole, 1986; Van Devender et al., 1987). Their migration to the study

area involved dispersal over hundreds of kilometers, in contrast to

a few tens of kilometers for many woodland species. Thus, slow

modernization of desertscrub, relative to woodland, may have been

due to migrational lag. It seems possible that present warm-desert

sites may have been "undersaturated" relative to their potential to

support thermophiles during the latest Wisconsin and early Holocene.

The importance of transients at the Point of Rocks-3 and Skeleton

Hills-2 sites may be related to this (Fig. 14).

Delay in the arrival of warm-desert species also could have been

due to a climatic regime not favorable for their dispersal or

establishment. Although latest Wisconsin and early Holocene climatic

change led to warmer annual temperatures, model simulations suggest

a more rapid increase in summer than winter temperatures (Kutzbach

and Guetter, 1986; COHMAP, 1988). While woodland trees may have

found their thermal requirements met near their current lower

limits, frost-sensitive species still may have been excluded from

the valleys by low winter temperatures. If this scenario applied,

then species least tolerant of low winter temperatures would have

arrived last, and the most frost hardy would have arrived first.

While this may have been an important factor during the latest

Wisconsin, the Skeleton Hills-2 record suggests that this was not

the case during the early Holocene. Peuacephyllum schottii and
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Ambrosia dumosa arrived by ca. 9000 yr B.P. but Larrea divaricata

was still absent at ca. 8400 yr B.P. (Fig. 7). The former two shrubs

are restricted to lower-elevation and warmer habitats than creosote

bush (Beatley, 1975; 1976; Spaulding, unpub.) and should have

arrived after Larrea if low winter temperatures inhibited their

northward dispersal. Their earlier arrival is consistent with the

idea that temperature did not limit the migration of thermophiles

during the early Holocene.

CONCLUSIONS

Results of this study suggest that arid-lands vegetation may

possess variable sensitivity to different climatic changes.

Paleohydrologic records show a major decline in effective moisture

by ca. 15,000 yr B.P., but there is a lack of evidence for a major

vegetation response at the formation level. Although there was no

widespread retreat of woodlands, changes in inferred secondary

components of local plant communities are evident. This vegetation

instability is characterized by a disproportionate number of

arrivals at a high elevation site (Eleana Range-2) and by an excess

of departures at a low elevation site (Point of Rocks-3). The

differences between arrival- and departure-dominated instability may

be due to the constraints imposed by greatly different migrational

distances, rather than by vegetation inertia or direct climatic

control. Time needed for species immigration increases with distance

from full-glacial refugia (Prentice, 1986), and this alone can
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account for different rates of vegetation development. Of course,

migrational rates themselves may be slowed by the interactions

involved in dispersal into occupied habitat, another phenomenon

associated with inertia (Cole, 1985; Ritchie, 1986).

It appears that migrational lag may have left latest Wisconsin

and early Holocene vegetation in disequilibrium with climate. The

importance of transient species in local vegetation at this time may

be due to consequent reduced competition. Subsequent extinctions of

some transient species populations during the early and middle

Holocene may have been caused by a reduction of their realized

niches (Bennett, 1988) as desert thermophiles immigrated to the

southeastern Great Basin. This does not rule out the possible role

of climate in producing the phenomena observed here, but points to

the likely importance of biotic factors. Whatever the proximal

causes, plant community changes across the Wisconsin-Holocene

boundary did not describe unidirectional trends toward modern

vegetation conditions. If vegetation development had been

unidirectional (Van Devender et al., 1987), transients would not

have occurred in the fossil records. Latest Wisconsin and early

Holocene plant community alteration is better explained as the

collective effects of individualistic responses modified by biotic

factors (Ritchie, 1986; Webb, 1988), to asynchronous shifts in

seasonal precipitation and temperature regimes (Kutzbach and

Guetter, 1986).

While paleohydrologic records indicate increased effective

moisture between 12,000 and 11,000 yr B.P., the paleoecological data
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suggest no corresponding change in vegetation. The possibility

exists, therefore, that vegetation and hydrologic systems may

respond to different components of the same climatic change.

Increased temperatures and intermittent rainfall during the latest

Wisconsin and early Holocene pluvial episode may have resulted in

decreased plant-effective moisture, despite the fact that runoff

and recharge were sufficient to fill Searles Lake and activate the

Las Vegas Valley springs. This assumes that the paleohydrologic

reconstructions used for comparative purposes in this study are

essentially accurate. Significant revision is unlikely because they

are based on the results of intensive, independent studies, and

correlate well across this single bioclimatic region. In any event,

revision of the paleohydrologic record would not affect the central

findings concerning the dynamics of vegetation change; it would

lead to a clarification of the causes.
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Table 1. Plant names and botanical synonyms. Nomenclature follows

Holmgren and Reveal (1966) with exceptions after Beatley (1976)

and Cronquist et al. (1972). Ecological affinities follow the

studies of Beatley (1976) and Spaulding (1981).

Trees and arborescent shrubs:

Abies concolor (white fir)

Cernocarpus ledifolius (curl-leaf mountain mahogany)

Cowania mexicana (cliff-rose)

Fraxinus anomala (single-leaf ash)

Juniperus osteosperma (Utah juniper)

Pinus flexilis (limber pine)

P. longaeva (Intermoutain bristlecone pine)

P. monophylla (pinyon)

P . ponderosa (ponderosa pine)

Yucca brevifolia (Joshua-tree)

Shrubs of mesic pinyon-juniper woodland, subalpine

woodland, or montane forest:

Chamaebatiaria millefolium (fern-bush)

Jamesia americana (jamesia)

Lupinus argenteus (silvery lupine)

Petrophytum caespitosum (rock spirea)

Symphoricarpos parishii (snowberry)

Steppe (Great Basin Desert) shrubs:

Artemisia nova (black sagebrush)

Artemisia tridentata (big sagebrush)

Atriplex confertifolia (shadscale)

Chrysothamnus nauseosus (rubber rabbitbrush)

Chrysothamnus viscidiflorus (viscid rabbitbrush)

Tetradymia canescens (horsebrush)



Table 1 (continued)

Shrubs and succulents of temperate desertscrub, xeric

woodland, or chaparral:

Atripex canescens (four-wing saltbush)

Ceratoides lanata (winter-fat)

Cercocarpus intricatus (little-leaf mountain mahogany)

Coleogyne ramosissima (blackbrush)

Ephedra viridis (joint-fir)

Fallugia paradoxa (Apache plume)

Fendlerella utahensis (cliff-bush)

Forsellesia nevadensis (grease-bush)

Gutierrezia microcephala (matchweed)

Haplopappus nanus (dwarf goldenweed)

Opuntia polyacantha (plains prickly-pear)

Prunus fasciculata (desert almond)

Purshia tridentata (bitterbrush)

Salvia dorrii (paddle-leaf sage)

Symphoricarpos longiflorus (snowberry)

Tetradymia axillaris (horsebrush)

Yucca brevifolia (Joshua-tree)

Thermophilous desert shrubs and subahrubs:

Ambrosia dumosa (white bursage)

Eucnide urens (rock nettle)

Larrea divaricata (creosote bush)

Peucephyllum schottii (desert spruce

Tidestromia oblongifolia (tidestromia)

Other desert shrubs and subshrubs

Acamptopappus spp. (goldenhead)

Amphipappus fremontii (chaff-bush)

Atripex canescens (four-wing saltbush)

Buddleja utahensis (ball-flower)

Coleogyne ramosissima (blackbrush)

Encelia virginensis (rayless brittlebush)

Ephedra nevadensis (Mormon-tea)

Grayia spinosa (hop-sage)



Table 1 (continued)

Other desert shrubs and subshrubs (continued)

Gutierrezia microcephala (matchweed)

G. sarothrae (snake-weed)

Lycium spp. (boxthorn)

Menodora spinescens (desert-thorn)

Mortonia utahensis (tick-weed)

Nicotiana trigonophylla (Indian tobacco)

Scopulophila rixfordii (rock matchweed; prostrate petrophyte)

Sphaeralcea ambigua (globe mallow)

Prunus fasciculata (desert almond)

Thamnosma montana (desert rue)

Succulents and grasses:

Agave utahensis (Utah agave)

Agropyron sp. (wheat grass)

Erioneuron pulchellum (fluff-grass)

Opuntia basilaris (beavertail prickly-pear)

Q. polvacantha (plains prickly-pear)

Orvzopsis hymenoides (Indian rice-grass)

Yucca brevifolia (Joshua-tree)



Appendix 1. Packrat midden sites and samples cited in this report or used to construct Figures 4 or 12. Abbreviations are: DSCB, desertscrub (including
"semidesert" and "steppe"; n.a., not available; P WDLD, pygmy conifer woodland; S WDLD, subalpine conifer woodland; FRST, fir-pine forest

Area (reference)
Death Valley

(Wells and Woodcock, 1985)
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Appendix 1 (continued)



Appendix 1 (continued)

NOTES
a. Weighted average (Long and Rippeteau, 1974) of A-2395 and A-2396
b. Weighted average of B-9172 and B-9173
c. Weighted average of B-9165 and B-9166
d. Original reference: Mehringer and Warren (1976)
e. Weighted average of USGS-994, USGS-1063, UW-637, and UW-638
f. Weighted average of USGS-885 and USGS-886
g. Weighted average of USGS-890 and USGS-1069



Figure Captions

Figure 1.

Figure 2.

Figure 3.

The southern Great Basin and vicinity, with sites

mentioned in the text. Boundaries are after Brown and

Lowe (1980; Sonoran/Mojave Desert), Cronquist et al.

(1972; Mojave Desert/Great Basin Desert), and Smith and

Street-Perrott (1983; Great Basin hydrographic boundary).

Abbreviations are: ER, Eleana Range; GC, western Grand

Canyon; LC, Last Chance Range; LV, Las Vegas Valley; PR,

Point of Rocks; SK, Skeleton Hills; WW, Willow Wash.

Comparison of paleohydrologic records from Searles Lake

(adapted from Smith, 1979, pers. comm. 1983; Smith and

Street-Perrott, 1983) and the chronology of spring

discharge and soil development in the Las Vegas Valley

(adapted from Quade, 1986, pers. comm., 1987).

Late Wisconsin and Holocene plant macrofossil records from

calcareous soils in the southeastern Great Basin. The

column to the right shows the modern vegetation zonation

for the Sheep Range of southern Nevada. Sites below 1100m

elevation are from the Amargosa Desert (Fig. 1).

Vegetation formations are: A, desertscrub; B,

woodland/desertscrub mosaic; C, pygmy conifer woodland;

D, subalpine conifer woodland. Samples with a letter

designation are discussed in more detail in the text:

LCR, Last Chance Range; PR, Point of Rocks; Sk, Skeleton

Hills; WW, Willow Wash. Sites, samples, and references

are listed in Appendix 1.



Figure 4. Relative abundance of selected plant taxa in samples

recovered from the Point of Rocks-3 packrat midden, 930 m

elevation, Amargosa Desert. Woodland species are

Juniperus osteosperma, Petrophytum caespitosum, and Pinus

monophylla. Note changes in scale.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Relative abundance of selected plant taxa in macrofossil

assemblages from the Eleana Range-2 site, at 1810 m

elevation. The modern control sample was located 3 m from

ER-2. Note changes in scale.

Macrofossil assemblages from the Last Chance Range-1

midden, from 960 m elevation on the southern periphery of

the Amargosa Desert. Note changes in scale.

Relative abundance of selected plant taxa in macrofossil

assemblages from the Skeleton Hills-2 midden, at 940 m

elevation in the Amargosa Desert. The modern control

sample was located 6 m from Sk-2. Note changes in scale.

Comparison of macrofossil assemblages from the Willow

Wash-4 site, at 1585 m elevation in the southern Sheep

Range. Juniper woodland occurred at this site throughout

the Late Wisconsin and early Holocene, but significant

changes took place in secondary components of the

vegetation. Note changes in scale.



Figure 9.

Figure 10.

Figure 11.

Figure 12.

Trends in Sorensen's (1948) similarity indices for two

site-specific series of macrofossil assemblages. For each

site the top curves reflect similarity with the oldest

assemblage from that site [A, ER-2(10); C, PR-3(2)2], and

the bottom curves (B, D) reflect similarity with the

modern midden assemblage from that site. Means and

standard deviations are derived from similarity indices

for (A) the 5 oldest assemblages excluding ER-2(10), (B)

the 6 oldest from the ER-2 site, (C) the 4 oldest

assemblages excluding PR-3(2)2, (D) the 5 oldest from the

PR-3 site.

Indices of similarity between Late Holocene or modern

vegetation records and macrofossil assemblages from the

same sites, arrayed against elevation of the sites.

Species richness, departures, and arrivals recorded in

midden samples from the Eleana Range-2 site. Nts, number

of tree, shrub, and succulent taxa. Analytic methods

follow Cole (1985).

Species richness, departures, and arrivals recorded in

midden samples from the Point of Rocks-3 (PR-3) and

Skeleton Hills-2 (Sk-2) sites. Nts, number of tree,

shrub, and succulent taxa. Analytic methods follow Cole

(1985).
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ABSTRACT

Plant macrofossil assemblages from packrat middens provide

information on vegetation changes in the southeastern Great Basin

while paleohydrologic reconstructions yield independent chronologies

of changes in effective moisture. Desiccation between ca. 18,500 and

15,000 yr B.P. did not appear to force widespread change in

vegetation formations, but local changes in inferred secondary shrub

species are seen at many sites. The disequilibrium vegetation

conditions that appear to have been initiated were characterized by a

disproportionate number of plant species' arrivals at sites presently

near the lower woodland boundary, and a disproportionate number of

departures from desert sites. The dynamics and pace of

"modernization" appear to have differed strongly between zones, and

this difference can be accounted for by variable dispersal distances.

The paleohydrologic record of increased effective moisture between

ca. 12,000 and 9,000 yr B.P. is contemporaneous with evidence for

widespread vegetation change. Increased summer precipitation likely

had as much impact on vegetation as enhanced aridity due to a warmer

thermal regime. There is no strong evidence for a shift to more

mesophytic vegetation during this second pluvial episode, suggesting

that hydrologic systems and vegetation can respond to different

components of the same climatic change.
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INTRODUCTION

Despite a growing number of paleoecological studies in the

southwestern United States (see reviews by Baker, 1983; Hall, 1985;

Spaulding et al 1983; Van Devender et al., 1987) current models of

late Quaternary climate and vegetation change contain some

uncertainties. Topics of some debate addressed here are climatic

variability and timing of climatic changes during the Late Wisconsin

and early Holocene, and processes of vegetation response. Plant

macrofossil assemblages from radiocarbon-dated packrat (Neotoma spp.;

also called woodrat) middens in the southeastern Great Basin are used

to reconstruct past vegetation. Studies of pluvial lake and artesian

spring deposits in the region yield an independent record of changes

in effective moisture that are compared to the paleoecological data.

Regional Vegetation

Regional vegetation studies that provide a background to these

analyses have been completed by Beatley (1.976) Bradley and Deacon

(1967) and Spaulding (1981, 1985; see Table 1 for plant species' names

used here). Plant communities of the floristic Mojave Desert occupy

most of the southeastern Great Basin, south of lat. 37°30' N (Fig. 1).

Throughout the area thermophilous desertscrub typified by Larrea

divaricata and Ambrosia dumosa occurs below ca. 1000 m elevation.

Between ca. 1000 and 1800 m temperate desertscrub occurs, supporting
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vegetation characterized variously by Coleogyne ramosissima, Yucca

brevifolia, Menodora spinescens, Lynium spp., and Haplopappus spp.

Great Basin desertscrub, or steppe, is important north of ca. 37 N.

lat. Occasionally zoned between temperate desertscrub and pygmy

conifer (Pinus monophylla and/or Juniperus osteosperma) woodland,

these plant communities are dominated by differing combinations of

Atriplex confertifolia, Artamisia tridentata, A. nova, Tetradymia

spp., and Chrysothamnus spp. Pygmy conifer woodland gives way to

montane fir-pine (Abies concolor-Pinus ponderosa) forest above ca.

2200 m. The Spring and Sheep Ranges support subalpine woodland above

ca. 2700 m elevation. Pinus longaeva is the usual dominant and P.

flexilis is but rare. Artemisia nova scrub and interior chaparral

typified by Carcocarpus intricatus and Forsellesia nevadensis are

common vegetation types on south aspects and windswept plateaus and

ridges above ca. 2000 m.

Chronological Framework and Pluvial Epidodes

Regional time-stratigraphic boundaries are used to distinguish

portions of Late Quaternary time, and I accept 10,000 yr B.P. as the

Pleistocene-Holocene boundary, synonymous with the Late

Wisconsin-Holocene boundary. The period between 23,000 and 10,000 yr

B.P. encompasses the Late Wisconsin in the southern Great Basin

(Spaulding, 1985). For the purpose of this paper, the full glacial

(Wisconsin maximum) refers to the period from 20,000 to 16,000 yr

B.P., and the early Holocene encompasses 10,000 to 8000 yr B.P. The
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"latest Wisconsin" is an informal term applied to the period 15,000 to

10,000 yr B.P.

As used here, the term "pluvial" refers to a period of increased

effective moisture when Searles Lake (Fig. 1) was near or at its

maximum level (Smith and Street-Perrott, 1983). Comparison of this

record with that of spring discharge in the Las Vegas Valley (Quade,

1986) indicates synchroneity of Late Wisconsin pluvial episodes across

the southern Great Basin (Figs. 1, 2). These paleohydrologic records

provide the basis for inferring the chronology of regional changes in

effective moisture, and provide an independent control to compare with

recorded vegetation changes.

Vegetation Reconstruction

Packrat middens often contain more than 10,000 identifiable plant

macrofossils per kg of unprocessed midden (Spaulding et al., 1989;

analytic methods follow Spaulding; 1985). Macrofossil frequencies for

a few samples are expressed in terms of estimated relative abundance.

For most, macrofossil frequencies are expressed as percent values of

NISP (number of identified specimens) or NISP-DT (DT = the number of

macrofossils of the most abundant taxon). For the Eleana Range-2

midden, the abundance of arboreal taxa is expressed as weight/weight

ratios ([g macrofossils / kg of processed midden sample] x 1000). Site

locations, radiocarbon dates, and references are listed in Appendix 1.

Control of spatial scale is critical in describing vegetation

change (Maarel, 1988), and for these analyses, a radius of 30 m from
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the midden site is assumed to encompass the foraging activities of

Neotoma. Plant taxa common to abundant in midden assemblages are used

to characterize paleovegetation to the formation level (e.g.,

desertscrub, woodland, forest). Regional vegetation is reconstructed

on the basis of similarities and differences between the macrofossil

content of assemblages from a variety of sites.

Bias in Neotoma foraging activities (Dial and Czaplewski, 1989;

Vaughn, 1989) may affect some reconstructions. In some cases isolated

trees near midden sites may lead to the inference of woodland when

desertscrub prevailed. With a large data base this hazard is minimized

to the extent that replicable species assemblages are often used to

reconstruct past vegetation zones on mountainside gradients (e.g.,

Betancourt, 1984; Cole, 1982). Hall (1988) suggests that the use of

macrofossil assemblages from packrat middens in vegetation

reconstruction may be "unsound," but bases this conclusion on

palynological data that has significant uncontrolled variables

affecting relative representation of pollen types and source-area

definition (see Fall, 1987). Because midden assemblages do provide

local information on vegetation conditions (Hall, 1988), tight

definition of source-area is possible, a strength in paleoecological

reconstruction.

FULL-GLACIAL VEGETATION

Selected fossil records are discussed in the context of the

altitudinal distribution of full-glacial vegetation, from
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low-elevation desertscrub to woodland dominated by subalpine conifers.

Particular attention is given to those assemblages that may cast light

on plant community changes during the Late Wisconsin.

Desertscrub

Low elevation (790 to 1010 m) midden sites on the small mountains

and inselbergs of the Amargosa Desert, east of Death Valley (Fig. 1),

record vegetation on Paleozoic carbonate rock (Spaulding, 1985; Table

1). Among these, the Point of Rocks-3 (PR-3) midden offers a record of

full-glacial desertscrub spanning the last ca. 7500 yr of the Late

Wisconsin. Located on a south-west facing slope at 930 m elevation,

the site presently supports thermophilous desertscrub dominated by

Ambrosia dumosa and Gutierrezia microcephala, with scattered Larrea

divaricata, Peucephyllum schottii and Amphipappus fremontii.

The oldest PR-3 midden assemblages have overlapping radiocarbon

ages ranging from 17,530 ± 200 to 17,000 ± 270 yr B.P. Macrofossils of

steppe shrubs account for 43% to 53% of NISP in these samples (Fig.

3). Symphoricarpos sp., a shrub typical of higher elevation (1500-2000

m) scrub and xeric woodland (Beatley, 1976), is also common. The

dominance of shrub macrofossils, and scarcity of woodland obligates

(Juniperus, Pinus, and Petrophytum caespitosum; Fig. 3) indicate scrub

vegetation rather than woodland.

This site, and another from a similar latitude but lower elevation

in Death Valley (Fig. 1; Wells and Woodcock, 1985), are important

because they suggest full-glacial vegetation lacking trees. All other

-6-



macrofossil records of scrub vegetation from the Southwest are younger

than 13,000 yr B.P. (e.g., Cole, 1986), and it is possible that

woodland could have occupied those areas earlier during the Late

Wisconsin. It is also possible that woodland occurred at the PR-3 site

before 17,500 yr B.P. (Fig. 3).

Pygmy Conifer Woodland

Throughout the southeastern Great Basin, full-glacial midden

records between ca. 1000 and 1800 m elevation reveal pygmy conifer

woodland typified by Juniperus osteosperma (Wells, 1983; Spaulding,

1985). Pinus monnphylla is infrequent (Fig. 4) and when it is found in

quantity it suggests increased effective moisture relative to

assemblages dominated by juniper alone. Such a record comes from the

Specter Range-2 site (Spc-2) at 1190 m elevation on Paleozoic

dolomite. Today desertscrub at the locality is dominated by shadscale

but, at ca. 18,800 yr B.P. (Table 1), this north-facing site supported

mesic woodland with shrubs such as Symphoricarpos sp. and Fendlerella

utahtenais; Fig. 5; Spaulding, 1985).

The Spc-2 record is contrasted with the Fortymile Canyon-8

assemblage (FMC-8), from ca. 1240 m elevation on North Yucca Mountain

(Figs. 1, 5). FMC-8 also faces north but it is a more mesic site than

Spc-2 due to the edaphic effect of the local tuffaceous substrate.

Consequently the present vegetation is dominated by the rosaceous

shrub Coleogyne ramosissima while the chenopod Atriplex confertifolia

dominates the vegetation at the Spc-2 site. However, at ca. 18,500 yr
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B.P. the vegetation appears to have been more xeric compared to the

Spc-2(2) assemblage. No Pinus monophylla occurs in FMC-8, and

heliophytic shrubs (Artemisia subgen. Tridentatae, Chrysothamnus

viscidaflorus, and Grayia spinosa) are well-represented (Fig. 5).

Contrast between Spc-2(2) and FMC-8 appears to indicate increasing

aridity after ca. 18,800 yr B.P.

Fraxinus anomala in the FMC-8 midden (Fig. 5) represents an

important biogeographic record. It has not been found today in either

the Funeral Range or on North Yucca Mountain (Annable, 1985; Beatley,

1976). Currently widespread on the Colorado Plateau east of the Grand

Canyon (Fig. 1), it survives in the Mojave Desert in but a few

mountain ranges (Little, 1976). The spread of single-leaf ash into the

Grand Canyon during the Wisconsin (Phillips, 1977; Mead and Phillips,

1981) was accompanied by its expansion into the southern Great Basin,

as suggested by both FMC-8 and by an 11,600 yr B.P. record from the

Funeral Range (Fig. 1; Wells and Berger, 1967).

Subalpine Conifer Woodland

A zone of fir-pine forest presently separates pygmy conifer and

subalpine conifer woodland, but this was not the case during the Late

Wisconsin (Fig. 4; Spaulding et al., 1983). Without this intervening

zone, pygmy conifer woodland graded directly into subalpine conifer

woodland. On calcareous soils of the Sheep Range (Fig. 1), the

full-glacial ecotone between pygmy conifer and subalpine woodland lay

near 1800 m elevation, approximately the same elevation as the current
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desertscrub-woodland ecotone (Fig. 4). Assemblages from the Eyrie-5

midden (Ey-5; 1860 m elev.), show strong contrast between Middle

Wisconsin and full-glacial vegetation. Dated at ca. 30,500 yr B.P.,

the Ey-5(2) assemblage is dominated by Juniperus osteosperma and

Opuntia cf. polyacantha while the Ey-5(3) assemblage, dated at 19,750

yr B.P., contains abundant Pinus flexilis (Fig. 6). Evidently a colder

Late Wisconsin climate led to the descent of subalpine conifer

woodland to this site. Nearby and somewhat higher, the Deadman-1

midden (Dm-1; 1910 m elev) show its later retreat; between ca. 17,400

yr B.P. and 16,800 yr B.P. Pinus flexilis and P. longaeva gave way to

juniper woodland (Fig. 6; Spaulding, 1981).

In contrast, the Eleana Range-2 (ER-2) midden, at 1810 m elevation

on soils derived from volcanic tuffs, shows no retreat of subalpine

woodland. ER-2 assemblages indicate open woodland characterized

by Pinus flexilis and steppe shrubs from 17,100 to 13,200 yr B.P.

(Fig. 7). But its composition was not stable. At ca. 16,000 yr B.P.

the woodland thermophiles Purshia tridentata and Haplopappus nanus

begin to increase, and Lupinus cf. argenteus declines by ca. 14,000 yr

B.P. (Fig. 7), all implying progressive change in secondary plant

community components. But major vegetation turnover was apparently

delayed until after 13,200 yr B.P., when pygmy conifers and cactus

replaced Pinius flexilis and steppe shrubs (Fig. 7; Spaulding, 1985).

LATEST-WISCONSIN AND EARLY-HOLOCENE VEGETATION

Expansion of desertscrub in the lowlands and upslope retreat of
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woodland were salient features of the late- and postglacial

development of desert vegetation (Van Devender et al., 1987; Wells,

1983) but details of this process remain poorly understood. Midden

records are often punctuated and no site-specific sequence encompasses

vegetation changes from maximum glacial to fully interglacial

conditions. However, a dense network of sites can be used to track the

approximate position of retreating woodland (Fig. 4).

The youngest midden assemblage dominated by juniper near the

Amargosa Desert is dated to 11,760 ± 90 yr B.P., and comes from the

Last Chance Range-1 site (LCR-1; 960 m elev.; Figs. 1, 4). Secondary

macrofossils in LCR-1(3) are common in desertscrub and chaparral (Fig.

8, Table 1; Beatley, 1976; Spaulding, 1981). The association suggests

either woodland (Van Devender et al., 1987), or scrub with but a few

junipers on the rocky slopes. Juniperus osteosperma is no longer

important in LCR-1(2), dated at ca. 9300 yr B.P. Instead, the

evergreen, sclerophylous shrub Mortonia utahensis is abundant. Other

plants common in current Mojave desertscrub appear in this sample,

such as Yucca brevifolia, Lyium spp., and Buddleja utahensis.

However, no thermophilous plant species appear (Fig. 8).

Skeleton Hills-2 (Sk-2; 940 m elev.; Fig. 1) is a xeric site

comparable to PR-3, and it provides midden records of desertscrub

spanning most of the early Holocene (Fig. 9). Mortonia utahensis is

abundant in all Sk-2 samples, although today it is restricted to

nearby mesic slopes. Extralocal components that are well-represented

in the oldest assemblages appear to decline by ca. 9200 yr B.P., and
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by ca. 8800 yr B.P. the local community had changed substantially

(Fig. 9). The new arrivals included Nicotiana trigonophylla,

Erioneuron pulchellum, Peucephyllum schottii, and Ambrosia dumosa.

Only Ambrosia retains importance in the modern control (Fig. 9).

Encelia virginensis appears in abundance at ca. 8200 yr B.P., at the

same time as Atriplex confertifolia. But while Atriplxe persists at

the site to this day, Encelia is found only at higher elevations or in

disturbed habitats. Creosote bush, currently the dominant at the site,

was not present during the early Holocene (Fig. 9).

Woodland lasted into the early Holocene in the low desert mountains

(• 2200 m elevation) to the east of the Amargosa Desert. Middens from

Mercury Ridge and the Ranger Mountains show that juniperus osteosperma

occurred as low as 1100 m as late as ca. 7800 yr B.P. (Figs. 1, 4;

Wells and Berger, 1967). Early Holocene woodland is well documented by,

middens from intermediate elevations (1420 - 2100 m) in the Sheep

Range, but it differed from that of the full glacial (Spaulding,

1981). At the Willow Wash-4 site (WW-4; 1580 m elev.) full-glacial

associates of juniper were steppe shrubs and woodland species

(WW-4C(2); Fig. 10). Steppe shrubs are sparsely represented in WW-4B,

dated to ca. 9800 yr B.P., which contains common Pinus monophylla and

shrubs typical of nearby woodland and mesic desertscrub (Fig. 10).

While the lower edge of pygmy conifer woodland retreated upslope,

subalpine conifer woodland was also withdrawing to higher elevations.

At the ER-2 site (1810 m elev.), Pinus monophylla and Juniperus

osteosperma replaced Pintus flexilis and steppe shrubs between ca.

13,200 and 11,700 yr B.P. Pinyon and juniper continue to be abundant
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in the modern control (ER-4), while there are important differences in

associates (Fig. 7). Among other vegetation changes that occurred

after ca. 10,600 yr B.P., Opuntia cf. polyacantha declined and

Atriplex canescens assumed its current importance at the site.

VEGETATION DYNAMICS AND CLIMATIC CHANGE

Different scales of resolution offer varying perspectives on

vegetation response to climatic change. The retreat of the pygmy

conifer woodland zone during the latest Wisconsin and early Holocene

(Fig. 4) shows attributes of vegetation change associated with larger

scale dynamics. Woodland persisted millennia longer at higher

elevations than in the Amargosa Desert, consistent with Wright's

(1984) observation that the response of a species within its optimum

range (in this case, juniper at higher elevations) to a climatic

change does not occur at the inception of that change. On a local

scale, alterations in the composition of woodland and desertscrub

occurred that were not associated with retreating or advancing

ecotones, but were forced by the same climatic changes. These

alterations did not proceed at the same pace at all sites, and these

differences affected the developmental character of different

vegetation types.

Differential Development

Latest Wisconsin woodland like that at the ER-2 site bore some

resemblance to modern woodland, but contemporaneous records of scrub
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vegetation at lower elevations (e.g. Sk-2, PR-3) bear little

resemblance to modern desertscrub. Different rates of "modernization"

at altitudinally separated sites can be seen by comparing vegetation

change at the ER-2 and PR-3 sites using Sorensen's (1948) index of

similarity (IS; methods follow Cole, 1985). The first curves (Fig.

11A, C) show deviations from full-glacial conditions by comparing each

assemblage to the oldest assemblage at that site. The second set (Fig.

11B, D) shows trends toward modern vegetation conditions by comparing

each assemblage with the modern midden from the site.

At 1800 m elevation the ER-2 record shows major change beginning by

ca. 14,000 yr B.P. (Fig. 11B) but, at 930 m elevation, the PR-3 record

shows little trend toward modernization by ca. 10,000 yr B.P. There is

deviation from full-glacial conditions (Figs. 3, 11C), but not to the

degree shown in the ER-2 sequence (Fig. 11A). The regional effect of

differential development can be seen by arraying IS coefficients on an

elevational gradient. Comparisons of full-glacial macrofossil

assemblages and modern vegetation records show little change over more

than 1000 m (Fig. 12A). But by ca. 10,000 yr B.P. rapid modernization

of woodland is seen in high IS values for assemblages above 1800 m

elevation (Fig. 12B). Differences in vegetation development at

different elevations can be better understood by examining the

individual components of vegetation change.

Figure 13 shows species richness values, first occurrences

(arrivals), and last occurrences (departures) of tree, shrub, and

succulent species at ER-2 (criteria follow Cole, 1985). Arrivals of

plants that subsequently went locally extinct (transients) are also
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noted. Because sample size affects observed diversity in midden

assemblages (Spaulding et al., 1989), species richness values are

presented both as the number of tree, shrub, and succulent taxa (Nts),

and as values adjusted for sample size (Nts/NISP-DT x 1000). While not

completely removing the influence of varying sample size, the

resultant coefficients provide useful contrast with raw Nts values.

Arrivals exceed departures for most of the ER-2 record (Fig. 13).

Nts also increases with time, although values adjusted for sample size

cast doubt on the trend's validity. Recorded departures exceed

arrivals only when the youngest ER-2 assemblage and the modern midden

are compared (Fig. 13). These results suggest vegetation instability

(disequilibrium) after ca. 16,000 yr B.P., with new species appearing

at a rate that consistently exceeded apparent local extinctions. The

influx of arrivals was highest between 13,200 and 11,700 yr B.P., when

pygmy conifer woodland replaced Pinus flexilis and steppe shrubs

(Figs. 7, 13).

The cause of slow modernization at lower elevations can be seen in

rates of arrivals and departures at PR-3 and Sk-2 (sites of similar

habitat and elevation). With two exceptions at the beginning of each

time series, departures consistently exceeded or equaled arrivals

(Fig. 14). And, at the time of greatest vegetation change at PR-3 (ca.

12,700 to 10,000 yr B.P.; Figs. 3, 14), all arrivals were transients.

Thus, the stocking of local desertscrub with "modern" species had not

proceeded far by the close of the Wisconsin. Modernization appears to

have begun between ca. 10,000 and 9000 yr B.P. with the arrival of 6
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Another explanation for differences between arrival- and departure-

dominated disequilibrium involves variable distances to the nearest

full-glacial "refugia" for colonizing species. During the Late

Wisconsin many plant species important in current woodland persisted

at lower elevations in the southeastern Great Basin (Wells, 1983;

Spaulding, 1985). With latest Wisconsin climatic change these quickly

spread to higher elevation sites such as ER-2. But few, if any,

thermophiles survived in this area (Spaulding, 1985) and glacial-age

refugia for warm-desert plant taxa lay south of 34 N Lat. (Fig. 1;

Cole, 1986; Van Devender e.t al., 1987). Their migration to the study

area involved dispersal over hundreds of kilometers, in contrast to a

few tens of kilometers for many woodland species. Thus, slow

modernization of desertscrub, relative to woodland, may have been due

to migrational lag, an extrinsic factor separate from vegetation

inertia. It seems possible that present warm-desert sites may have

been "undersaturated" relative to their potential to support

thermophiles during the latest Wisconsin and early Holocene. The

importance of transients at the PR-3 and Sk-2 sites may be related to

this (Fig. 14).

Delay in the arrival of warm-desert species also could have been

due to a climatic regime not favorable for their dispersal or

establishment. While latest Wisconsin and early Holocene climatic

change led to warmer annual temperatures, model simulations suggest a

more rapid increase in summer than winter temperatures (Kutzbach and

Wright, 1985; COHMAP, 1988). While woodland trees may have found their

thermal requirements met near their current lower limits,
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frost-sensitive species still may have been excluded from the valleys

by low winter temperatures. If this scenario applied, then species

least tolerant of low winter temperatures would have arrived last, and

the most frost hardy would have arrived first. The Sk-2 record

suggests that this was not the case during the early Holocene.

Peucephyllum schottii and Ambrosia dumosa arrived by ca. 9000 yr B.P.

but Larrea divaricata was still absent at ca. 8400 yr B.P. (Fig. 9).

The former two shrubs are restricted to warmer habitats than creosote

bush (Beatley, 1974) and should have arrived after Larrea if low

winter temperatures inhibited their northward dispersal. Their earlier

arrival suggests that temperature did not limit their migration during

the.early Holocene.

TIMING OF VEGETATION AND CLIMATIC CHANGE

The strong paleohydrologic evidence for desiccation at the end of

the full-glacial (Fig. 2) begs the question: Why are no vegetation

changes of comparable magnitude immediately evident in the macrofossil

record? The robust response of lake levels and spring discharge to the

latest Wisconsin pluvial episode (Fig. 2) provokes another question:

Why has contemporaneous paleoecological data been interpreted as

indicating increased aridity at this time (e.g. Van Devender et al.,

1987)?
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Desiccation At The Close of The Full Glacial

At Searles Lake a date of 18,800 ± 240 yr B.P. (Y-1214B) is

reported for the transition from high to low sedimentation rates in

the Late Wisconsin Parting Mud Unit (Stuiver, 1964), although the

actual fall in lake level is dated from ca. 16,000 to 15,000 yr B.P.

by Smith (1979; Smith and Street-Perrott, 1983; Fig. 2). Some isolated

middens (FMC-8, Dm-1) suggest increasing aridity between ca. 19,000

and 16,800 yr B.P. However, both the ER-2 and PR-3 time series start

between 17,000 and 17,500 yr B.P. and may postdate the initiation of

desiccation. A punctuated record may therefore contribute to the lack

of evidence for pronounced vegetation change accompanying this major

decline in effective moisture.

It may be that the lower woodland boundary did begin to withdraw at

ca. 16,000 yr B.P., but sample density is insufficient to record that

response (Fig.4). The Dm-1 midden, then, provides a fortuitous record

of the initial retreat of the lower limit of subalpine conifer

woodland on calcareous soil (Fig. 6). But while its lower limit may

have been retreating, there was no failure of pygmy conifer woodland

across a broad region in response to late-full glacial desiccation.

Juniperus ostosperma persisted throughout much of its Wisconsin

elevational range because these habitats still lay within its limits

of tolerance. Therefore it appears that hydrologic systems were more

sensitive to this climatic change than the vegetation. However,

vegetation disequilibrium during the last half of the Late Wisconsin

could have been triggered by this climatic event.
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The Latest Wisconsin and Early Holocene Pluvial Episode

The paleohydrologic record of increased effective moisture between

ca. 12,000 and 9000 yr B.P. (Fig. 2) is accompanied by floristic

evidence for increasing temperatures and increasing monsoonal (summer

half-year) rainfall, a climate quite different from that which

typified the Late Wisconsin (Cole, 1985; Spaulding and Graumlich,

1986). Establishment of pygmy conifer woodland at ER-2 was the

vegetation response to this climatic change at one site (Fig. 7).

Species abundant prior to ca. 11,700 yr B.P. are adapted to regions

typified by frigid winters and summer drought (Beatley, 1975;

Spaulding et al., 1984). They persisted under conditions of increased

aridity after the end of the full glacial, and then gave way as

Searles Lake refilled (Figs. 2, 7).

Both the Searles Lake and Las Vegas Valley records show that

effective moisture was lower during this second Late Wisconsin pluvial

episode (Fig. 2). While winter precipitation may have been greater

than today (Van Devender et al, 1987), increased temperatures and

summer rainfall are necessary to account for the floristic record

(Cole, 1985; Spaulding and Graumlich, 1986). Van Devender's (1987)

assertion that summer precipitation was unimporaint during this period

is perplexing, given the nature of his data from southern Arizona. The

appearance of such plants as the collumnar cactus Carnegia gigantea

before ca. 10,500 yr B.P. must be related to a strong deviation from

glacial-age winter precipitation seasonality. Carnagia is unique to

the monsoonal Sonoran Desert, where more than 40% of average annual
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precipitation occurs during the summer and autumn (Hasting and Turner,

1965; Hastings et al., 1971). Intermittent monsoons and increased

temperatures also would account for evidence of desiccation in the

lowlands (Mehringer, 1967) while nearby springs, dependent on recharge

in the highlands (Winograd and Thordarson, 1975), remained active

(Quade, 1986). That there was no marked change toward more mesic

vegetation at this time suggests that hydrologic and vegetation

systems can respond to different components of-the same climatic

change.

CONCLUSIONS

Results of this study support the idea that the primary controls on

vegetation dynamics shift from abiotic to biotic as scales diminish

and resolution increases (Prentice, 1986). For the paleoecological

record from the southeastern Great Basin, the interaction of climatic

forcing and biotic "response modifiers" (Ritchie, 1986) accounts for

many of the observed vegetation changes. Variable sensitivity of

vegetation to different climatic changes is also an important

consideration. Well-dated paleohydrologic records show a major decline

in effective moisture at the close of the full glacial. Lack of

abundant paleoecological evidence for increased aridity between ca.

18,500 and 16,000 yr B.P. may be due, in part, to a punctuated midden

record. However, the available data show no widespread change in

vegetation formations, but changes in inferred secondary components of

local plant communities. Disequilibrium vegetation conditions appear
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to have been caused by increased Late Wisconsin aridity, characterized

by a disproportionate number of arrivals in one case (ER-2) and by an

excess of departures in another (PR-3).

The differences between arrival-dominated and departure-dominated

disequilibrium may be due to the constraints imposed by greatly

different migrational distances, rather than by vegetation inertia

(Cole, 1985) or direct climatic control. Time needed for species

migration increases with distance from full-glacial refugia (Prentice,

1986), and this alone can account for different rates of vegetation

modernization (Fig. 12). Thus, it is possible that migrational lag

left vegetation in disequilibrium with latest Wisconsin and early

Holocene climate. The importance of transient species in local

vegetation at this time may be due to consequent reduced competition.

This does not rule out the possible role of climate in producing these

conditions, but points to the likely importance of biotic factors.

Evidence for vegetation stability during the last ca. 8000 yr of

the Late Wisconsin is found at the formation level only. But while

arboreal species persisted at most sites, irreversible changes in the

shrub component of local vegetation were occurring, a finding that

diverges from others (Van Devender et al., 1987). There is also no

evidence for a region-wide, pronounced vegetation change at 11,000 yr

B.P. Changes during the latest Wisconsin were time-transgressive

across the Wisconsin-Holocene boundary, and did not describe

unidirectional trends toward modern vegetation conditions. If

vegetation development had been unidirectional (Van Devender at al.,

1987), transients would not have occurred in the fossil records. Plant
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community alteration during the latest Wisconsin and early Holocene

is better explained as responses to the collective effects of

shifts in precipitation seasonality and an enhanced thermal regime,

modulated by biotic factors such as migrational lag. Increased

aridity in the context of a winter-precipitation regime (Van

Devender et al., 1987) conflicts strongly with both paleoecological

and paleohydrologic data.
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Table 1. Plant names and botanical synonyms. Nomenclature follows

Holmgren and Reveal (1966) with exceptions after Beatley (1976)

and Cronquist et al. (1972). Ecological affinities follow the

studies of Beatley (1976) and Spaulding (1981).

Trees and arborescent shrubs:

Abies concolor (white fir)

Cercocarpus ledfolius (curl-leaf mountain mahogany)

Cowania mexicana (cliff-rose)

Fraxinus anomala (single-leaf ash)

Juniperus osteosperma (Utah juniper)

Pinus flexilis (limber pine)

Pinus longaeva (Intermoutain bristlecone pine)

Pinus monophylla (pinyon)

Pinus ponderosa (ponderosa pine)

Yucca brevifolia (Joshua-tree)

Shrubs of mesic pinyon-juniper woodland, subalpine

woodland, or montane forest:

Chamaebatiaria millefolium (fern-bush)

Jamesia americana (jamesia)

Lupinus argenteus (silvery lupine)

Petraphytum caespitosum (rock spirea)

Symphoricarpos parishii (snowberry)

Steppe (Great Basin Desert) shrubs:

Artemisia nova (black sagebrush)

Artemisia tridentata (big sagebrush)

Atriplex confertifolia (shadscale)

Chrysothamnus nauseosus (rubber rabbitbrush)

Chrygothamnus viscidiflorus (viscid rabbitbrush)

Tetradymia canescens (horsebrush)



Table 1 (continued)

Species of temperate desertscrub, xeric woodland, or

chaparral:

Atlripex canescens (four-wing saltbush)

Ceratoides lanata (winter-fat)

Cercocarpus intricatus (little-leaf mountain mahogany)

Coleogyne ramosi ssima (blackbrush)

Ephedra viridis (joint-fir)

Fallugia paradoxa (Apache plume)

Fendlerella utahensis (cliff-bush)

Forsellesia nevadensis (grease-bush)

Gutierrezia microcephala (matchweed)

Haplopappus nanus (dwarf goldenweed)

Prunus fasciculata (desert almond)

Purshia tridentata (bitterbrush)

Salvia dorrii (paddle-leaf sage)

Symphoricarpos longiflorus (snowberry)

Tetradymia axillaris (horsebrush)

Yucca brevifolia (Joshua-tree)

Thermophilous desert shrubs and subshrubs:

Ambrosia dumosa (white bursage)

Eucnide urens (rock nettle)

Larrea divaricata (creosote bush)

Peucephyllum schottii (desert spruce

Tidestromia oblongifolia (tidestromia)

Other desert shrubs and subshrubs

Acamptopappus spp. (goldenhead)

Amphipappus fremontii (chaff-bush)

Atripex canescens (four-wing saltbush)

Buddleja utahensis (ball-flower)

Coleogyne ramosissima (blackbrush)

Encelia virginensis (rayless brittlebush)

Ephedra nevadensis (Mormon-tea)

Grayia spinosa (hop-sage)



Appendix 1 (continued)

Area (reference)
Amargosa Desert (continued)



Appendix 1 (continued)

Area (reference)
Southeast Sheep Range

(Spaulding, 1977. 1981)



Appendix 1 (continued)

Area (reference)
Central Sheep Range

(Spaulding, 1981)



Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Southern Nevada and vicinity, with localities mentioned

in the text. Boundaries are after Brown and Lowe (1980;

Sonoran/Mojave Desert), Cronquist et al. (1972; Mojave

Desert/Great Basin Desert), and Smith and Street-Perrott

(1983; Great Basin hydrography). Abbreviations are: DM,

Deadman and Eyrie sites; ER, Eleana Range; FM, Fortymile

Canyon; FR, Funeral Range; LC, Last Chance Range; LV, Las

Vegas Valley; MR, Mercury Ridge; PR, Point of Rocks; RM,

Ranger Mountains; SK, Skeleton Hills; SP, Specter Range;

WW, Willow Wash.

Comparison of paleohydrologic records from Searles Lake

(adapted from Smith, 1979, pers. comm. 1983; Smith and

Street-Perrott, 1983) and the chronology of spring

discharge and soil development in the Las Vegas Valley

(adapted from Quade, 1986, pers. comm., 1987).

Relative abundance of selected plant taxa in samples

recovered from the Point of Rocks-3 packrat midden,

Amargosa Desert.

Inferred vegetation zonation over the past 22,000 yr on in

southern Nevada. The curved line shows one possible

solution for the position of the ecotone between

desertscrub and woodland on xeric sites (noted



by brackets). The column to the right shows the modern

vegetation zonation for the Sheep Range in southern

Nevada. Those sites with a letter designation are

discussed in more detail in the text: Dm, Deadman; Ey,

Eyrie; LCR, Last Chance Range; MR, Mercury Ridge; PR-

Point of Rocks; RM, Ranger Mountains; Sk, Skeleton Hills;

Spc, Specter Range; WW, Willow Wash. Only midden records

from Paleozoic carbonate rocks are illustrated. Sites,

samples, and references listed in Appendix 1.

Figure 5.

Figure 6.

Figure 7.

Comparison of macrofossil records of full-glacial

woodland from two sites near the eastern periphery of the

Amargosa Desert. The FMC-8 site, on volcanic soils,

should support mesic vegetation relative to that at the

Spc-2 site which is developed on rocks of the Paleozoic

Bonanza King dolomite.

Comparison of macrofossil assemblages from two sites in

the western Sheep Range transgressed by the ecotone

between pygmy conifer and subalpine woodland during the

Late Wisconsin.

Relative abundance of selected plant taxa in macrofossil

assemblages from the Eleana Range-2 site. The ER-4 site

is 3 m from ER-2.



Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Macrofossil assemblages from the Last Chance Range-1

site, on the southern periphery of the Amargosa Desert.

Relative abundance of selected plant taxa in macrofossil

assemblages from the Skeleton Hills-2 in the Amargosa

Desert. The Skeleton Hills-3 site is 6 m from Sk-2.

Comparison of macrofossil assemblages from The Willow

Wash-4 site in the southern Sheep Range. Juniper woodland

occurred at this site throughout the Late Wisconsin and

early Holocene but significant changes took place in

secondary components of the vegetation.

Trends in Sorensen's (1948) similarity indices for two

site-specific series of macrofossil assemblages. For each

site the top curves reflect similarity with the oldest

assemblage from that site [A, ER-2(10); C, PR-2(2)2], and

the bottom curves (B, D) reflect similarity with the

modern midden assemblage from that site. Means and

standard deviations are derived from IS

coefficients for (A) the 5 oldest assemblages excluding

ER-2(10), (B) the 6 oldest from the ER-2 site, (C) the 4

oldest assemblages excluding PR-3(2)2, (D) the 5 oldest

from the PR-3 site.

Sorensen's indices of similarity between Late Holocene or

modern vegetation records and midden assemblages from two

time periods.



Figure 13. Species richness, departures, and arrivals recorded in

midden samples from the Eleana Range-2 site. Analytic

methods follow Cole (1985).

Figure 14. Species richness, departures, and arrivals recorded in

midden samples from the Point of Rocks-3 and Skeleton

Hills-2 sites. Analytic methods follow Cole (1985).
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Appendix D-II

List of Presentations

Mifflin, M. D., 1989, Climate change concerns of the proposed nuclear waste repository, Yucca Mountain,

Nevada: ACNW and NWTRB.
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Section E

Review of Technical Documents Program

Introduction

This program is the review of selected technical documents in hydrogeologic, geochemical, and
related subject areas. The documents reviewed are either generally authored by DOE and DOE
contractors,or in the open scientific literature. This activity also provides for State of Nevada NWPO re-
quests for specific document reviews and attendance at meetings where hydrogeologic, climatic change,
and geochemical issues or Investigations are discussed. In general, the activity provides ongoing
technical review for geochemical and hydrogeologic investigations, including the following topical or issue
areas: vadose-zone hydrogeology, saturated-zone hydrogeology, hydrogeochemistry, mineral
geochemistry, authigenic mineralogy, climate change, disturbed zone, sorption, and modeling (flow
models, transport models, reaction-path models, etc.).

In addition to general technical document review, the most important technical review for 1988
and 1989 is the SCP, released by DOE in December 1988. The SCP is a key document originally
designed to relate in considerable detail the DOE site characterization program plan for the proposed
Yucca Mountain repository. Considered In the context of existing information and the DOE perspectives
established in the EA, the SCP enables the State of Nevada NWPO to judge the viability of the DOE
Yucca Mountain proposed high-level nuclear waste repository site characterization plan and program with
respect to each issue area. Each specific DOE objective described in the SCP is judged on the basis of
the following:

A. Existing database for Yucca Mountain and region;

B. Issue and licensing requirements;

C. General technical experience/general scientific literature; and

D. Technical Position of the State of Nevada.

In reviewing the SCP, MAI finds the DOE to be generally not responsive to a well-formulated
characterization program focused on site licensing issues. Consequently, based upon information
presented in the SCP, it is questionable whether the DOE will acquire a site license on the basis of
scientific knowledge acquired during its characterization phase.

In an effort to summarize the DOE Yucca Mountain program, it appears from the SCP that the
DOE has developed a "story" concerning the geochemical, hydrogeologic, and structural characteristics of
the site. The DOE story is a favorable, nonconservative picture of Yucca Mountain, based upon very
limited empirical evidence and an abundance of hypothetical ideas.

In the SCP, DOE describes a program to investigate the site, utilizing DOE "story" goals and
skirts around significant Issues that might prove to be diagnostic with respect to site performance. This Is
extremely unfortunate since If during this expensive and drawnout process a significant flaw is located
and the site becomes unlicensible, a large financial and human resource will have been wasted. MAI
feels that the DOE should eliminate its "story" goals and focus its efforts on potential fatal flaws. If the site
turns out not to be suitable for high-level radioactive waste storage, the sooner we know about it the
sooner a workable storage method can be acquired to solve the waste problem.

A list of technical documents that have been reviewed follows in Appendix E-II.
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Appendix E

Review of Technical Documents Program

List of Appendices

E-I List of Publications, Abstracts, and Draft Manuscripts ............................................................ 65

E-II List of Documents Reviewed ............................................................. 66

E-III List of Technical Meetings/Symposia/Field Trips Attended and MAI Field Trips/Meetings ..... 67
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Appendix E-I

List of Publications, Abstracts, and Draft Manuscripts

Mifflin & Associates, Inc., 1989, Yucca Mountain project : a summary of technical support activities
January 1987 to June 1988.

Mifflin & Associates, Inc., 1989, Review of: consultation draft of the site characterization plan: Yucca
Mountain Site, Nevada Research and Development Area, Nevada (DOE/RW-0160).

Mifflin & Associates, Inc., 1989, Review of: site characterization plan : Yucca Mountain Site, Nevada
Research and Development Area, Nevada (DOE/RW-0191).
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Appendix E-II

List of Document Reviews

Carlos, B., 1989, Fracture-coating minerals In the Topopah Spring Member and upper tuft of Calico Hills
from drill hole J-13 (LA-11504-MS).

Hallberg, R. O., P. Ostlund, and T. Wadstew, 1988, Inferences from a corrosion study of a bronze
cannon, applied to high level nuclear waste disposal (0883-2927/88): Applied Geochemistry.

Krauskopf, K. B., 1988, Geology of high-level nuclear waste disposal: Annual Review Planetary Science,
vol. 16, p. 173 to 200.

Martinez, M. J., 1988, Capillary - driven flow in a fracture located in a porous medium (SAND84-1697).

Matuska, N. A. and J. W. Hess, 1989, The relationship of the Yucca Mountain repository block to the
regional ground-water system: a geochemical model: draft (NWPO-TR-XXXX), DRI.

Matuska, N. A., 1988, Groundwater Sampling of the NNWSI Water Table Test Wells Surrounding Yucca
Mountain, Nevada (NWPO-TR-) (draft), DRI.

Pruess, K., J. S. Y. Wang, and Y. W. Tsang, 1988, Effective continuum approximations for modeling fluid
and heat flow in fractured porous tuff (SAND86-7000).

Russell, C. E., 1988, Annotated bibliography of the physical data of Rainier Mesa and Yucca Mountain:
Draft (NWPO-TR-XXXX), DRI.

Sandia National Laboratories, 1988, Excavations investigations study plan (Study plan 8.3.1.15.1.5)
(SAND88-0201).

Science Applications International Corporation, 1989, Licensing support system prototype thesaurus.

U. S. Department of Energy, 1988, Consultation draft of the site characterization plan : Yucca Mountain
Site, Nevada research and development area, Nevada (DOE/RW-0160).

U. S. Department of Energy, 1988, Site characterization plan : Yucca Mountain Site, Nevada research
and development area, Nevada (DOE/RW-0191).

U. S. Department of Energy, 1988, Draft 1988 mission plan amendment (DOE/RW-0187).

U. S. Department of Energy, 1988, Study Plan for Water Movement Test (CD-SCP Study 8.3.1.2.2.2).

Utility Nuclear Waste Management Group, 1988, Report on consultation draft site characterization plan
for the Yucca Mountain site.

Wang, J. S. Y. and T. N. Narasimhan, 1988, 1988, Hydrologic modeling of vertical and lateral movement
of partially saturated fluid flow near a fault zone at Yucca Mountain (SAND-87-7070).
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Appendix E-III

List of Technical Meetings/Symposla/Field Trips Attended

Sponsor Meeting/Symposla/Field Trip

DOEINVO & SAIC U.S. Department of Energy Sample
Management Facility for the Yucca Mountain
Project: Open House.

Date

20 Jul. 1988

26-29 Sep. 1988

30 Sep. 1988

3-4 Oct. 1988

3-6 Oct. 1988

4-6 Oct. 1988

24-26 Oct. 1988

27-30 Oct. 1988

31 Oct. to
03 Nov. 1988

23 Nov. 1988

05-09 Dec. 1988

12-13 Dec. 1988

Jan. 1989

23 Feb. 1989

Feb. 1989

Mar. 1989

Mar. 1989

American Chemical Society
(ACS)

State of Nevada NWPO &
Sargent & Lundy

Computer Oriented
Geological Society
(COGS)

DOE/SAIC/LANL, NRC

ORNL & DOE

QA Audit of LLNL

GSA Field Trip

GSA

DOE & MAI

American Geophysical Union
(AGU)

DOE

State of Nevada NWPO

NRC

DOE

DOE & MAI

DOE

196th Annual Meeting : Symposium on
Chemical Modeling in Aqueous Systems.

QA meeting.

Denver Geo Tech '88.

YMPO Audit 88-08.

Mobility of Colloidal Particles in the Subsurface:
Chemistry and Hydrology of Colloid-Aquifer
Interactions.

DOE/WMPO/SAIC/LLNL, NRC.

Paleohydrology and Hydrogeology of the
Carbonate Rock Province.

1988 Annual Meeting.

MAI Draft Operations and Safety Plan and NTS
Access.

1988 Fall Meeting.

20th Annual Meeting of the Atomic Safety and
Licensing Board.

ACNW scoping meeting.

ACNW Presentations

Public Meeting.

Revision of MAI OPS and DOE Information
Transmittal procedures.

Public Meeting.
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23-24 May 1989

May 1989

26-28 Jun. 1989

02 Aug. 1989

18-21 Sep. 1989

27 Sep. 1989

State of Nevada NWPO

State of Nevada NWPO

NRC

State of Nevada NWPO

ANS and GSA

Geology Dept. Colloquium
Arizona State University

MAI/AR-2
Revision 0

SCP review summation and Nuclear Waste
Technical Review Board (NWTRB) scoping
meeting.

QA meeting.

MAI, DOE NWTRB presentations, and DOE tour
of Yucca Mountain site and facilities.

QA manager review of MAI technical
procedures.

FOCUS'89.

"Geochemistry of a Nuclear Waste Repository"
(invited talk).

MAI Field Trips

22 Oct. 1988

18-22 Dec. 1988

MAI

MAI

Yucca Mountain Field Trip with K. Udell (U.C.)

IR imaging at Yucca Mountain.
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