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INTRODUCTION

The Nevada Nuclear Waste Project Office, State of Nevada, has developed a technical oversight
program as provided for in the Nuclear Waste Policy Act of 1982 (NWPA). This Act and subsequent
amendments has led to the selection of Yucca Mountain in Nevada for site characterization as a
high-level nuclear waste repository. The intent and letter of the Nuclear Waste Policy Act is to establish a
geologic repository for high-level nuclear waste that is predicated on long-term waste isolation soley
supported by a combination of the geologic environment and engineered barriers. A 10,000 year time
frame for waste isolation is required due to the long-lived nature of the radionuclides associated with
high-level radioactive waste and the need to prevent these radionuclides from reaching the accessible
environment in any significant concentrations. The technical and scientific challenge of establishing such
a repository is unprecedented due to a combination of factors, including: the large volumes and
heat-producing nature of the waste, the long period of time necessary for waste isolation from hydrologic
or other natural systems, and the impossibility of using or relying upon engineered barriers for prolonged
waste isolation.

The U. S. Department of Energy (DOE) has been charged with executing the selection,
construction, and operation of the high-level nuclear waste repository program; and the U. S. Nuclear
Regulatory Commission (NRC) has the regulatory responsibility of issuing the varying licenses for
construction and operation of the repository. The State of Nevada, as an affected party under the NWPA,
has an oversight role. The Nuclear Waste Project Office of the State of Nevada executes the technical
oversight, and Mifflin & Associates, -Inc. (MAI) is one-of its technical support contractors in hydrogeology
and closely-related technical areas.

This report is a summary of the technical support activities of Mifflin & Associates, Inc., during the
18-month period beginning 01 January 1987 and ending on 30 June 1988. It covers the following topics:

Vadose Zone Drilling Site Selection, Permits, and Quality Assurance (QA) Procedures
Climate Change
Geochemistry and Mineralogy
Disturbed Zone
Hydrogeology
Review of Technical Documents

The report is organized by generally discussing each topic from the following perspectives:

Issue(s)
Objective(s) of Activity
Finding(s)
Interpretation of Finding(s)
Additional Work Needed
Recommended Program
Existing Program

Each TopictSection has is own Appendix and Is preceded by a general introduction. In order to
keep the size of the report reasonable, while at the same time, ensuring coverage of crucial points, only
lists of technical procedures and research plans contained in the past monthly reports are provided as
well as three samples of such technical documents: Technical Procedures for Documentation of
Research Activities and Daily Drilling Activity Summary Form; Research Plan for Sarrling at or near
Yucca Mountain; Research Plan for Vadose Drilling and Cuttings Sampling at or near Yucca Mountain.
However, all published works and important progress reports or findings emanating from our activities are
included in the Appendices for each section.
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Section A

Vadose-Zone Drilling Program
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Vadose-Zone Drilling Program

~- Introduction

Review of the DOE vadose-zone drilling program and borehole history reports indicate that
water or water-based fluids have been Injected Into all driliholes which fully penetrated the
vadose zone at Yucca Mountain. In addition, UZ-1 borehole was drilled with a vacuum method at
great expense but failed to fully penetrate a zone of (perched?) saturation. UZ-1 is so large in diameter
that moisture conditions may not equilibrate to predrilling conditions before the useful lives of the
emplaced monitoring instruments terminate. UZ-6 also did not fully penetrate the vadose zone using
the same method and it also proved extremely costly. UZ-6 is also too large in diameter for useful
monitoring of moisture with conventional instruments. Numerous shallow moisture-monftoring holes
(N-series neutron logging) were drilled with the ODEX method using air as the circulation fluid, but the
depths achieved (maximum is less than 400 ft.) are insufficient to study the full thickness of the vadose
zone. The WT-series holes were drilled with air-foam, which requires addition of large amounts of
water. The G and H series holes were drilled using conventional drilling fluids. Therefore, not one
borehole at Yucca Mountain project area exists for quality data development In the vadose zone
below about 400 feet. The ideal drilling method should be capable of air drilling to 2,000 feet for full
penetration of the vadose zone in some areas.

The proposed State of Nevada vadose-zone drilling program sites are located to sample as
many of the unsaturated tuff zones as possible without drilling on the repository block or in the DOE
"core' area. The first round of drilling would establish the methodology In terms of drilling and sampling
in the hydrogeologic environment of Yucca Mountain and allow analytical results on samples to be
compared with DOE postulates. DOE samples of either water or rock from the repository block would
not be comparable to sample obtained utilizing the proposed drilling methodology. Eventually, similar
data must be developed from several boreholes on the repository block to confidently characterize the
site.

The proposed State of Nevada sites are located to allow penetration in the vadose zone for
suspected key hydrostratigraphic horizons at the repository block. The uppermost zone, which includes
near-surface fractured rock, soils, and alluvial deposits, is hydrologically varied by surface topography
and associated surface-water drainages. The uppermost zones are of interest because of the
importance of determining the magnitude, timing, and distribution of recharge events that result from
precipitation and surface-water runoff events. The second zone of special interest is the bedded and
unweided tufts below the welded tuffs of the Tiva Canyon Member of the Paintbrush Tuff. This zone
may act to perch and redistribute infiltration. Matrix as well as fracture flow may be important in this
zone. The third zone of Interest is the repository horizon and near-field environments in the welded tuft
of the Topopah Spring Member of the Paintbrush Tuff. Here both matrix moisture and fracture
moisture are of great Interest from the perspective of characterizing the ground-water travel time
and the disturbed zone with respect to the regulatory criteria. The fourth zone of interest consists
of vitric and zeolitic tufts of the Calico Hills which underlie the proposed repository horizon. This unit
appears to be locally saturated near the repository block, and matrix flow may be important. The
geochemistry of water In this unit Is critical to the resolution of ground-water travel times In the
vadose zone. The fifth and deepest zone targeted in the State of Nevada vadose-zone drilling program
is "first fracture water" in the phreatic (saturated) zone. Some of the uppermost saturated fractures in
the zone of regional saturation may contain relatively young water if active recharge is occurring.
Boreholes finished in these fractures will provide uppermost water samples of the saturated zone.
These waters may also yield definitive information on travel times.

The proposed drilling method, the dual-tube reverse circulation (DTRC) air-rotary method, is
known to be capable of producing the desired rock and water samples as well as a useful borehole for
monitoring; however, it has not been tested in the terrane of Yucca Mountain. Therefore, one objective
of State of Nevada-sponsored vadose-zone drilling at Yucca Mountain is to demonstrate the utility of the
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dual-tube reverse circulation air-rotary method. This technique should permit hydrologically compatible
exploration of the full vertical extent of the vadose zone at Yucca Mountain. It allows for the recovery of
representative samples of rock and subsurface fluids that are unaffected by water-based drilling
additives. The sampling of saturated regions (perched) in the vadose zone permits the execution of
associated geochemical and isotopic studies of vadose-zone water samples. In addition, the resulting
boreholes are of small diameter, rapidly constructed, and therefore have utility for temporal monitoring
of relatively undisturbed soil gas and moisture conditions (using a variety of monitoring techniques,
including: thermal couple psychrometers, lysimeters, tensiometers, heat-dissipation probes, and
neutron logging).

The Nuclear Waste Project Office recognized the critical role air drilling should play in
establishing useful information from the vadose zone at Yucca Mountain as early as 1984. Since that
year, the State of Nevada has attempted to enter into a vadose-zone drilling program but has been
blocked by a series of federal government actions. The nondrilling aspects of the State of Nevada's
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 sponsored vadose-zone drilling at Yucca Mountain
is to establish a useful drilling technique, specifically, the dual-tube reverse circulation air-rotary method,
for the exploration of the full vertical extent of the vadose zone without the use of water near the Yucca
Mountain 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 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:

A review of potential drilling sites was completed, taking into consideration geology,
hydrogeology, political boundaries, and drilling-rig access. Field reconnaissance of road conditions was
carried out on the western and eastern sides of Yucca Mountain.

Potential drilling sites located west and east of Yucca Mountain have been selected based on
hydrogeology, geology, and access for drilling equipment.

In anticipation of the commencement of the vadose-zone drilling program (tentatively scheduled
for November 1987), sample containers and storage facilities were obtained and equipment for water
sampling was ordered for the drilling operations. The storage facility, which was leased in August of
1987, is used for equipment and sample container storage and archiving preparation prior to the actual
drilling.

Two polycarbonate air-exclusion flow cells were built. During water-sampling operations, these
will allow simultaneous measurement of pH, electrical conductivity, temperature, redox potential, and
dissolved oxygen, while leaving four ports free for buffers and/or standard solutions.

- 7 - MY89051 1d



QA procedures were finalized and forwarded to the State of Nevada QA Manager. Furthermore,
the staff at MAI developed draft technical procedures for the drilling program (for a complete list see
Appendix A-Il).

After MAI staff reviewed the geology and hydrogeology of the proposed drilling sites, the sites
were archaeologically surveyed by Dr. R. K. Rafferty (Environmental Research Center, University of
Nevada, Las Vegas) and application has been made to the U. S. Bureau of Land Management (BLM) for
drilling permits, Appendix A-Il).

The vadose-zone drilling program start-up (Phase I) was delayed due to the lack of a timely
response by the BLM to MAI's right-of-way drilling application (submitted on September 30, 1987). The
delay in granting approval to the MAI drilling permit, as explained by M. Moran (BLM, Las Vegas) was due
to the fact that BLM felt that DOE's application takes precedence over MAI's application and because the
drilling sites proposed by MAI application dated September 30, 1987 are located within the DOE
right-of-way area as presented to BLM in their application. Additional drilling-site applications outside of
the DOE requested right-of-way area but in the Yucca Mountain tuff sequence were then developed by
MAI.

On April 26, 1988, Drs. M. D. Mifflin and Atef Elzeftawy met M. Moran (BLM, Las Vegas) and staff
and a BLM adjudicator (Denver office) at Moran's request, to discuss the second group of MAI drilling
permit applications for vadose-zone drilling sites AZ-9 and AZ-10, located beyond the DOE right-of-way.
Mifflin explained the technical objectives and goals of the vadose-zone drilling project. Moran stated that
his staff have been uncertain as to how to proceed with MAI's first group of applications, presently under
litigation with the State of Nevada. Moran asked whether. MAI wants his office to process the two
applications together or separately (the first group was submitted October 1, 1987; the second group was
submitted on April 4, 1988). Miff in's response was that MAI needs the drilling permits for all drilling areas
submitted (Areas AZ-I through AZ-10 as soon as possible. Moran stated that his office could proceed
only with the second applications for areas AZ-9, and AZ-10, submitted on April 4, 1988, because of
litigation involving the first permit applications.

The U. S. BLM office in Las Vegas was in contact with Dr. A. Elzeftawy (MAI) concerning the
second MAI drilling permit applications for areas AZ-9 and AZ- 0. We were informed that a drilling permit
for area AZ-9 (Site on the Nellis Air Force Bombing Range) may not be granted by BLM due to
disagreement between BLM and the Air Force on air space restrictions. However, the BLM office in Las
Vegas sought additional advice from their Washington, D. C. Headquarter office and their opinion was to
be transmitted in writing to MAI. In addition, we were informed by E. Arellano (BLM) that the permit for
area AZ-10 would be issued within the month of July 1988.

As promised by E. Arellano of the U.S. BLM, we received two drilling permits Nos. N-48327 and
48282 on 30 June 1988 (see attached letters and permits from BLM in Appendix A-V).

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:

We judge that the same issues and associated objectives remain to be resolved and
accomplished. The DTRC drilling is a key element in the State of Nevada oversight program that allows
for independent sample collection and associated verification vadose-zone hydrology. Neither useful
site-specific data nor plausible or conservative conceptual models of the vadose-zone hydrology have
been put forth 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.
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Appendix A

Vadose-Zone Drilling Program

List of Appendices

A-I List of MAI Research Plans and Technical Procedures.

A-Il Research Plan for Vadose-Zone Drilling (MRP-1.0).

A-l1l Research Plan for Water Sampling at or near Yucca Mountain (MRP-2.).

A-IV Technical Procedures MTP-3.02 and MTP-3.13.

A-V Drilling Permits from BLM.
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Appendix A-1

List of MAI Research Plans and Technical Procedures
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LIST OF MAI RESEARCH PLANS AND TECHNICAL PROCEDURES

MRP-1 .0

MRP-2.0

MTP-3.01

MTP-3.02

Research Plan for Drilling at or near Yucca Mountain.

Research Plan for Water Sampling at or near Yucca Mountain.

Position Titles, Descriptions, and Minimum Qualifications.

- Technical Procedure for Documentation of Research Activities.

MTP-3.12 Technical Procedure for Installation of Surface Casing in Yucca Mountain Exploratory
Boreholes.

MTP-3.13 Technical Procedure for Daily Drilling Activity Summary Form.

MTP-3.14 Technical Procedure for Drilling Time Form.

MTP-3.15 Technical Procedure for Neutron Probe Moisture Data Form.

MTP-3.16 Technical Procedure for Photographic Log Form.

MTP-3.17 Technical Procedure for Sample Identification (ID) Form.

MTP-3.18 Technical Procedure for Record of Sample Custody Form.

MTP-3.19 Technical Procedure for Dual-Tube Drilling Flow Test and Field Chemistry Form.

MTP-3.21 Technical Procedure for Collection and Sampling of Yucca Mountain Drill Cuttings.

MTP-3.22 Technical Procedure for Collection and Preservation of Colloid Samples for Laboratory
Analysis.

MTP-3.23 Technical Procedure for Thief-Type Sampling of Natural Waters in the Field.

MTP-3.24 Technical Procedure for Water Sampling with a Double-Valve Purge Pump System.

MTP-3.31 Technical Procedure for Field Filtration of Natural Water Samples.

MTP-3.41 Technical Procedure for Relative Field Measurement of Water Level in a Borehole with
an Electrical Tape.

MTP-3.51 Technical Procedure for Preparation of Water Samples for Carbon-14 Analysis by
Accelerator Mass Spectrometry.

MTP-3.71 Technical Procedure for Field Measurement of pH.

MTP-3.711 Technical Procedure for Determination of Aluminum in Samples of Natural Water.

MTP-3.72 Technical Procedure for Measurement of Electrical Conductivity of Water Samples in the
Field.

MTP-3.73 Technical Procedure for Field Measurement of Reduction-Oxidation Potential: including-



Preparation and Storage of Reduction-Oxidation Solutions of Standard Potential, and
Calibration of REDOX Electrodes.

MTP-3.74 Technical Procedure for Field Measurement of Dissolved Oxygen in Water Samples by
Membrane Electrode Probe.

MTP-3.75 Technical Procedure for Field Measurement of the Total Alkalinity of Water Samples.

MTP-3.76 Technical Procedure for Field Measurement of Dissolved Sulfate in Natural Water
Samples by Portable Spectrophotometer.

MTP-3.77 Technical Procedure for Determination of Ferrous Iron in Natural Waters.

MTP-3.78 Technical Procedure for Field Measurement of Dissolved Oxygen in Water Samples by
Titration.

MTP-3.79 Technical Procedure for Field Measurement of Aqueous Sulfide in Water Samples by
Portable Spectrophotometer.

MTP-3.80 Technical Procedure for Field Measurement of Total Dissolved Iron in Water Samples by
Portable Spectrophotometer.

MTP-3.81 Technical Procedure for Measuring Air Temperature Statically and with a Wet-Bulb
Thermometer near a Borehole Drilling Site.

MTP-3.9 Technical Procedure for Operating a Downhole Video Camera System with Gyro.

MTP-1 2.1 Technical Procedure for Calibration of pH Meter.

MTP-1 2.2 Technical Procedure for Calibration of Electrical Conductivity Meter.

MTP-12.3 Technical Procedure for Air Calibration of Dissolved Oxygen Meter and Membrane
Electrode Probe.

MTP-13.1 Technical Procedure for Preparation of Water Sample Containers.



Appendix A-l1

Research Plan for Vadose Zone Drilling and Cuttings Sampling at or near Yucca Mountain, MRP-1.0.
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Mifflin & Associates Inc
2700 East Sunset Road, guite'C25

Las Vegas, Nevada 89120
(702)798-0402 & 3026

MRP-1.0 RESEARCH PLAN FOR VADOSE ZONE DRILLING AND CUTTINGS SAMPLING AT
OR NEAR YUCCA MOUNTAIN.

BACKGROUND

Review of DOE hole history reports indicates that water has been injected into most driliholes
which fully penetrated the vadose zone at Yucca Mountain; an exception is UZ-1, which was drilled with a
vacuum method at great expense and failed to fully penetrate a zone of perched saturation. Numerous
shallow moisture-monitoring holes (the N-series) were drilled with the ODEX method using air as the
circulation fluid, but the depths achieved are insufficient to consider these holes representative of the full
thickness of the vadose zone. The WT-series holes were drilled with air-foam, which requires addition of
large amounts of water. The fundamental objective of State-sponsored vadose-zone drilling at Yucca
Mountain is to develop and demonstrate a drilling technique, specifically the dual-tube reverse circulation
(DTRC) air rotary method, that permits exploration of the full vertical extent of the vadose zone at Yucca
Mountain without addition of water. This drilling technique should permit recovery of representative sam-
ples of rock and subsurface fluids that are unaffected by water based drilling additives, and may allow
geochemical studies of saturated regions in the vadose zone.

A significant component of this plan is methodology assessment with respect to DTRC air-rotary
drilling. Monitoring system design has been specifically excluded from the drilling plan. The Plan
mandates collection of all drill cuttings and associated fluid, with specific criteria for initiating and
terminating activities that support the (separate) water sampling research plan, MRP-2.0.

Site characteristics of Yucca Mountain addressed by vadose zone drilling, sampling, and
hydrogeologic testing are:

1. The three-dimensional distribution of perched water in the vadose zone;

2. The three-dimensional distribution and importance of fracture flow in the vadose zone;

3. The natural flux of recharge waters to the repository horizon, and the distribution, in both
time and space, of that flux from the repository horizon to the saturated zone;

4. The paleohydrologic conditions of saturation and flux in the vadose zone during a pluvial
climate (a wetter/colder climate of the Pleistocene); and

5. The three-dimensional pattern of gas circulation within the vadose zone (air and water
vapor).

Issues that may be addressed include:

1. Travel time of water from the repository horizon to the water table under pre-waste-em-
placement conditions;

2. The sorption that might be expected and the geochemical and mineralogical reactions
(including water release) under the thermal load of the repository;

3. Climate change hydrology;

4. Disturbed zone extent, as viewed from the hydrogeological perspective; and
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5. Overall performance of the fractured-tuff, vadose-zone environment from a waste-
isolation perspective.

The vadose-zone drilling is designed to systematically obtain the samples of rock, water, and
gas for analytical work while constructing boreholes for in-siut hydrologic monitoring. Drilling will be
distributed over three years.

Rationale for Borehole Locations

Ten proposed borehole locations (Figure MRP-1.0-1. and Table MRP-1.0-1.) were based on the
following criteria:

* Proximity to the repository block;
* Hydrogeologic setting;
* Surface hydrologic environment;
* Estimated depth to regional saturation; and
* Access.

Five zones will be investigated by vadose-zone drilling. The uppermost zone, which includes
near-surface fractured rock, soils, and alluvial deposits, Is hydrologically varied by surface topography
and associated surface-water drainages. The uppermost zones are of interest because of the importance
of determining the magnitude, timing, and distribution of recharge pulses that result from precipitation
events.

The second zone of interest is the bedded and unwelded tuffs below the welded tufts of the Tiva
Canyon Member of the Paintbrush Tuff. This zone may act to perch and redistribute infiltration. Matrix as
well as fracture flow may be important in this zone.

The third zone of interest is the repository horizon and near-field environments in the welded tuft
of the Topopah Spring Member of the Paintbrush Tuff. Here both matrix moisture and fracture moisture
are of great interest from the perspective of characterizing the disturbed zone.

The fourth zone targeted for investigation consists of vitric and zeolitic tuffs of the Calico Hills
which underlie the proposed repository horizon. This unit is locally saturated, and matrix flow may be
important. The geochemistry of water in this unit is critical to the resolution of ground-water travel times in
the vadose zone.

The fifth and deepest zone targeted in the vadose-zone drilling Is first water in the phreatic
zone. Some of the uppermost saturated fractures in the zone of regional saturation may contain relatively
young water if active recharge is occurring. Boreholes finished In these fractures will provide uppermost
water samples of the saturated zone.

Drilling Activity Decision Criteria

Figure MRP-1.0-2. Is a logic flow chart that illustrates criteria that shall be used to initiate and
terminate the various field activities associated with drilling and sampling. A Staff Geoscientist (minimum
position required, see MTP-3.01) designated by the Principal Investigator as Drilling Supervisor, will make
the field decisions required in the Figure MRP-1.0-2 Logic Chart. These decisions are in response to vari-
able field conditions.)

1. Drilling Supervisor is an informal title applied to the designated person responsible for all activities at the drill-
ing site. The person designated as Drilling Supervisor may change from morning to afternoon, day to day, week
to week, etc., and when this person leaves the drill site, he/she is no longer Drilling Supervisor.
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This plan calls for selection of a drill pad area to accommodate research objectives, followed by
acquisition of drilling and right-of-way permits. If drilling pad preparation Is required, it is without water
(normally used to assist compaction and dust suppression), followed by setup of the rig and support
equipment and calibration of moisture analyzers and any other instruments used to monitor the drilling
process. The Staff Geoscientist shall determine whether it is feasible to proceed with drilling or repeat the
setup process. Once drilling has begun, the drilling and cuttings sampling activity (governed by MTP-
3.21) apply until the alluvium is penetrated or free water is encountered.

When the drill cuttings indicate that alluvium has been fully penetrated, a steel surface casing will
be set approximately one meter into the underlying rock to prevent caving of alluvial materials, and will
extend a convenient distance above ground level. Drilling and cuttings sampling will resume until free
water is evident in the drill cuttings returns, at which time drilling will pause. The drill pipe string will be
broken at the first drill pipe joint above ground level, and static water level will be measured.

If standing water can be detected in the drill pipe, a thief-type water sample (BAT hypoprobe
sampling system)will be attempted immediately; if no standing water is detected In the drill pipe, the drill
pipe will be pulled and an insert bit will be installed and run downhole prior to attempting the thief-type
water sampling. Thief-type sampling will continue until the hole goes dry or the Drilling Supervisor
determines that sample quantity and quality is sufficient. The water sample research plan (MRP-2.0) will
take effect upon completion of thief-type sampling if sufficient standing water is available for production
using the Solinst pump. Drilling may or may not be continued below the sampling zone, depending upon
the Information established in the drilling area. If a flow test- is conducted,'water will be collected In a
water truck(s) or tank to prevent perturbation of the surface moisture regime by air-lifted ground water.

Minimum Squipment:

1. Drill rig The drill rig utilized for vadose zone drilling at Yucca Mountain shall consist of an
Ingersoll-Rand TH100A Angle Drill or equivalent.

a. TorIque The rig shall be fully hydraulic and equipped with a tophead drive capable of
delivering 1,233 kg-in (107,000 inch-lb) of torque at zero to 130 revolutions per minute (rpm).

b. Mast capacity: Mast capacity shall be at least 29,500 kg (65.000 lb).

c. Pullback (hoist capacby)e Pullback shall be at least 26,760 kg (59,000 ib).

d. Air compressor: The air compressor shall deliver at least 750 cubic feet per minute (cfm)
at 250 pounds per square inch (psi).

e. Drill pipe: The drill rig shall be supported with sufficient 114 mm (4-1/2 inch) dual-tube drill
pipe for the specific depth objective.

f. Recorder: The drill rig shall be configured to allow continuous recording of clock time,
compressor output (pressure, temperature, and flow rate), and mast load.

g. Wireline and deviation tool: The drill rig shall be equipped with at least 2,000 feet of
logging cable for conducting deviation surveys, and a deviation tool shall be provided.

2. Heavy-duty truck with enclosed bed and lift gate for hauling cuttings from drill site to warehouse
and returning with supplies.
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3. Water truck or tank configured to receive any excess water airlifted during flow tests.

Documentation of Drilling Activiies-

Documentation of Vadose-Zone Drilling and cuttings sampling shall be governed by the following
Research Plan and technical procedures:

1. MRP-2.0, Research Plan for Water Sampling at or near Yucca Mountain.

2. MTP-3.01, Position Ttles, Descriptions, and Minimum Qualifications.

3. MTP-3.02, Technical Procedure for Documentation of Research Activities.

4. MTP-3.13, Technical Procedure for Daily Drilling Activity Summary Form.

5. MTP-3.14, Technical Procedure for Drilling Time Form.

6. MTP-3.16, Technical Procedure for PhotographicNideo Log Form.

7. MTP-3.17, Technical Procedure for Sample Identification (ID) Form.

8. MTP-3.18, Technical Procedure for Record of Sample Custody Form.

9. MTP-3.19, Technical Procedure for Dual-Tube Drilling Flow Test and Field Chemistry Form.

10. MTP-3.21, Technical Procedure for Collection and Sampling of Drill Cuttings.

11. MTP-3.23, Technical Procedure for Thief-Type Sampling of Natural Waters In the Field.

12. MTP-3.41, Technical Procedure for Relative Field Measurement of Water Level In a Borehole
with an Electrical Tape.

In addition, a bound Drilling Summary Notebook (log of drill-site activities) shall be established.
Drilling Supervisor shall summarize the day's activities at the drill sie, Including but not limited to the fol-
lowing:

1. Drilling progress, and associated problems;
2. Samples collected;
3. Samples shipped (picked up for transport to storage); and
4. Personnel, weather, and any unusual conditions.
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Approximate 

SE 114,NW 1/4,
Location 

Sec35,
T14S, F4£E

(about 0.4 mi (about 1/2 rr (about 1.5 ni (about 1.5 mi (about 0.4 rri (about O.4 (about 1.4 (about 300 (about 5.5 (about 6.5 miwest of USW southwest of south USW southwest of northwest of ni north of ni north- ft no('J1. ni north- southwest ofH5 weiL USW WT-7 WT.1 0 wet) USWWT-11 UE25 WT-1 2 USW WT-1 west of UE25 west of west of USW US'N WT-11we) we wew at welf WT-14 well USW UZ-1 UZ.1 Wei at wel)
N 739,725 at N 753,651 at N 761,650 wel at N 771. 275
E 567. 011) E 563.739) E 575.210) N 771, 275 E 560,220)r 

E 560,220)
: Approximate

Site Elevation 1323 m 1162m 1055m 960 m 1098 m 1213 m 1195m 1349 m 1450 m- 966-S1050 ma AMSL 4340ft 3810ff 3460 f 3150fR 3600 It 3980 It 3920 ft 4425 ft 4350 I 2900-3150 t
L Approximate
, Water Table 775m 775m 775m 774m 730m 731 m 732m 800m 1150m* 700 mElevation 2543fa 2543 ft 2543 ft 2539 It 2395ff 2398 ft 2402 f 2642 ft 3450 ft 2100 ftAMSL .

15-30 OTac 10-30 QTac 10-50 QTac 0-80 QTac 20-50 OTac 20-50 QTac 20-40 QTac 15-40 OTac 10-100 OTac 0-20 OTacApproximate 220 cu 400 cu 310 cu 300 cu 180 0u 480 cu 450 cu 50 ocu 30-300 Tht 0-350 cuApproximate 1100 tu 1100 tu 950 tu 1000 tu 900 tu 900 tu 1100 tu 150 pc 30-600 Tcpp 04-5 tuLlthology 110 Tht 130 Tht >150 Tht >130 Tht >30 ThY 180 Tht 504 ThV 50 bt 0-50 bt 0-60 Tw-thickne s >200 >100 Tcpp Tcpp-Tcb >100 Tht Tcpp-Tcb >1200 tu i0-500 Tcb 150-00 Tcppin feet TcippTcb 
300-600 Teb

0-120 Tbx-
0-600 Tt-

LEGEND**

QTac Alluvium pc Pah Canyon Member Tht Tuffs of Carico Hills Tw- Bedded Tuff (Miocene) mi milescu Tva Canyon Member bt Bedded Tuff Tcop Prow Pass Member Tbx* Depositional breccia from Bullfrog member m rretersbt Bedded Tu tu Topopah Spring Member Tcb Bullfrog Member Tht* Bedded Tuff (Miocene) It feet
* Data compiled based on DOE published reports.

Geologic legend from USGS-OFR-84-494 by Scott and Bonk. 1994.
* Swadley and Carr-Geology, Big Dune Ouad., Nevada-Califorria (MAP 1-1767).
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Mifflin & Associates Inc.
2700 East Sunset Road, suite C25

Las Vegas, Nevada 89120
(702)798.0402 & 3026

MRP-2.0 RESEARCH PLAN FOR WATER SAMPLING AT OR NEAR YUCCA MOUNTAIN.

Objective

As stated in the Research Plan for Vadose Zone Drilling (MRP-1.0), when free water is
encountered in a borehole, as indicated by a fine mist emerging from the cyclone or as wet or dripping
cuttings, drilling ceases, the static water level is measured, and a thief-type water sampling method is
attempted. If sufficient thief-type samples are collected and if sufficient free water remains in the borehole
(as determined by another static water level measurement), then the following research plan is activated.

The objective of this research plan is to obtain water samples and associated chemical, isotopic,
and colloidal analyses of any free water encountered in the vadose zone( may include uppermost part of
saturated zone) during drilling research activities. This will be accomplished by pumping water
encountered during drilling to the surface to: (1) fill appropriate sample containers for laboratory analysis
of various chemical and isotopic constituents; (2) establish field analyses of certain unstable constituents;
and (3) obtain samples for colloid analyses. Appropriate preservative treatments and environmental
control of samples will ensure that the water samples brought to the surface and shipped to various
laboratories are representative of the subsurface geochemical environment. Appropriate sample
containers and container preparation techniques will minimize contamination of the water samples by
leaching of the container or loss of constituents to the containers walls by sorption.

The period of performance of this research plan is at the minimum three years, the duration of
planned research drilling activities.

Field Activities

The field activities at the drilling site are: (1) collection of water samples for various laboratory
analyses, (2) measurement of certain unstable constituents of the water as it emerges at the surface, and
(3) collection of representative colloid samples.

The logic flow diagram (Figure MRP-2.0-1.) outlines the various procedures that will take place in
the field after free water is encountered, all thief-type water samples have been obtained, and sufficient
water remains in borehole to justify pumping. These conditions are part of the research plan for vadose
zone drilling and cuttings sampling (MRP-1.0) and the water sampling research plan is activated only if all
these conditions are met.

After free water is encountered, in a borehole, a designated Field Technician or Designee (see
MTP-3.01) shall calibrate the instruments for field measurements (pH meter and electrode, electrical
conductivity meter and cell, dissolved oxygen meter and membrane probe, the redox electrode, and the
portable spectrophotometer). Calibration may begin during the thief-type sampling, but shall be
completed before any water from the pump reaches the land surface.

When pumping of water from the borehole begins, simultaneous activities occur that require
several people. A trained person (minimum position required: Field Assistaao is required to operate and
constantly monitor the Solinst pump during its operation (for example: if the borehole is pumped dry, gas
pressure must be shut off immediately). The second activity involves operation of the flow cell: obtaining
all the operation of the flow cell constitutes another activity requiring measurements from the probes
penetrating into the flow stream (temperature, pH, electrical conductivity, and dissolved oxygen content).
If dissolved oxygen is below detection limit, then a redox (Eh) measurement is performed, followed by de-
termination of sulfide content. Total alkalinity is determined, followed by spectrophotometric , total iron
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content, and sulfate content. One person may be sufficient to perform all of these measurements, as well
as the aluminum extraction.

Filling water sample containers with filtered and unfiltered water samples is the third and last
major activity. A minimum of two trained Field Assistants or Designee (MTP-3.01) are required for filling
water sample containers: one to fill and operate the pressure vessel for filtered samples and the other to
collect the unfiltered samples. Upon arrival of water at land surface from the Solinst pump, the first 11
liters of output (capacity of water line from pump) should be used to rinse sample containers (for unfiltered
samples only) and the pressure vessel. Thereafter, the pressure vessel shall be filled first until all filtered
samples are obtained; however while the pressure vessel is in operation, personnel shall also be
collecting the unfiltered samples. Thus, in practice, the two subtasks of collecting filtered and unfiltered
water samples may be more integrated than Is apparent from the flow chart. Table MRP-2.0-1. is a
summary of all water samples collected according to this plan and interfacing Technical Procedures.

In summary, a minimum of four persons are needed are required to carry out the water sampling
research plan.

Equipment Required

In addition to equipment specified in the Technical Procedures listed in this research plan, the
following are necessary:

1. Solinst pump system - double valve purge pump capable of pumping lifts to 2,000 feet and with
appropriate support equipment (nitrogen gas cylinders, generator, and tubing, fittings, and valves
for controlling sample stream at the surface).

2. Laboratory facility - a small 12 to 15 foot air-conditioned trailer outfitted for performing all required
field measurements related to the flow cell, aluminum extractions, and sample preparations.

3. Polycarbonate flow cells (minimum of two, one for backup) - with ports for electrodes, cells, and
temperature sensors.

Documentation

The following Technical Procedures provide for all appropriate documentation related to
personnel, samples, custody, field measurements, calibrations, extractions, and preparations.

MTP-3.01, Position Titles, Descriptions, and Minimum Qualifications.

MTP-3.02, Technical Procedure for Documentation of Research Activities.

MTP-3.17, Technical Procedure for Sample Identification (ID) Form.

MTP-3.18, Technical Procedure for Record of Sample Custody Form.

MTP-3.22, Technical Procedure for Field Collection and Preservation of Colloid Samples for Laboratory
Analysis.

MTP-3.23, Technical Procedure for Thief-Type Sampling of Natural Waters in the Field.

MTP-3.24, Technical Procedure for Water Sampling with a Double-Valve Purge Pump System.
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MTP-3.31, Technical Procedure for Field Filtration of Natural Water Samples.

MTP-3.51, Technical Procedure for Precipitation and Extraction of Dissolved Inorganic Carbon from
Natural Water Samples for Carbon-14 Analysis.

MTP-3.71, Technical Procedure for Field Measurement of pH.

MTP-3.71 1, Technical Procedure for Determination of Aluminum in Samples of Natural Water.

MTP-3.72, Technical Procedure for Measurement of Electrical Conductivity of Water Samples in the Field.

MTP-3.73, Technical Procedure for Field Measurement of Reduction-Oxidation Potential: including
Preparation and Storage of Reduction-Oxidation Solutions of Standard Potential, and
Calibration of REDOX Electrodes.

MTP-3.74, Technical Procedure for Field Measurement of Dissolved Oxygen in Water Samples by
Membrane Electrode Probe.

MTP-3.75, Technical Procedure for Field Measurement of Total Alkalinity of Water Samples.

MTP-3.76, Technical Procedure for Field Measurement of Dissolved Sulfate in Natural Water Samples by
Portable Spectrophotometer.

MTP-3.78, Technical Procedure for Field Measurement of Dissolved Oxygen in Water Samples by
Titration.

MTP-3.79, Technical Procedure for Field Measurement of Aqueous Sulfide in Water Samples by Portable
Spectrophotometer.

MTP-3.80, Technical Procedure for Field Measurement of Total Dissolved Iron in Water Samples by
Portable Spectrophotometer.

MTP-1 2.1, Technical Procedure for Calibration of pH meter.

MTP-12.2, Technical Procedure for Calibration of Electrical Conductivity Meter.

MTP-12.3, Technical Procedure for Air Calibration of Dissolved Oxygen Meter and Membrane Electrode
Probe.

MTP-13.1, Technical Procedure for Preparation of Water Sample Containers.
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Samrle

1. Major Cations

Summary of Water Samples

Contalner 0Re.3

1 L cubitainer 0.45 Izm

2. Major anions

3. Deuterium

4. Oxygen Isotopes

5. Carbon-13

6. Tritium

7. Uranium-series

8. Sulfur Isotopes

9. Carbon-14 by

A.M.S.1

10. Carbon-14 by

Liq. Scint.

11. Aluminum

12. Thief samples

by BAT

hypoprobe

12 mL scintillation vials

1 L glass bottle

1 L glass

20 L cubitainer

1 L cubitainer

1 L glass

50 L carboy with spigot

12 mL scint. vials for extract

0.5 mL glass for total Al

500 mL special

glass bottles

2 x 150 mL special

glass bottles

4 L cubitainer

2 x 60 mL 8.0.D. bottles

2 x 300 mL B.O.D. bottles

125 mL HDPE bottle

0.45 prm

no
no
0.45 In
no
no
no
0.451im

Preservatfon

1 mL Ultrex HNO3, chill

chill

a

no

0.1 & 0.45 upm

0.45 prm

0.45pgm
no
no
no

13.

14.

Chlorine-36

Colloids

15. Trace Metals no 1 mL Ultrex HNO3 , chill

16. Colloid Identification 0.5 mL thru

5 mL thru

1 A.M.S. a accelerator mass spectrometry.

20 nm filters in
culture dishes

2 L - Iiter, mL- milliliter, B.O.D. - biological oxygen demand. HDPE - high-density polyethylene.

3 gm - micron or micrometer, nm . nannometer.

Table MRP-2.3-1.
4 MY880527z
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Technical Procedures MTP-3.02 AND MTP-3.13
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STATE OF NEVADA MTP-3.02
AGENCY FOR NUCLEAR PROJECT REVISION 1 (DRAFT 1)
NUCLEAR WASTE PROJECT OFFICE MAY 20, 1988
TECHNICAL PROCEDURE

TITLE: Technical Procedure for Documentation of Research Activities

APPROVED:
Project Manager Quality Assurance Manager

Administrator of Technical Programs

1.0 PURPOSE

1.1 This procedure describes the requirements for documentation of
research activities that are not covered by technical procedures.

1.2 This procedure governs the activities of Mifflin & Associates,
Inc. (MAI) personnel and their subcontractors under contract to
the State of Nevada, Nuclear Waste Project Office (NWPO).

2.0 DEFINITIONS

2.1 Rpsearch Activity - work of an experimental nature that is to be
accomplished before or as part of the preparation of approved
detailed technical procedures. A recognized part of these efforts
involve the change of concepts and subsequent experimental
methods. The discovery and interpretation of the results of the
activity will be performed under controlled conditions by
procedures that may or may not be established or qualified. The
activities that are designated as research activities must be
documented according to an approved procedure that will ensure
that all aspects of the activity area adequately documented and
tracked to allow the preparation of a governing technical
procedure, if appropriate, in a timely manner.

3.0 INTERFACING PROCEDURES

3.1 QAP-2.2, Preparation and Control of Technical Procedures.

3.2 QAP-6.1, Document Distribution List and File Index.

3.3 QAP-17.1, Quality Assurance Records.

4.0 REQUIREMENTS AND ACTIVITIES

4.1 The Principal Investigator (P.I.) or leOsign;e shall indicate in
writing to the Project Manager which activities performed by the
P.I. and/or MAI personnel or subcontractors should be classified
as research activities based on the above definition and one or
more of the following:

1) Degree of operator skill required to perform activity
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STATE OF NEVADA MTP-3.02
AGENCY FOR NUCLEAR PROJECT REVISION 1 (DRAFT 1)
NUCLEAR WASTE PROJECT OFFICE MAY 20, 1988
TECHNICAL PROCEDURE

2) Complexity and sensitivity of equipment required for the
task

3) Degree of professional judgment required to organize the
activity and interpret the results

4) The likelihood of inspection yielding meaningful results

4.2 The Prnjec1- MIanapr shall recommend in writing the to NWPO
Administrator of Technical Programs the activity/activities to be
classified as a research activities.

4.3 Upon the classification of an activity as a research activity, the
Prinnipal Tnvpsttiagtor shall prepare a Research Plan for submittal

to the Project Manager. If Project Manager finds the Research
Plan satisfactory hheIsh e shall submit the plan to the
Administrator of Technical Programs for review and approval.

4.3.1 If the Research Plan is not approved, the Prinnipal Tnv =_tiqatnr
shall revise the plan and resubmit the plan to the Project
Manager, per Section 4.3 above.

4.4 The Research Plan shall consist of, but not be limited to, the
following items, as appropriate:

1) Activity Title

2) Name of the Principal Investigator responsible for the
research activity

3) Objectives.

4) Period of Performance.

5) Description of Field Work: purpose; duration; frequency;
type of samples to be taken; equipment to be used and
calibration requirements; methods to be attempted or
utilized.

6) Description of Laboratory Work: purpose; duration; type
and number of samples to be analyzed; preparation and
analytical methods to be attempted or utilized; equipment
calibration/standardization requirements.

4.5 Complete and thorough documentation of the actual process of the
activity shall be performed during the activity and shall be
submitted by the Principal TnypttigAtor to the Project Manager.
The Project Manager shall submit the activity documentation to the
QA Manager and Administrator of Technical Programs per Subsection
4.6.1.3 and Section 5.0 of this procedure.
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STATE OF NEVADA
AGENCY FOR NUCLEAR PROJECT
NUCLEAR WASTE PROJECT OFFICE
TECHNICAL PROCEDURE

MTP-3.02
REVISION 1 (DRAFT 1)

MAY 20, 1988

4.6 Documentation or research activities shall include, but not be
limited to, the following:

1) Fieldbooks, logbooks, and laboratory notebooks

2) Hardcopy output from equipment or instrumentation

3) Drawings, figures, and maps

4) Calculations

5) Photographs (micro- and/or macro-) and/or video tape
recordings

6) Paper tapes or magnetic media containing data output by
equipment or instruments

7) Copies of computer codes/software utilized in data reduction
or in performing calculations for interpretation of results.

8) Records of custody of samples and sample transmittal forms.

Fieldbooks, logbooks, and laboratory notebooks shall contain the
following daily entries, as applicable, in a clear and legible
manner.

1) Date of entry and Preparer's name

2) Name of the Principal Investigator in charge of the research

4.7

3)

4)

5)

6)

7)

activity

Description of work in progress

Equipment used and calibration performed

Sample (core specimen, section, thin section, etc.)
identification history while in preparer's possession
Data entries; data sheets

Comments relative to work in progress, such as expected or
unexpected results, limiting factors known or possible,
immediate goal or objective

Any changes in the basic approach

Interim conclusions, if appropriate

Summary describing any results

entries to fieldbooks, logbooks, and/or laboratory notebooks

Page 4 of 7 MY880923b
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STATE OF NEVADA MTP-3.02
AGENCY FOR NUCLEAR PROJECT REVISION 1 (DRAFT 1)
NUCLEAR WASTE PROJECT OFFICE MAY 20, 1988
TECHNICAL PROCEDURE

shall be made in ink. Successive entries shall be made on
consecutively numbered pages, leaving no open spaces for
additional entries on partially filled pages. Entries shall be
signed and dated by the Rrepa-rr on the date the entry is made.
If revisions to the entries are necessary, the original entry
shall be lined out, initialed and dated by the Preparer making the
revision. The initial entry shall remain legible. White-out or
erasures are not acceptable.

4.7.2 All fieldbooks, logbooks, and laboratory notebooks shall be
reviewed and verified by the Principal Tnve.gtigator or, if the

Principal Investigator is the Preparer, the Project Manager, at
regular intervals but no less than monthly. The Principal
Tnvestigator or Projcpt Managr shall sign and date the section of

the books reviewed and shall also indicate the dates of the
entries reviewed. Copies shall be made of the reviewed and
verified entries and these copies shall be submitted to the QA
Manager.

4.7.3 Completed fieldbooks, logbooks, and laboratory notebooks are
considered Quality Assurance Records and these books shall be
submitted to the Qa Manager as required in Section 5.0 of this
procedure.

4.8 Each piece of output from an instrument, each drawing, figure,
map, photograph, tape, floppy diskette, or calculation, etc.,
shall be signed and dated by the Preparer or Tngtrtmpnt OperAtor,

and verified, signed, and dated by the Prinnipal 7nvestigator or
.saignpe. The nflegignete shall have the necessary expertise and

experience to be able to understand and verify the documentation.

4.9 Calculations developed during the research activity shall be
prepared, documented, reviewed, and approved according to QAP-3.1,
Calculations.

4.10 Documentation of computer software utilized in the research
activity shall conform to the content of NUREG-0856, as
applicable.

4.11 The adequacy of the research activity documentation shall be
determined by the Project Manager, Administrator of Tephnical
Programs- and the OA Manager.

4.12 After the research activity is completed, the Principal
Tnve.tigqtor shall prepare a report, summarizing the results of

the activity, the methods used, and the determination of whether
the activity has led to the development of a governing technical
procedure.

4.12.1 The Principal Investigator shall submit the summary report to the
Project Manager for review. The Project Manager shall review the
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NUCLEAR WASTE PROJECT OFFICE MAY 20, 1988
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report and, if the report is satisfactory, shall indicate approval
by signing and dating the report.

4.12.2 If the report is not satisfactory, the Prnject Manager shall
return the report to the Principal Investigator for revision, as
necessary. The Principal Tnvestigator shall resubmit the report
after making any revisions, according to Subsection 4.12.1.

4.13 The Project Manager shall submit the approved summary report to
the Administrator of Technical Programs for review.

5.0 OUTPUT DOCUMENTS

5.1 The Prinipa1l Tnveytigator or Designee shall ensure marking of the
category file index designation on the records listed below, per
QAP-6.1, and the transmittal of these records to the QA Manager
for processing and filing in the NWPO Records Center, per QAP-
17.1.

Written recommendations for activities to be classified as
research activities

Research Plans

Fieldbooks, logbooks, and laboratory notebooks.

Hardcopy output for equipment/instrumentation

Drawings, maps, figures

Calculations

Photographs, videotapes

Paper tapes, magnetic media (floppy diskettes, magnetic
tapes)

Optical storage media (compact discs - read-only memory)

Computer software listings and documentation

Copies of Custody of Samples and Transmittal Forms

5.2 The Principal Investigator or Dneignee shall ensure distribution
of the above documents to the Project Manager, Administrator of
Technical Programs, and others, as necessary, per the Document
Distribution List of QAP-6.1.

5.4 The Prineipal Investigator or Designee shall maintain copies of
documents on file.
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6.0 REVISIONS

6.1 Revisions to the documents resulting from this procedure shall be
prepared, reviewed, verified, approved, and distributed in the
same manner as the original issue and in accordance with QAP-2.1
and QAP-2.2 as applicable.

6.2 Revisions may be made to a single page, several pages, or the
entire document.

6.2.1 If single page revisions are made, only the revised page(s) need
be issued as replacement pages.

6.2.2 Revised portions of documents shall be identified by bold-face
type, except as noted in Subsection 6.2.3 of this procedure.
When later revisions are made, the earlier revision indicators
shall be deleted.

6.2.3 Technical documents from this procedure marked "Preliminary" or

"DRAFT" may be revised without adherence to Subsections 6.1 and
6.2.2 above. Preliminary documents shall be controlled by the
Preparer to prevent distribution and use before review,
verification, and approval. The "Preliminary" or "DRAFT" markings
shall be removed before submission for approval.

6.3 A revision summary shall be included as a part of all revised
technical documents. The dated signatures of the revision
Preparpr. Revipwer. Verifer. and Approver shall be included as a

part of the revision summary. The revision summary shall indicate
the pages revised.

6.4 The .eecipients of technical documents shall destroy superseded
pages or mark them "VOID" or "SUPERCEDED."

7.0 REFERENCES

7.1 NWPO, 1988, Quality Assurance Manual, Sections 3.0.

7.2 NUREG-0856, Final Technical Position on the Documentation of
Computer Codes for High-Level Waste Management

8.0 FLOW CHART

8.1 None
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STATE OF NEVADA MTP-3.13
AGENCY FOR NUCLEAR PROJECTS REVISION I (DRAFT 1)
NUCLEAR WASTE PROJECT OFFICE June 3, 1988
TECHNICAL PROCEDURE

TITLE: Technical Procedure for Daily Drilling Activity Summary.

APPROVED:
Project Manager Quality Assurance Manager

Administrator of Technical Programs
1.0 PURPOSE

1.1 A record of daily drilling activity is based on individual activities, recorded by date and clock time. The
NWPO/MAI Daily Drilling Activity Summary form is intended to portray the full scope of each day's activities
in chronologic fashion, overlapping the time intervals as necessary. Categories of activities should be gen-
eral and provide an overview of each work day.

1.2 This procedure governs the activities of Mifflin & Associates, Inc. (MAI) personnel and their subcontractors
under contract to the State of Nevada, Nuclear Waste Project Office (NWPO).

2.0 DEFINITIONS

2.1 Refer to the NWPO Quality Assurance Manual Glossary for any other terms.

3.0 INTERFACING PROCEDURES

3.1 OAP-2.2, Preparation and Control of Technical Procedures.

3.2 QAP-6.1, Document Distribution List and File Index.

3.3 OAP-17.1, Quality Assurance Records.

3.4 MTP-3.01, Position Titles, Descriptions, and Minimum Qualifications.

3.5 MTP-3.12, Technical Procedure for Installation of Surface Casing in Exploratory Boreholes.

4.0 REQUIREMENTS AND ACTIVITIES

4.1 Requirements:

4.1.1 NWPO/MAI Daily Drilling Activity Summary form (MTP-3.13-1.).

4.1.2 Ink pens.

4.2 Activities:

4.2.1 The Principal Investicator or Designee shall designate and train Field Technician (minimum position require-
ment, see MTP-3.01) to perform activity specified in this procedure.

4.2.2 The Field Technician shall ensure that all requirements are on hand before departing for the field, drill site,
or sampling site.

4.2.3 The Field Technician shall record the following information on the NWPOIMAI Daily Drilling Activity
Summary form using an ink pen:
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4.2.4 Beginning and ending times of each activity, and a description of each activity, shall be entered on the Daily
Drilling Activity Summary form. Examples of activities include: drilling, welding casing, rig maintenance, etc.
Each NWPO/MAI Daily Drilling Activity Summary form shall be signed and dated by the preparer.

4.2.5 The Field Technician shall sign and date as preparer each page of the NWPO/MAI Daily Drilling Activity
Summary form as completed or at end of the day.

4.2.6 Each person authorized to make entries into a notebook or onto a form shall use a separate page each day.
Only one authorized person as preparer shall use any single page of a notebook or any single form.

4.2.7 Upon review and approval, the Principal Investigator or Designee shall sign and date the NWPO/MAI Daily
Drilling Activity Summary form as verifier.

5.0 OUTPUT DOCUMENTS

5.1 The Principal Investigator orDeslaigne shall ensure marking of the category file index designation on the fol-
lowing documents per QAP-6.1, and transmittal of same to the QA Manager for processing and filing in the
NWPO Records Center per QAP-1 7.1.

5.1.1 NWPOIMAI Daily Drilling Activity Summary form (Figure MTP-3.13-1.).

5.2 The Principal Investigator or Designee shall ensure distribution of copies of the above documents to the
Project Manager, Administrator of Technical Programs, and to others on the Document Distribution List per
OAP-6.1.

5.3 The Principal Investigator orDeslgnee.shall maintain copies of documents on file.

6.0 REVISIONS

6.1 Revisions to output documents shall be prepared, reviewed, verified, approved, and distributed in the same
manner as the original issue and in accordance with QAP-6.1 and QAP-2.2 as applicable, and requirements
stated in these procedures for the original documents.

6.2 Revisions may be made to a single page, several pages, or the entire document.

6.2.1 If single page revisions are made, only the revised page(s) need be issued as replacement pages.

6.2.2 Revised portions of documents shall be identified by boldface type, except as noted in Subsection 6.2.3 of
this procedure. When later revisions are made, the earlier revision indicators shall be deleted.

6.2.3 Technical documents marked "Preliminary or 'DRAFTW may be revised without adherence to Subsections
6.1 and 6.2.2. above. Preliminary documents shall be controlled by the preparer to prevent distribution and
use before review and approval. The 'Preliminaty or 'DRAFT" markings shall be removed before
submission for approval.

6.3 A revision summary shall be included as part of all revised technical documents. The dated signatures of the
revision preparer, reviewer, and approver shall be included as a part of the revision summary. The revision
summary shall indicate the pages revised.

6.4 Recipients of revised technical documents shall destroy superseded pages or mark them 'VOID' or
"SUPERSEDED".
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8.1 None.
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United States Department of the Interior
BUREAU OF LAND MANAGEMENT

LAS VEGAS DISTRICT OFFICE
4765 Vegas Drive
P.C. Box 26569

Las Vegas. Nevada 89126

- ~a
-~~m U

IN REPLY REFIR 'ro

N -48327
2800
(NV-050.1 )

JUL 2 s 9989
CERTIFIED MAIL '0.4/9e9
RETURN RECEIPT REQUESTED

Mifflin & Associations
2700 E. Sunset Rd C-25
Las Vegas, NV 89120

Gentlemen:

Enclosed is a copy of Mifflin & Associates R/W grant (serial number N-48327)

which has been approved by the Bureau of Land Management along with a receipt

for the rental and monitoring payments thereto.

Sincerely,

, 3en F. Collins
District Manager

2 Enclosures
1. Right-of-Way Grant
2. Receipt



Form 2800-14 UNITED STATES I Issuing Office
(August 1985) DEPARTMENT OF THE INTERIOR I Las Vegas District

BUREAU OF LAND NW9LENT I Serial Number
RIGfTCF-TWAY GR4NT/MEMPORARY USE PEROIT I N-4A327

1. A (right-of-way) (permit) is hereby granted pursuant to:

a. */XT Title V of the Federal Land Policy and Manage"nnt Act of October 27, 1975 (90 Stat. 27776;
43 !J.S.C. 1761);

b. /7 Section 28 of the Mineral Leasing Act of 1920, as amended (30 U.S.C. 185);

c. /7 Other (descri be)

2. NJature of Interest:

a. By this instruient, the holder Mifflin & Associates receives a right to construct, operate,
mnintain, and tenminate a Right-of-Way for site characterization studies on public lands (or
Federal land for ELA Rights-of-Way) described as follows:

T. 13S., R. 49E., section 32, SE01.'>t.h. (Site II')
T. 14S., R. 49E., section 8, SEW- M. P. (Site IV)

A map sharing the location of the right-of-way is on file with the Bureau of Land 1anagemnt,
Las Vegas District (N-48327).

b. The right-of-way or permit area granted herein is 109 feet wide, 10 feet long and contains
0.03 acres, more or less. If a site type facility, the facility contains 4.0 acres.

c. Tnis instrumint shall terminate on July 27, 1998 , 10 years fron its effective
date unless, prior thereto, it is relinquished, abandoned, tenrninated, or modified pursuant
to the terms and conditions of this instrunint or of any applicable Federal law or regulation.

d. This instrument /g7may /7may not be renderd. If reneved, the right-of-way or permit shall
be subject to thelregula~itons existing at the tire of renewal and any other terrs and
conditions that the authorized officer deems necessary to protect the public interest.

e. lotaithstanding the expiration of this instrument or any renewal thereof, early
relinquishment, abandonment, or termination, the provisions of this instrument, to the extent
applicable, shall continue in effect and shall be binding on the holder, its successors, or
assigns, until they have fully satisfied the obligations and/or liabilites accruing herein
before or on account of the expiration, or prior termination, of the grant.



3. Rental:

For and in consideration of the rights granted, the holder agrees to pay the Bureau of Land
Management fair market value rental as determined by the authorized officer unless
specifically exempted from such payment by regulation. Provided, however, that the rental
may be adjusted by the authorized officer, hxenever necessary, to reflect changes in the fair
market rental value as determined by the application of sound business management principles,
and so far as practicable and feasible, in accordance with cctmparable co'mercial practices.

4. Terr.s and Conditions:

a. This grant or per mit is issued subJect to the holder's copliance With all applicable
regulations contained in Title 43 Code of Federal Regulations parts 28OO and 2M9O.

b. Upon grant termination by the authorized officer, all irprovements shall be removed frcn the
public lands Within 120 days, or otherqise disposed of as provided in paragraph (4)(d) or as
dirrected (4 the aut.hrized officer.

c. Each grant issued pursuant to the authority of paragraph (1)(a) for a ternm of 20 years or
wore shall, at a minimun, be reviewed by the authorized officer at the end of the 20th year
and at regular intervals thereafter not to exceed 10 years. Provided, haoever, that a
right-of-way or permit granted herein may be reviewed at any time deemed necessary by the
autiorized officer.

d. The stipulations, plans, maps, or designs set forth in Exhibit(s) A
dated July 28, 1988 , attached hereto, are incorporated into and made a part of
this grant instrument as fully and effectively as if they Were set forth herein in their
entiretv.

e. Failure of the holder to corply with applicable law or ary provision of this right-of-way
grant or permit shall constitute grounds for suspension or termination thereof.

fr. The holder shall perform all operations in a gool and worhvanlike menner so as to ensure
protection of the environment and the hNealth and safety of the putlic.

IN'1II-^IESS 14HERECF, The undersigned agrees to the terms and conditions of this right-of-wiay grant or
permit.

1A6 5 4A-2 /~ If/. -Ard-
(T) tl e

J- 'Da 24

I,. // /

iSignture orf Authorized Officer)

f l'7,z District MnaaCer
,Ii (Title)

July 28, 1988
(, Fate



EXHIBIT A
SPECIAL STIPULATIONS

W- 418327

1. Holder shall clearly mark the exterior boundaries of the right-of-way.
All activities directly or indirectly associated With construction or
mairtenance on this right-of-way must be conducted within the boundaries
thereof.

2. If cultural resources are discovered during operations under this grant,
the Holder shall immediately bring them to the attention of the Authorize-
Officer. The Holder shall not disturb such resources except as may be
subsequently authorized. Within two working days of notification, the
Authorized Officer will evaluate or have evaluated any cultural resources
discovered and Jill determine if any action may be required to protect
cultural resources discovered. The cost of data recovery for cultural
resources discovered during operations shall be borne by the BLM unless
otherwvise specified by the Authorized Officer of the BLIM. All cultural
resources shall remain under the jurisdiction of the United States until
ownership is determined under applicable law.

3. Holder shall comply with the applicable Federal and State laws and
regulations concerning the use of pesticides (i.e., insecticides,
herbicides, fungicides, rodenticides, and other similar substances) in all
activities/operations authorized under this grant. The Authorized Officer
shall approve a written plan prior to the use of such substances. The
plan must provide the type and quantity of material to be used; the pest,
insect and fungus to be controlled; the method of application; the
location of or storage and disposal of containers; and other information
that the Authorized Officer may require. The plan should be submitted no
later than December 1 of any calendar year that covers the proposed
activities for the next fiscal year (i.e., December 1, 1988, deadline for
a fiscal year 1990 action). Emergency use of pesticides may occur. The
use of substances on or near the right-of-way shall be in accordance with
the approved plan. A pesticide shall not be used if the Secretary of the
Interior has prohibited its use. A pesticide shall be used only in
accordance with its registered uses and within other limitations if the
Secretary has imposed limitations. Pesticides shall not be permanently
stored on public lands authorized for use under this grant.

4. The BLM retains the right ot occupy and use the right-of-way, and to issue
or grant rights-of-way or other land uses for other purposes, upon, over,
under, and through the lands, provided that the occupancy and use will not
unreasonably interfere with the rights granted herein.

S. No hazardous materials will be disposed of on public lands.

A. All desert tortoise found in area where their continued presence
constitutes a hazard to themselves, will be removed to a safe shady area
(at least 15' yards from surface disturbance'. Construction personnel
will be informed that collection of tortoises is prohibited and punishable

a miniimum $100,000 fine.



United States Department of the Interior
BUREAU OF LAND MANAGEMENT

LAS VEGAS DISTRICT OFFICE
4765 Vegas Drive
P.O. Box 26569

Las Vegas, Nevada 89126

a

RIDEIN m

Mc a

1\ IRELY REFER TO-

N-43282
2300
("!V-050.1)

CERTIFIED MAIL NO. 1396?
RETURN RECEIPT REQUESTED JUL 2 S 1988

Mifflin & Associates
2700 E. Sunset Rd. C-25
Las Vegas MV 89120

Gentlemen:

Enclosed is a copy of Mifflin & Associates R/W grant (serial number 48282)

which has been approved by the Bureau of Land Management along with a receipt

for the rental and monitoring payments thereto.

Sincerely,

I Ben F. Collins
Jg District Manager

2 Enclosures
1. Right-of-Way Grant
2. Receipt



Form 23X-1 4 lNITED STATES I Issuing Office
(August 1985) DEARTDEW OF THE INTERIOR - Las Yegas District

BUREAU OF LAND HAW EE I Serial Nt.ber
RIHT-tF-4AY GRMNT/ ORY USE PERMIT } N-8282

---- =- -- - ------ ----- ----=_ _ _ _-- -_ = _ - = = __- - - -- -- ==-

1. A (right-of-way) (permit) is hereby granted pursuant to:

a. /77 Title V of the ,Federal Land ?oiicy and "anagewint Act of Octtber ?1, 197T (0O Stat. 2776;
43 U.S.C. 1751);

b. /7 Section 29 of the Mineral Leasing Act of 1902.), as amend'e!. (30 U.S.C. 185);

c. /70 ther (describe)

2. ?tature of Interest:

a. Iy this instrumnt, the holder lifflin 9 Associates receives a right to construct, operate,
maintain, and terninate a right of way for site characterization studies on public lands (or
Federal land for,-LA Rights-of-Way) described as follows:

Mount Diablo S1eridan
T14S., 'R.4E., Section 35, SZk a ,,

SE:7-J.qP4

A map showing the location of the right-of-way is on file with the qureau of Land '1anagavnt,
Las Vegas District (N-48292).

b. The right-of-way or permit area granted herein is 10' feet wide, 7,920 feet long and contains
1.82 acres, more or less. If a site type facility, the facility contains 3.0 acres.

c. This instrument shall terminate on July 27, 1998 , 10 years from its effective
date unless, prior thereto, it is rlin quished, abandoned, tenminated, or motlifed pursuant
to the terms and conditions of this instrument or of any applicable Federal law or regulation.

d. This instrumnt /77/ may T/ may not be reneged. If rene.ed, the right-of-way or permit
shall be subjecftto the regulations existing at the time of renev.ral and any other terms and
conditions that the authorized officer deems necessary to protect the public interest.

e. Sloteithstanding the expiration of this instrnent or any rerewal thereof, early
relinquishment, abandorment, or ternination, the provisions of this instrument, to the extent
applicable, shall continue in effect and shall be binding on the holder, its successors, or
assigns, until they have fully satisfied the obligations and/or liabilites accruing herein
before or on account of the expiration, or prior termination, of the grant.



3. Rental:

For and in consideration of the rights granted, the holder agrees to pay the Bureau of Land
Management fair market value rental as determni ned by the authorized officer unless
specifically exempted from such payment by regulation. Provided, however, that the rental
may be adjusted by the authorized officer, whenever necessary, to reflect changes in the fair
market rental value as determined by the application of sound business manageient principles,
and so far as practicable and feasible, in accordance with comparable cammercial practices.

4. Ters and Conditions:

a. This arant or permit is issued subject to the holder's ccrpliance with all applicable
regulations contained in Title 43 Code of Federal Regulations parts 2800 and 2330.

b. Upon grant termination by the authorized officer, all improvements shall be removed from the
public lands within 120 days, or otherwise disposed of as provided in paragraph (4)(d) or as
directed by the authorized officer.

c. Each grant issued pursuant to the authority of paragraph (1)(a) for a term of 20 years or
more shall, at a minirum, be reviewed by the authorized officer at the end of the 20th year
and at regular intervals thereafter not to exceed 10 years. Provided, however, that a
right-of-way or permit granted herein may be reviewed at any time deemed necessary by the
authorized officer.

d. The stipulations, plans, maps, or designs set forth in Exhibit(s) A
dated July 28, 1988 , attached hereto, are incorporatd into and made a part of
this grant instrurent as fully and effectively as if they were set forth herein in their
entirety.

e. Failure of the holder to caoply wfith applicable lawx or any provision of this right-of-aey
grant or pernit shall constitute grounds for suspension or termination thereof.

f. The holder shall perform all operations in a good and wrkmanlike manner so as to ensure
protection of the environrent and the health and safety of the public.

I'%' W IESS 'AHERECF, The undersigned agrees to the terns and conditions of this right-of-way grant or
permit.

(Signature of ,older X (Signature of Authorized Officer)

(Tit-
f-, , District Manager

I 71Title)

July 28, 1988
(Date)CA'Date)



EXHIBIT A
Special Stipulations

N- 48282

I. Holder shall clearly mark the exterior boundaries of the right-of-way.
All activities directly or indirectly associated with construction or
maintenance on this right-of-way must be conducted within the boundaries
thereof.

2. 'f cultural resources are discovered during operations under this grant,
t'e Holder shall immediately bring them to the attention of the Authorized
Vfficer. The Holder shall not disturb such resources except as may be

subsequently authorized. w4ithin two working days of notification, the
Authorized Of-icer will evaluate or have evaluated any cultural resources
discovered and will determine if any action may be required to protect
cultural resources discovered. The cast of data recovery for cultural
resources discovered during operations shall be borne by the BLM unless
otherwise specified by the Authorized Officer of the RLM. All cultural
resources shall remain under the jurisdiction of the United States until
ownership is determined under applicable law.

3. H4older shall comply with the applicable Federal and State laws and
regulations concerning the use of pesticides (i.e., insecticides,
herbicides, fungicides, rodenticides, and other similar substances) in all
activities/ooerations authorized under this grant. The Authorized Officer
shall approve a written plan prior to the use of such substances. The
plan must provide the type andi quantity of material to be used; the pest,
insect and fungus to be controlled; the method of application; the
'ocation of or storage and disposal of containers; and other information
that the Authorized Officer may require. The plan should be submitted no
later than December 1 of any calendar year that covers the proposed
activities for the next fiscal year (i.e., December 1, 1983, deadline for
a fiscal year lo90 action). Emergency use of pesticides may occur. The
use of substances on or near the right-of-way shall be in accordance with
the approved plan. A pesticide shall not be used if the Secretary of the
interior has prohibited its use. A pesticide shall be used only in
accordance with its registered uses and within other limitations if the
Secretary has imposed limitations. Pesticides shall not be permanently
stored on public lands authorized for use under this grant.

4. The BL?'1 retains the right to occupy and Muse the right-of-way, and to issue
or grant rights-of-way or other land used for other purposes, upon, over,
under, and through the lands, provided that the occupancy and use will not
unreasonably interfere with the rights granted herein.

5. NJo hazardous materials will be disposed of on public lands.

,. All desert tortoise found in areas 1.here their continued presence
constitutes a hazard to themselves, wil' be removed to a safe shady area
fat least I.C yards form surface disturbance). Construction personnel
:il Fbe informed that collection of tortoises is prohibi-ed and punishable

by a minimum $ 100.00 fine.



7. Trenches, shafts, and bores shall be marked, fences, or otherwise
protected so as not to constitute a hazard to the public or to wildlife.

S. Core holes or wells containing potentially usable water should be left in
a manner which facilitates their development as water sources and prior to
termination of the agreement or abandonment of the holes/wells, MAT will
consult with SLP to determine if they will be sealed and capped, plugged
back, or turned over to the BLUI as is.

9. Tne District m1anager, Las Vegas District Office, Ias Vegas, Nevada, shall
act as a BLUM's authorized officer for implementation of this right-of-way
reservation.



Section B

Climate Change Program
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Climate Change Program

Introduction

The State of Nevada 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 (100FR 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
(10CFR960.4-2-4(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 potential 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 Quatemary.

The vadose-zone position of the repository 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. Appendix B-I established a Nevada draft technical position on the climate-change issue.

The DOE, in dealing with climate-change issue in their Environmental Assessment of the Yucca
Mountain site, interpreted that the available data indicated that there would be no significant impact on the
repository performance. Our response to this theme is found in Appendix B-Il.
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Both site-specific and 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 in-
formation 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 oversight effort has incorporated several activities designed to further
explore this issue:

1. 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.

- 17- MY89051 1d



Climate Change

ISSUE:

Key Issue:

Will the proposed repository in the vadose zone at Yucca Mountain provide the required waste
isolation for the 10,000 year period after emplacement it the climate changes to a full pluvial climate of the
Quaternary?

OBJECTIVE OF ACTIVITY:

Establish the paleohydrologic history of the Quaternary 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.

FINDINGS:

The exposures indicate several high standing lakes occupied the Tecopa basin during the
Quatemary. The well-exposed stratigraphic record Is estimated to include most of the Quatemary,
extending from greater than 2 millions 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 (see Ap-
pendices B-Ill and B-lV).

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.

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
correlations of the pluvial cycles, including careful reviews of previous work in the Searles Lake basin and
the Great Basin, are warranted.

- 1 8 - MY89051 id



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 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:

Will the proposed repository in the vadose zone at Yucca Mountain 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 yrs. B.P. and 11,000 yrs. 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. ln- addition, modem-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 Califomia. 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. Appendices B-V and B-VI are reports that summarize
some of the results from these efforts.

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 modem discharge is similar to the regional increase of effective moisture indicated by Great Basin
pluvial-lake hydrologic indices. Mifflin and Wheat (1979) found effective moisture to be about one order of
magnitude greater than that indicated by modem 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 10 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 modern 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 (see Appendix
B-VII).

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 (see Appendix
B-VI ). 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. Cerling (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:

Will the proposed repository in the vadose zone of Yucca Mountain provide the waste isolation
required for the 10,000 year period after emplacement if the climate changes to the pluvial climates of
Quaternary.

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 were 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 madden
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.

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. Appendices B-VIII and 8-IX are reports that discuss and
interpret the findings within the context of previous work and regional relationships.

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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Draft Technical Position on Climate Change by Mifflin & Associates, Inc.
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Draft Technical Position on Determination of the
Plenipluvial Climatic Conditions to Evaluate
Adverse Climate Change Impacts for the Proposed
Yucca Mountain High-Level Nuclear Waste

Repository.

1.0 Purpose.

This document presents site-specific objectives and

aporoaches for determining the plenipluvial hydrologic

chanqes in the hydroqeoloqy at Yucca Mountain so the impacts

on repository performance can be judged for licensing pur-

poses.

2.0 Requlatorv Framework.

The State of Nevada recognizes that the climate change

issue for Yucca Mountain is complex and key with respect to

repository performance under the regulatory requirements

(see: 10CFR60.112, .113, .122(c)(23)). A conservative ana-

lysis of the existing data base indicates that several of

the Potentially Adverse Conditions (10CFR 960.4-2-4(c)(2))

exist:

"Evidence that the climatic changes over the next
10,000 years could cause perturbations in the hydrau-
lic qradient, the hydraulic conductivity, the effec-
tive porosity, or the ground-water flux throuqh the
host rock and the surrounding geohydrologic units,
sufficient to siqnificantly increase the transport of
radionuclides to the accessible environment."

Vadose zone chanqes in response to the plenipluvial climate

would conservatively include important perturbations in the

hydraulic conductivity (due to a greater degree of fracture



flow) and ground-water flux (due to markedly increased

effective moisture). The data base is less clear with res-

pect to increased local saturation (perched water) and the

chanqe in the position of the water table. The Qualifying

Condition (10CFR960.4-2-4(a)) states:

"The site shall be located where future climatic condi-
tions 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 Quaternary Period, considering
the geomorphic evidence of the climatic conditions in
the geologic setting."

The proposed vadose-zone repository in fractured vol-

canic tuff would occupy an environment that is sensitive to

changes in climate and the associated changes in effective

moisture (changes in the amount of precipitation that is

either rejected as runoff or accented as infiltration). In

the fractured rock terrane of Yucca Mountain, increased

infiltration of effective moisture would result in potential

increases in ground-water flux through the repository hori-

zon and increasingly significant fracture flow, which is

believed to be several orders of magnitude more rapid than

matrix flow. The aridity of the current climate creates the

potential for a small flux of infiltrated effective moisture

(but as yet it has not been site-specifically demonstrated

as to how small the flux is, and what proportions of the

flux percolate as matrix flow and as fracture flow).

3.0 Issue.

The Yucca Mountain repository performance in terms of

waste isolation is highly dependent upon the flux rate and

distribution of moisture in the vadose zone (that zone which

2



is commonly called the unsaturated zone, where hydraulic

continuity over broad areas does not exist because of dis-

continuous saturation). The waste-containment concept of

the Yucca Mountain repository is that of little or no flux

of moisture through the vadose zone due to the aridity of

the climate, and that flux which does occur is primarily in

the very low-permeability rock matrix. The repository is

positioned above the regional zone of saturation.

Licensing criteria (section 2.0, above) recognize the

potential 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 poten-

tially subject to significant hydrologic changes if the cli-

mate 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) caused by a climate change to greater

precipitation, lower temperature, or a combination of both,

will produce greater effective moisture. The Great Basin

arid and semi-arid climates are such that most precipitation

is lost to evapotranspiration in many environments. How-

ever, on both a short-term and long-term basis, relatively

small deviations from the normal climatic conditions can

markedlv impact the hydrology by producing more or less

effective moisture. There is abundant paleohydrologic evi-

dence in the Great Basin of past climates which produced

significant increases in effective mositure during the Qua-

ternary.

The vadose zone of Yucca Mountain is likely to be imme-

diatelY impacted by any short or long-term climatic changes

which produce a change in the rate of infiltration, as rate

of travel of infiltrated moisture via fracture networks is
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measured in months or years. The vadose-zone position of

the repository creates a key issue with respect to climate

chanqe in the forthcoming 10,000 years, the required period

of assured waste containment. The best evidence available

indicates that a climate change toward a pluvial climate

(more effective moisture for runoff and infiltration) is

likely to occur in the future. The State of Nevada current-

ly accepts that the last major pluvial climate to occur in

the Great Basin is a reasonable measure of the degree of

future climate chanqe to anticipate for future pluvial cli-

mates of the Great Basin during the forthcoming 10,000

years. Therefore, the paleoclimate and associated paleo-

hydrology of the last pluvial climate, indicative of the

magnitude of increase in effective moisture over that which

occurs in the modern climate, is a currently accepted

measure of climatic and hydrologic conditions under which

the site should successfully isolate the repository waste

with respect to standards of radionuclide releases and other

performance criteria.

The State of Nevada recognizes that the increased

availability of effective moisture for infiltration due to

the plenipluvial climate may markedly increase the vadose

zone flux, the extent of local perched saturation, and

establish a shallower position of the regional water table.

As these factors directly affect waste isolation, the fun-

damentally important climate change issue must be fully

explored in establishing the performance of the proposed

repository at Yucca Mountain. Also associated are the pot-

entials for local areas of qround-water discharge and

chanqes in paths of flow to the accessible environment.

4.0 Technical Position:

The vadose zone at Yucca Mountain may be subjected to

major changes in moisture regimes induced by climates pro-

ducing more effective moisture. Such climates producing
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more effective moisture are anticipated in the future based

on the past record of climatic change and associated paleo-

hydrologic evidence on a regional scale in the Great Basin.

Support for a vadose-zone repository in highly fractured

rock is predicated upon very small moisture flux conditions

and the general absence of fracture flow to ensure accept-

able performance in waste isolation. Therefore, the propos-

ed repository site must be confidently demonstrated in site

characterization studies to not have been subjected to the

following conditions during the plenipluvial climates:

I. Extensive or dominance of fracture flow;

II. Extensive zones of perched water:

III. Water-table rise sufficient to flood the repository
zone; and

IV. Markedly shortened flow paths from the repository
horizon to the accessible environment.

Both site-specific and regional analyses are necessary

to confidently characterize the plenipluvial hydrology of

Yucca Mountain. Part of the evidence to demonstrate the

absence of the above conditions during the past plenipluvial

climate must be based on site-specific data and be distri-

buted to confidently assess the heterogeneity of both the

subsurface and the surficial or near-surface hydrogeologic

environments that could give rise to varied infiltration

rates and percolation paths. At least two investigative

objectives are appropriate for site-specific evaluations at

Yucca Mountain:

I. Establish the site-specific distributions, concentra-
tions, conditions of genesis, and age relationships
of secondary minerals in the fractures and rock
matrix to characterize the past hydrologic regimens
operating in the vadose zone.
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II. Establish the climatic conditions of the plenipluvial
climate at Yucca Mountain and immediately surround-
ing terrane through comprehensive sampling and ana-
lysis of the site-specific evidence (fossil plant
remains, paleosol, surficial deposits, and landform
evidence).

In order to confidently evaluate the available site-

specific data, regional analyses also must be established to

refine and constrain anticipated uncertainties represented

bv the site-specific evidence. The following regional ana-

lyses currentlv are recognized as necessary to establish:

I. Regionalized characterization of ground-water flux
during the plenipluvial climate. Regional scope
should include ground-water flow systems within and
proximal to the NTS region.

II. Distribution of plenipluvial ground-water discharge
and associated positions of shallow saturation.
Regional scope should include ground-water flow sys-
tems within and proximal to the NTS region.

III. Regionalized characterization of plenipluvial plant
communities. Reqional scope should include both
basin and mountain range environments of south cen-
tral Nevada, southern Nevada, and closely adjacent
areas of California.

IV. Lonq-term climatic variations as recorded by the
paleohydroloqic evidence in hydrographically closed
basins in the Great Basin.

V. Direct in situ analysis of vadose zone hydrology in
appropriate analog environments (welded tuff ter-
ranes in plenipluvial climate settings). Position
of saturation, occurrences of perched water, rela-
tive importance of fracture and matrix flow, and
qround-water recharge and discharge relationships
are of basic interest in the plenipluvial climate
and terrane analoo environments.
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Response to the DOE-EA on Climate Change by Mifflin & Associates, Inc.
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B. Climate Chanqe:

Climate Change Guideline, Section 6.3.1.4 (10 CFR
960.4-2-4).

"The site shall be located where future climatic condi-
tions will not be likely to lead to radionuclide
releases greater than those allowable under the
requirements specified in Section 960.4-1." (DOE,
1986, vol. II, page 6-227).

Several repository-performance issues are directly

related to climatic change in the southern Nevada region,

since waste isolation is predicated on the aridity of the

site. Evidence for paleoclimates creating significantly

greater effective moisture and dramatic differences in

hydrology has been recognized since the earliest 19th-

century geological surveys in the Great Basin. In many cur-

rently arid basins pluvial lakes were present as recently as

10,000 years BP and ancient shoreline deposits are often

easily recognized. Therefore, a vadose-zone repository in

the region raises the question: Will future climatic shifts

to climates similar to paleoclimates adversely affect the

performance of the repository? The EA theme is that great

uncertainty exists in analyses but the available data indi-

cate no significant impact on repository performance. We

believe climate change to a plenipluvial climate (signifi-

cantly more effective moisture for runoff and recharge)

creates repository performance issues of: 1) water-table

position; 2) extent of perched water; 3) ground-water travel

time in the vadose zone; 4) recharge rates; and 5) in gen-

eral, the ability of the proposed repository to isolate the

waste. In-depth treatments of these issues within the con-

text of existing data have been avoided in the EA. We

therefore focus our review on the EA postulate that has been

used to avoid dealing with available quantitative estimates.
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The EA (pages 6-238 and 6-239) discounts the results of

preliminary modeling by Czarnecki (1985) of the potential

hydrologic impacts of a pluvial climate as based on the

estimate by Spaulding, et al. (1984) of 100% precipitation

increase above modern values. We think the Czarnecki (1985)

model is a reasonable and conservative scoping analysis. By

adopting the 100% greater-than-modern precipitation and then

establishing recharge by considering the Maxey-Eakin esti-

mates for such precipitation, his model recharge rate became

15 times the modern recharge rate. Mifflin and Wheat (1979,

page 46) also demonstrate at least one order of magnitude

greater total effective moisture between modern climates and

pluvial climates in Nevada. The 100% greater-than-modern

precipitation increase in the Czarnecki (1985) model also

compares reasonably well with the Mifflin and Wheat (1979)

estimates (from 52% to 80% greater-than-modern).

The EA adopts the possibility mentioned in Czarnecki

(1985, page 20) that two-thirds of the markedly increased

moisture available for recharge in a pluvial climate (15

times modern) may constitute surface runoff. This idea was

apparently developed by Rush in 1984 from comparing a newly

developed Maxey-Eakin recharge estimate of 86,000 acre-ft/yr

for Huntington Valley in northeast Nevada with a 30,000

acre-ft/yr discharge estimate (Rush and Everett, 1966, Table

8)- However, we find little evidence to demonstrate the

accuracy of the 30,000 acre-ft/yr discharge estimate or

evidence for less recharge/ more runoff in that portion of

the basin analogous to the Yucca Mountain terrane. The fol-

lowing discussion summarizes our findings.

In arid and semi-arid terrane, there are numerous fac-

tors which may influence runoff, infiltration, and net

ground-water recharge. Among the most important are: 1)
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how the precipitation occurs in time and space; 2) the tem-

perature regimen of the climate; 3) the hydrogeologic char-

acteristics of the terrane, including regional transmissiv-

ity; and 4) the position of saturation with respect to

closely related surface-water drainages. Mifflin (1968)

discusses some of these relationships observed in Nevada,

including the regional transmissivity or flow capacity of

terrane and its effect on the position of saturation,

recharge, discharge, and response of ground-water flow sys-

tems to climate changes. Mifflin and Wheat (1979) review

factors such as the relative importance of temperature and

precipitation on runoff rates and evapotranspiration, and

the associated effects on hydrologic budgets for both the

modern and plenipluvial climates of the Great Basin. A good

understanding of these above principles and observations

helps establish if the Yucca Mountain/Huntington Valley

hydrologic analog is reasonable.

Huntington Valley, cited as providing suggestive evi-

dence that two-thirds of the increased effective moisture

for recharge would become surface-water runoff, is a reason-

able choice in terms of a homoclimate for the plenipluvial

climate of Yucca Mountain. Mifflin and Wheat (1979, pages

45 to 46), independently reached a similar conclusion based

on the distribution and size of plenipluvial lakes in

Nevada. However, we believe that it is not an accurate ana-

logy in terms of basinwide hydrogeologic characteristics.

The fractured volcanic tuffs of Yucca Mountain are markedly

more transmissive than extensive crystalline-rocked areas of

the Huntington Valley hydrographic basin. In addition, the

range of terrane altitude within Huntington Valley is great-

er than that of the Yucca Mountain area. If both the hydro-

qeologic and the climatic analogies were to be accepted, the

Huntington Valley analog would demonstrate that: 1) Forty-
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mile Wash and its major tributaries experienced perennial

stream flow during the plenipluvial climates; 2) regional

saturation was at or near the principal drainage channel
levels; and therefore 3) an important part of the repository
horizon may have been in the regionally saturated zone.

To explore in more detail the EA postulate of surface-
water runoff limiting recharge, Tables 1 and 2 have been

included to demonstrate the importance of the hydrogeologic

characteristics of terrane in the Huntington Valley hydro-

graphic basin. Table 1 tabulates estimated ground-water
recharge based on the Maxey-Eakin method, with the recharge

estimates grouped based on two broad hydrogeologic terrane
categories: 1) volcanic and carbonate rocks of significantly

greater transmissivity than 2) low-permeability igneous and
metamorphic crystalline rock terrane of the northern Ruby
Mountains. The volcanic and carbonate rock types establish
a closer terrane analog to the fractured tuff terrane of
Yucca Mountain in terms of regional transmissivities. It
should be noted that the Maxey-Eakin recharge estimate
method, as applied in Table 1 to large areas (534,600 and

284,000 acre subbasins), probably results in reasonably good
approximations of recharge. This may not be the case for
small areas.

Table 1 demonstrates that, even though the crystalline

rock terrane represents only one-third of the total basin
area, it should receive a little less than one-half of the
recharqe according to Maxey-Eakin recharge estimates. How-
ever, Table 2 compiled by Moore, in Rush and Everett (1966),

illustrates that almost 75% of the runoff from the entire

basin is derived from the crystalline terrane. The more
transmissive terrane, representing two-thirds of the basin

and receiving nearly two-thirds of the precipitation, pro-
duces onlv 25% of the runoff. There are several causative
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Table 1. Estimated Recharge to Huntington Valley Using the Eakin, et
al., (1951) Method.

(1) Ruby Mountains south of Harrison Pass, ranges on west side of
Huntinqton Valley (volcanic and limestone bedrock).

elevation Acres Average Annual Precip.
(feet) !(acre-feet)

Estimated Recharge
% precip.1 Acre-feet/yr.

above 8000

7000-8000

6000-7000

below 6000

Totals for
Area 1

24,300

43,700

207,600

259,000

2.0

1.46

1.12

.83

43,600

63,800

232,500

215,000

25

1 5

7

3

12,150

9,570

16,275

6,450

534,600 554,900 44,445

(2) Ruby Mountains north of Harrison Pass (igneous and metamorphic
crystalline bedrock).

Elevation Acres Average Annual Precip.
(feet) I (acre-feet)

Estimated Recharge
% precip.1 acre-feet/yr.

above 8000

7000-8000

6000-7000

below 6000

Totals for
Area 2

47,600

34,300

50,000

152,300

2.0

1.46

1.12

.83

95,200

50, 100

56,000

126,400

25

1 5

7

3

23,800

7,515

3,920

3,792

284,200 327,700 39,027

Basin Total 818,800 882,600 83,472
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( (
Table 2: Table 4 from Rush and Everett, 1966; prepared by D. E. Moore.

- Estimated average annual runoff

(Based on the years of record at South Fork Humboldt River near Elko:
1869-1909, 1910-18, 1920-22, 1923-32, 1936-63)

Mountain segment Location Area Estimated runoff

Acres (percent of
runoff area)

(Acre-feet
per year)

(percent of
total runoff)

Ruby Mountains

Ruby Mountains

Sulphur Spring
Range & Diamond
Mountains

Valley uplands

W
0

West flank of mountains
north of Harrison Pass
above 6,000 feet

West flank of mountains
south of Harrison Pass
above 6,000 feet

East flank of mountains
on west side of valley
above 6,000 feet

Valley uplands below
6,000 feet, which
contributes to runoff
only in northern two-
thirds of valley

120,000

69,000

144,000

398,000

16

9 13,000

124,000 73

8

10

9

20 17,000

55 16,000

TIbtal (based on years of record) 731,000 100 170,000 100

0(djusted to long-term average period
1912-63) 731,000 100 a 148,000

0
-4

a
of

a. Of this total, 134,000 acre-feet is the runoff at the
generated on the valley uplands.

mountain front and 14,000 acre-feet is



factors recognized. The crystalline rock terrane has over

twice as much area above 8000 feet MSL and thus receives

about twice as much high-country precipitation, and much of

this precipitation eventually becomes snowmelt runoff. How-

ever, the crystalline terrane also has a very limited capa-

city to accept and transmit this abundance of moisture

available for recharge. The terrane saturates to near land

surface, and rejects most of the moisture.

Farvolden (1963) was the first to demonstrate varying

hydrogeologic behavior of mountainous terrane in Nevada.

Dudley (1967) studied differences in runoff behavior and

hydrogeology of the crystalline and carbonate rock terranes

in the central Ruby Mountains, including portions of

Huntington Valley. Mifflin (1968, pages 17 to 19) used the

contrasting hydrogeology of carbonate and crystalline rock

terrane of these same Ruby Mountains to illustrate the con-

cept of ground-water flow capacity of terrane. Depending

upon the availability of moisture for recharge and the

transmissive capacity of the terrane, a saturated condition

may be reached where no additional net ground-water recharge

can occur, and the local discharge to the incised drainages

and topographic depressions constitutes the excess infil-

tration which maintains perennial streams, as well as seeps,

and springs. In the Huntington Valley drainage basin, this

phenomenon is widespread in the northern Ruby Mountains cry-

stalline-rock terrane, whereas, in the southern mountainous

part underlain by carbonate rocks, there are few perennial

streams, seeps or springs. Here, similar mean annual pre-

cipitation and availability of moisture for recharge does

not exceed the ground-water flow capacity of the terrane,

and therefore there is little local rejection of the infil-

trated moisture.
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Assuming that the present Huntington Valley climate

represents an accurate homoclimate of plenipluvial climatic

conditions for Yucca Mountain, Tables 1 and 2 provide con-

siderable insight into the Yucca Mountain plenipluvial

hydrologic conditions. First, it should be noted that the

Maxey and Eakin recharge estimates of Table 1 suggest that,

overall, about 10% of the estimated basin precipitation

becomes recharge, or about 1.2 in/yr (30.48 mm/yr).

Czarnecki (1985, page 20) presents similar conclusions for

both Huntington Valley and his Yucca Mountain model. Fol-

lowing the Maxey-Eakin estimation method, the recharge rates

within the basin vary from 0.3 in/yr (7.6 mm/yr) below 6,000

feet MSL to 6.0 in/yr (154.4 mm/yr) above 8,000 feet MSL.

Thus, even the lowest estimated rate of recharge in the

plenipluvial climate analog area markedly exceeds (by one

order of magnitude) the small modern values estimated in the

EA (0.5 mm). It should be carefully noted that 15 x 0.5

mm/yr is equal to 7.5 mm/yr. This is the source of the

recharge estimate in the Czarnecki (1985) model.

Table 2 illustrates that the orders of magnitude of

these recharge estimates are reasonable, if not of detailed

accuracy. Note that based on streamflow measurements,

170,000 acre-feet/yr was estimated to have runoff from the

basin (Table 2) from a total of 882,600 acre-feet/yr of es-

timated precipitation (Table 1). In summary, about 19% of

the estimated precipitation becomes surface-water runoff,

whereas Table 1 estimates that about 9.5% of estimated pre-

cipitation become ground-water recharge. However, only

about 5% of the estimated precipitation appears to become

surface-water runoff in that part of the basin underlain by

the carbonate and volcanic rocks. We conclude that, as a

very conservative minimum estimate, 5% of total estimated

precipitation becomes recharge in this part of the basin;
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and based on the runoff data of the crystalline terrane, up

to a maximum of around 20% of total estimated precipitation

may become recharge in that part underlain by carbonate and

volcanic rocks. In summary, the hydrologic relationships in

the Huntington Valley basin support recharge rates compar-

able to or treater than those estimated in Czarnecki's

plenipluvial model.

We believe repository performance issues during a

plenipluvial climate have not been appropriately addressed

in the EA nor resolved with respect to the existing paleo-

hydrologic evidence in the region. Available evidence

indicates that recharge rates during a plenipluvial climate

may greatly exceed the transmissive capacity of the rock

matrix, and hence fracture flow may constitute the majority

of the recharge flux in the vadose zone and zones of perched

water could become extensive. If fracture flow dominates,

the ground-water travel time for majority of flux through

the vadose zone would be very rapid. In addition, perched

zones of saturation, the site-specific position of regional

saturation, and the total flux rate of recharge to the ther-

mal envelope all become serious and unresolved repository

performance issues.
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(PREFACE)

"When the work of the geologist is finished and

comprehensive report is written, the longest and most

chapter will be on the latest and shortest of the

periods."

his final

important

geological

Grove Karl Gilbert, 1890, p. 1
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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
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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 Inormal
climate of geologial time.d 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 0- 0)

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
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Northern Hemisphere (Blackmon, 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-orb-ital 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 CaCQ3 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 1.1 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
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amplitude of climatic change. Some cycles were cooler thar

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 stages; 542)

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



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 (Odiachronous') (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).

In



TABLE 1

QUATERNARY BOUNDARY DATES USED IN THIS VOLUME

_________________________________________________________________

HOLOCENE (Oxygen-isotope stage 1)
1/

-------------------------------------------------------- 10-12 ka

LATE WISCONSIN (Oxygen-isotope stage 2)
W 2/
z---------------------------------------------------- -28 ka
u
0 MIDDLE WISCONSIN (0-isotope stages 3 & 4)
E-4M 2/

------------------------------------------------ 70ka

EARLY WISCONSIN (0-isotope stage 5a - 5d)
E-4~~~~~~~~~~~~~~~~~~~~~~.

-------------- ~---------------------------------- -115 ka

SANGAMON (sensu strictu; O-isotope stage 5e)

______ ~~~~----~------------------------------------------ -128 ka
ra ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 2k

z LATE-MIDDLE PLEISTOCENE ('Illinoian' of Richmond
oa and Fullerton, 1986; o-isotope stages 6-8)Uo

-300 ka

1.4 MIDDLE-MIDDLE PLEISTOCENE (0-isotope stages 9-15)
ai I3/

-------------- ---- -------------------------- -620 ka

EARLY-MIDDLE PLEISTOCENE (0-isotope stages 16-19)
2,4/

…-------- (Matuyama-Brunhes Chron boundary) ---------- 750-770+ka

EARLY PLEISTOCENE

--------- Upper boundary of Olduvai Subcron ------------ 1.65 Ma
OR ----- Gauss-Matuyama Chron boundary ----------------- 2.48 Ma

PLIOCENE
6/

___________________________________-------_---------- 5.0-5.5 Ma

MIOCENE

1 1



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 0-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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~- 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 Original Original Modified
time scale data time scale time scale data time scale

(k.y.) (k.y.) (k.y.) (k.y.)

620 0.09 620 700 1.42 718
622 0.86 622 702 1.36 721
624 1.42 625 704 0.76 723
626 1.77 627 706 0.08 726
628 1.92 630 708 -0.21 728
630 1.84 632 710 -0.32 731
632 1.77 635 712 0.16 733
634 1.79 637 714 0.10 .736
636 1.69 640 716 0.15 738
638 1.49 642 718 0.18 740
640 1.25 645 720 0.26 743
642 1.10 647 722 0.21 745
644 1.05 649 724 0.08 748
646 1.01 652 726 -0.14 750
648 0.98 654 728 -0.43 753
650 0.94 657 730 -0.55 755
652 0.90 659 732 -0.49 758
654 0.86 662 734 -0.42 760
656 0.74 665 736 -0.18 762
658 0.51 667 738 0.39 764
660 0.23 669 740 0.91 767
662 -0.05 672 742 1.19 770
664 -0.25 674 744 1.25 772
6,66 -0.38 676 746 1.18 775
668 -0.40 679 j 748 1.14 777
670 -0.23 681 750 1.15 780
672 -0.02 684 752 1.22 782
674 0.11 686 754 1.40 784
676 0.18 689 756 1.48 787
678 0.24 691 758 1.18 789
680 0.26 694 760 0.75 792
682 0.21 696 762 0.40 794
684 0.11 699 764 0.18 797
686 -0.01 701 766 0.03 799
688 -0.12 704 768 -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

I | 782 -0.42 819



3. Richmond and Fullerton (1986) use the Lava Creek B tephr_>

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 pproximate 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.,l988) 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 boundar 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:

16



(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.w

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 Ageu -- is. re-

corded in marine deposits by marked decrease in percent CaCO3
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

boess) 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 sedim''ents, 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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Appendix B-lV

Excerpts from Progress Report on the Lake Tecopa Project for fiscal Year 1987 - 1988
06 November 1988
by R. B. Morrison.
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more intensively measured/sampled/studied stratigraphic sections.
The various transects utilize the best-available badland expos-
ures throughout the Lake Tecopa basin, that range in age from
beyond 2.0 Ma (late to middle Pliocene) to Holocene (see Append-
ices A, B, C).

Background data

Ancient Lake Tecopa, at its highest stages, covered about
235 sq km near the towns of Tecopa, Tecopa Springs, and Shoshone,
in Inyo County, California. wLake Tecopal is the name for a long
series of alternating lacustral and desiccation episodes, that
began about 2.5 Ma and ended sometime in latest middle Pleisto-
cene (about 0.25 Ma), after the lake basin became breached and
completely drained by the Amargosa River. Thus, for at least two
m.y. Lake Tecopa was the sump for about 6000 sq km of the upper
drainage basin of this river, including a large part of the Yucca
Mountain area.

Subsequent dissection of the barrier that enclosed Lake Te-
copa (a massive late Tertiary fan-gravel complex at the southern
end of the Lake Tecopa basin) provides fine exposures of a partly
lacustrine, partly playa/subaerial stratigraphic sequence, about
150 m in total exposed thickness. This sequence, from middle
Pliocene through lower and most of middle Pleistocene, is one of
the longest and most complete exposed upluvial-lake records in
the western U.S. It contains at least 15 separate tephra, in-
cluding several dated ones: the Lava Creek B (-0.62 Ma), Bishop
(0.735 Ma), Glass Mountain G (1.0-1.1 Ma), and Huckleberry Ridge
(-2 Ma) tephra layers (Sarna-Wojcicki et al., 1984 and in press).
The tephra layers facilitate regional correlation between Lake
Tecopa and other sites with important long-ranging paleoclimatic
records, such as Manix Lake, Searles Lake, Salton trough/Anza-
Borrego, Ventura/ South Mountain/Balcom Canyon, San Joaquin Val-
ley/Tule Lake, Clear Lake (all in California), and Lake Lahontan
(Nevada).

A superb fluvial record complements the lacustrine record.
The fluvial record is partly contained in tongues of alluvium in-
tercalated with Lake Tecopa's lacustrine sediments, and also in
alluvial units that mantle four well-defined erosion surfaces
that developed during and after the draining of Lake Tecopa.

The late-Pliocene/Pleistocene climatic record preserved in
Lake Tecopa strata is important not only because it is the best-
exposed long record in this region but also because it lies in a
critical paleoclimatic zone. This climatic region is one of
fluctuation of the boundary between the north-temperate and
north-subtropical-arid climatic zones. This b undary probably
fluctuated north and south as much as 900 km with the various
interglacial and glacial climatic episodes of the later Pliocene
and Pleistocene, with big effects upon stream flows, lake levels,
watertables and ground-water piezometric surfaces in this region.
The migrations of this boundary from the last glacial through the
Holocene are becoming fairly well known (Spaulding, 1985; Spauld-
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ing et al., 1983; Van Devender and Spaulding, 1979), but almost
nothing is known about earlier changes and their effect upon
hydrogeologic regimes.

SIGNIFICANT RESULTS FROM THIS PROJECT

The most important results to date from the Lake Tecopa
project are:

1) Determined the basic pattern of the complex stratigraphy of
deposits in the Lake Tecopa basin -- a >2 m.y.-long series of
alternating playa to deeep-ilake deposits that intertongue with
alluvial and some eolian and spring/seep sediments, with many
changes in lithology from basin margins to basin interior, as
well as local faulting and tilting. Chiefly studied were depos-
its younger than the Bishop Ash (735 ka), particularly those
younger than the Lava Creek B Ash (620 ka), because the younger
part of the Lake Tecopa record is most relevant to concerns about
NNWR. (See Appendices A to E for details on stratigraphic pro-
cedures and findings).

2) On the basis of information from (1), determined the basic
outlines of the following histories:

a) Paleohydrologic--the long history of changing lake levels,
with many alternations from playa to shallow- to moderate- and
deep-lake levels before Lake Tecopa became drained (Appendix Fig-
ure F-1). Also determined the history of the four chief post-Lake
Tecopa cycles of stream erosion and deposition.

b) Paleohydrogeologic--the groundwater history, of fluctuations
in water table and piezometric surface (Appendix Figure F-2).
This is particularly -relevant to NNWRS because it pertains chief-
ly to changes in the piezometric surface of a complex artesian
aquifer system that is widespread in southern Nevada and adjoin-
ing California.

c) Paleoclimatic--the history of the climatic changes that con-
trolled the hydrologic and hydrogeologic histories (Appendix Fig-
ure F-3.)

d) Neotectonic--the history of faulting and warping during and
after Lake Tecopa's >2 m.y. life, including the locations of
intra- and post-Lake Tecopa tectonic features (Appendix Figure H-
1). Much more neotectonism has occurred in this basin than has
been recognized by USGS workers (Dohrenwend, 1985; Hillhouse,
1987).

3) Prepared a provisional correlation chart, correlating the
Lake Tecopa sequence with the Amargosa Desert, Searles Lake, and
Lake Lahontan stratigraphic records (see below and Appendix Fig-
ure G-1).
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PREVIOUS STUDIES OF LAKE TECOPA

Notwithstanding the paleoclimatic importance of the long and
well exposed Lake Tecopa sequence in a key part of the southwest-
ern U.S., the history of the repeated deep-lake and desiccation
episodes of Lake Tecopa remained completely unknown until this
project was started.

Also unknown until this project was how the lacustrine
history correlates with the above-lake, chiefly fluvial, erosion-
al and depositional history. Such a correlation is a basic need
if a regional paleoclimatic synthesis is to be achieved.

Also unknown was a great deal oF striking evidence on marked
changes in groundwater conditions: episodes of strong spring dis-
charge (chiefly artesian) alternated with times without such
discharge.

For about seventy years preceding 1986, Lake Tecopa received
various reconnaissance studies that recognized it as an unusual
Opluvial lakeu and determined its general outline and lithology
(Noble, 1926; Thompson, 1929; Blackwelder, 1936; Sheppard and
Gude, 1968; Starkey and Blackmon, 1979). The more intensive stud-
ies were directed toward finding commercially useful minerals
from the lake beds; none of them attempted to decipher the intri-
cate lake history. Only recently has its approximate age range
been determined correctly, by tephrochronology (Sarna-Wojcicki et
al., 1984, 1985, and in press).

The recent (Hillhouse, 1967) USGS map of the late Cenozoic
deposits of the Lake Tecopa basin was a big step forward toward
understanding the complex stratigraphy of this basin. It is
helpful for showing most of the exposures of three chief tephra
layers, Tuff A (Lava Creek B, 0.62 Ma), Tuff B (Bishop, 0.738
Ma), and Tuff C (Huckleberry Ridge, -2 Ma); also a few paleomag-
netic data; also it is the best published attempt at documentat-
ion of exposures of Lake Tecopa and related deposits. However,
Hillhouse did not attempt anything approaching a detailed, com-
prehensive study of the stratigraphy of the Pliocene and Qua-
ternary deposits in the Lake Tecopa basin, nor an interpretation
of Lake Tecopa's history (not even unambiguous indication of its
highest strandline). Also, his map has many deficiencies (see
Appendix I for a detailed analysis).
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§UMMARY B099IPTION OF THE LATE CENOZOIC DEPOSITS
IN THU LANE TUCOPA BASIN AND OUTLINE OF LAKE TECOPA'S HISTORY

(See also Appendices A, B, C, and F.)

Beneath the lacustrine and subaerial deposits comprising the
Lake Tecopa Allogroup are hundreds of meters of Pliocene and
Miocene sediments, chiefly fan gravel units that are moderately
consolidated to strongly cemented, with many paleosols. These
deposits and older Tertiary to Precambrian rocks are exposed in
places at the periphery of the Tecopa basin, and also in Tecopa
Hills and small areas elsewhere within the basin.

The deposits of Lake Tecopa, here collectively called the
Lake Tecopa Allogroup, cover a roughly triangular area 18 x 24 km
below the highest strandline at about 550 m altitude (1800 ft);
the lowest exposures are at about 396 m (1300 ft), at the Arnar-
gosa River outlet at the south end of the former lake basin. They
include shallow to deep-lake sediments and intercalated alluvium
and other subaerial deposits. In most places they are nearly
horizontal, rarely sloping as much as one degree basinward; how-
ever, in some fault blocks they are tilted, usually only a few
degrees but occasionally to high angles, including vertical.

Lake Tecopa has a long lacustrine history, of many shallow
to deep-lake cycles (not just high-water-table/paludal condit-
ions), interspersed with many desiccation episodes. Until about
900 ka playa to shallow-lake conditions prevailed, with slow
sedimentation rates (Appendix Figures F-1 and F-4). Then began a
gradual (but irregular) trend of generally rising lake levels
and higher sedimentation rates. This trend accelerated after
deposition of the Bishop Tuff (738 ka). Lake Tecopa's highest
lake level was reached close to the end of its long history,
probably between 300 and 200 thousand years ago (a tentative age
estimate based on 30-45 m of chiefly lake sediment that over
the Lava Creek tephra layer, dated 620 k4 (Morrisons 1986-19
field data; Hillhouse, 19W7). At its all-time maximum Lake Tecopa
is estimated to have been between 45 and 90 m deep, based on
various projections/extrapolations from remnant exposures near
its margins.

Pre-Huckleberry Ridge (Tuff C) deposits and history, -2.5-2 Ma

Exposed pre-Tuff C sediments (Spanish Trail Alloformation)
are limited to a few sq km in the southern part of the Lake Te-
copa basin, below 440-420 m. [The term Palloformationl is the
fundamental unit in a new category of stratigraphic classificat-
ion (North American Commission on Stratigraphic Nomenclature,
1983). An allostratigraphic unit is a mappable stratiform body of
sedimentary rock that is defined and identified on the basis of
its bounding discontinuities, rather than by content. Its bound-
aries are laterally traceable discontinuities.] These deposits
have not yet been studied intensively for this project. our re-
connaissances found them to be at least 20 m in maximum exposed
thickness and mostly moderately to well-indurated clay and silt
(claystone and mudstone), in places with a few thin interbeds of
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silty very fine to fine sandstone, and perhaps a few paleosols--
chiefly playa and playa-margin sediments, with some shallow-lake
and distal piedmont to basin-interior alluvium. Nearly all these
strata are more or less completely recrystallized by authigenesis
except in small upfaulted blocks a few miles NE of Tecopa.

The age of the lowest exposed beds in the Spanish Trail Al-
loformation (AF) is unknown, but at least 2.5 Ma (late-middle
Pliocene) and perhaps (if the sedimentation rate was the same as
that between the Huckleberry Ridge and Glass Mountain G tephra
(Appendix Figure F-4)] to around the Miocene-Pliocene boundary.
Thus, this unit records a few hundred thousand to several million
years of playa to occasional shallow-lake conditions, but appar-
ently no deep lakes. At this time, global climatic circulations
were quite different from now: The amplitude of interglacial-
glacial-type climatic oscillations was much smaller than in the
Quaternary (Ruddiman and Wright, 1987). Also, the interface be-
tween the North-Temperate and North Subtropical-Arid zones pro-
bably was farther north and its north-south fluctuations smaller
and slower. In addition, very important for this region, the
Sierra Nevada were much lower than now (Huber, 1981; Morrison, in
press; Smith and others, 1983), allowing much more moisture to
reach the desert areas to the east.

Huckleberry Ridge Tuff to Bishop Tuff sediments (Greenwater Fan
A1loformation and history, 2 to 0.735 Ma

Deposits of this -1.3 m.y. interval, about 15 to more than
30 m thick, are well exposed in the badlands near and south of
Shoshone, below the Bishop Ash, which ranges in altitude from 445
to 495 m. They generally resemble those of the Spanish Trail Al-
loformation but are more widely and commonly better exposed. They
are chiefly monotonous sequences of moderately to well-indurated
clay and silty clay (mudstone) and silt and sandy silt (silt-
stone), grading to siltstone and fine-grained sandstone toward
the basin margins. They appear to have been deposited chiefly in
playa and shallow-lake environments, therefore toward the basin
margins the Greenwater Fan AF includes increasing amounts of al-
luvium, even paleosols.

This unit also has not yet been studied in detail for
this project. Preliminary interpretation is that its depositional
environment was relatively monotonous on a nearly flat basin-
interior plain. Its sediments indicate mostly playa, playa-
margin, and distal piedmont (fine-grained alluvium) deposition,
but also occasional brief shallow-lake episodes. No deeper
lakes are apparent--until shortly before deposition of the Bishop
Tuff. Wave-ripplemarks in this tephra layer and closely associat-
ed fine sandstone beds at several localities at about 450 m
altitude in the southwestern part of the basin testify to a lake
15-20 meters deep at this time.
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Bishop to Lava Creek 3 Ash sediments (Shoshone Springs Alloform-
ation) Ad isEtor=y, 733-T2 ka

Sediments of the Shoshone Springs AP, about 8 to 20 m thick,
are widely exposed except north of Shoshone, where they disappear
beneath the flood plain of the Amargosa River. They are commonly
less indurated and altered than the older deposits. In the north-
ern part of the Lake Tecopa area this unit is chiefly alluvium
and loessial deposits, but southward it grades through fluct-
uating-strandline sandy sediments into 2 to 7+ meters of deep-
lake clayey silt and clay in the southwestern part of the basin.

Thus, this -115 k.y. interval started with a lake about 15-
20 m deep, in the southern part of the basin. This lake undoubt-
edly fluctuated considerably, but during the later part oF this
interval it was commonly 20 to perhaps occasionally 30 m deep,
while alluviation and some loessial eolian deposition continued
in the northern part of the Lake Tecopa area. The interval
ended with a lake standing at about 480-490 m (present) altitude,
on the basis of wave-ripple-marked beds in the Lava Creek tephra
layer at several localities, and other evidence of strandline
deposition.

Lake Tecopa sediments younger than the Lava Creek B Ash (Amar-
gosa Alloformation) and their history, 620 to 200 ka

Sediments younger than the Lava Creek Ash have received the
most intensive study because their record is most relevant to
NNWRS concerns. Erosion after Lake Tecopa was breached has en-
tirely removed them from the central part of the lake basin, but
remnants are preserved in many places close to the margins of
Lake Tecopa. The remnants are chiefly in ridges capped by pedi-
ment gravel of the older post-Lake Tecopa pediments--but unfort-
unately these pediments slope basinward at an angle considerably
greater than the dip o these strata; thus the pediments progres-
sively truncate these deposits basinward. Fortunately, two large
areas in the northern part of the basin were not pedimented; both
preserve impressive chiefly lacustrine but partly alluvial se-
quences that rise to or nearly to the highest Lake Tecopa strand-
line.

The Amargosa Alloformation, commonly 25 to 35 and about 45 m
maximum thickness, records two main deep-lake periods, here call-
ed lake megacycles. Its lower member (in the northern part of the
basin) records a lake megacycle (whose trend started shortly
before deposition of the Bishop Ash, but accelerated after Lava
Creek Ash time) that peaked about 500 ka at about 520 m altitude,
Then came lake regression to below 440 m. The upper member re-
cords another lake megacycle that rose with oscillations to Lake
Tecopa's all-time maximum at about 550 m, with a maximum depth of
45-90 m. (This altitude varies from place to place about the
former lake periphery because of small-scale faulting and tecton-
ic warping since the ultimate lake maximum.) Thus, Lake Tecopa,
close to the end of its >2 m.y. life, had two successive all-
time-high lake maxima that went above 500 m altitude.
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Amargosa AF sediments were deposited on a flat to very gent-
ly sloping plain, that sloped generally less than 1 degree at the
northern and mountain margins toward a level interior. This is
indicated by the horizontal to sub-horizontal strata (where not
later deformed) and the fact that along the ancestral Amargosa
River northward from Shoshone, fluvial scour/fills rarely exceed
1 m in depth. Deposits of this AF, in the northern 1/3 of Lake
Tecopa and marginal to the Sperry Hills/Tecopa Peak are chiefly
small-pebble gravel, sand, and silt, with minor clay, marl,
limestone, and calcareous siltstone and sandstone. They represent
chiefly near-shore, strandline, and deltaic deposits with fluvial
intercalations. In contrast to older units, they typically are
poorly consolidated to unconsolidated and little altered by
authigenesis. However, locally they are moderately to well-
cemented and include travertine to tufa-like beds (see below). I
found several new proven or probable tephra layers in this unit.

The Amargosa AF is especially rich in carbonate deposits of
several genetic modes. The northern part of the basin, particu-
larly within 5 km of Shoshone, displays an ancient carbonate
delta* of the Amargosa River. The carbonate delta is conspicuous
(compared to drab sediments elsewhere in the Lake Tecopa area) by
predominant white to very pale gray strata, clay to fine sand
(stone), whose light tones are due chiefly to fine-grained car-
bonate. This carbonate likely is a chemical precipitate formed in
the zone where relatively lower pH water cF the Amargosa River
mixed with high pH water of Lake Tecopa (Shepard and Gude, 1968).

The chief other genetic mode oF unusual degree of carbonate
deposition in this AF is local carbonate-cemented siltstone,
sandstone, and pebble gravel, and marl to travertine (chiefly due
to spring/seepage discharge in basin-interior to near-offshore
lake environments; Mifflin and Wheat, 1979; Quade, 1986). Such
deposits occur throughout the Lake Tecopa basin, but are individ-
ually very localized (commonly in linear orientation as if along
fracture zones), and most common within 20 m of the highest
strandline of Lake Tecopa. My present interpretation is that
this class of carbonate deposits was deposited from artesian up-
welling carbonate-charged water, probably moving first along bed-
rock fault/fissure zones and then more diffusely through the
mostly poorly consolidated Amargosa AF.

Another genetic class of carbonate deposit is tufa that
seems to have been deposited by algal action on strandlines (at
and within several meters below lake level). These deposits are
preserved in only locally, especially at sites prone to strong
wave action. Samples currently are being studied.

The uppermost stratigraphic remnants oF the Amargosa AF are
preserved only locally in the highest strandline zone, due to
post-Lake Tecopa erosion. They consist oF lacustrine pebble
gravel, sand, and silt intercalated with varying amounts of al-
luvium--also local marl to travertine Otufa mounds deposits that
grade into carbonate-cemented sandstone and gravel, likely forme d
at sites of artesian groundwater discharge. The uppermost lacust-
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rine tongues are much thinner than the main lacustrine units in
this alloformation and suggest two or three very brief rises to
the high-shore level at the end of Amargosa time. Apparently
Lake Tecopa had a rapid demise; no deposits from this final lake
regression seem to be preserved.

(Parenthetic note about the Amargosa AF:]
An ambiguity is apparent in the earlier part of the lacus-

trine record from this unit, between the northern and southern
parts of the Lake Tecopa basin. In the northern part, widespread
exposures of strandline and offshore deposits above the Lava
Creek Ash evince a major lake cycle with lake levels above pre-
sent 500 m altitude lasting at least several tens of thousands of
years. On the other hand, in the southwestern part of the basin
at about 465 m altitude, 8 to 10 m of silty and fine-sandy silt
beds overlie the Lava Creek Ash, indicating that here playa and
playa-margin conditions existed at what is now a lower altitude
than the lake to the north. Perhaps tectonism has lowered the
southwestern area with respect to the northern; both areas have
faults that were active during Amargosa Alloformation time; these
faults are particularly numerous in the southwestern area.

Post-Lake Tecopa alluvial deposits and history

Four main fluvial erosion-deposition surfaces developed
during and after the draining of Lake Tecopa. They are chiefly
pediments that toward the periphery oF the basin digitate into
strath terraces along principal washes. Typically they bear a
veneer 1 to several meters thick of alluvial cobble to pebble
gravel with some pebbly sand locally; however, the youngest sur-
face commonly bears much finer (sand to clay) sediments in the
lower parts of the basin interior. These post-Lake Tecopa sur-
faces and their alluvial veneers are here designated numbers 1
(oldest) to 4 (youngest)(see Appendix B).

NOTE: Dohrenwend (1985) gave names for three erosion surf-
aces in this basin, pre- to post-Lake Tecopa: Sperry (chiefly
Pliocene and early Pleistocene, pre-Lake Tecopa maximum), Green-
water, and Amargosa (Holocene)]. His descriptions of these sur-
faces are so over-simplified and inexplicit (no real definitions
or type localities are given) that his nomenclature ought to be
abandoned; I do not use it.

The #1 and f2 surfaces/deposits seem to be close in age and
will be discussed together. Their remnants are the relatively few
highest ridges (between major washes) on the piedmonts o this
basin. The alluvial veneers likely are ancient channel-bed depos-
its of principal washes These narrow mesa-like remnants have a
veneer of <1 to rarely >2 m of 'pediment gravel". Their surfaces
are strongly desert-varnished, nearly smooth (have lost original
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fluvial irregularities), and their alluvium bears a very strongly
developed paleosol. John Rosholt (Chief of Branch of Isotope
Geology, USGS) obtained a uranium-trend date of about 160 ka from
the relict paleosol on the pediment surface at the Shoshone town
dump, which is either the $1 or $2 surface (likely the former;
its correlation is uncertain due to faulting).

The $3 surface is a lesser one, expressed chiefly by strath
terrace remnants.

NOTE: The #l, $2, and #3 surfaces (my classification) all
correspond to Dohrenwend's (1985) 'Greenwater Surface', the only
post-Lake Tecopa, pre-Holocene surface that he recognized.

The $4 (youngest) surface is equivalent to Dohrenwend's
Amargosa Surface". This surface includes moderately widespread
pediments in the southern part of the basin-- surprisingly exten-
sive considering their youth. I believe that this surface
formed during both the later Wisconsin and Holocene [not just in
the Holocene, as Dohrenwend (1985) believes], on the basis of
soil development on the higher remnants of its alluvial veneer in
many places throughout the basin.

CORRELATIONS WITH AMARGOSA DESERT (ASH MEADOWS), SEARLES LAKE,
LAKE LAHONTAN, AND THE SIERRA NEVADA

Correlation of the Lake Tecopa Allogroup with middle Pliocene
deposits of the Amargosa Desert

The Amargosa Desert (Amargosa Flat-Ash Meadows area) is noted
for its middle Pliocene deposits of high-magnesium clays and
carbonate rocks that are overlain unconformably by much younger
Quaternary fluvial and eolian sediments (Denny and Drewes, 1965;
Papke, 1970, 1972: Pexton, 1984). The clay-rich Pliocene beds are
estimated to be about 4 to 2 Ma on the basis of their relations
to dated basalts and tuffs (Hoover, 1985; Pexton, 1984).

Two tephra layers, the Nomlaki, near the base of the exposed
section, and the Huckleberry Ridge, close to its top, are dated
3.2-3.4 and 2.0 Ma, respectively (Sarna-Wojcicki and others, in
press). Therefore, on a tephrochronologic basis, the middle Plio-
cene deposits in the Amargosa Desert may range older than those
exposed at Lake Tecopa, but likely overlap with the lowermost
exposed Lake Tecopa strata (all of the Spanish Trail Alloformat-
ion and perhaps the lower part of the Greenwater Fan Alloformat-
ion).

Correlation with the Searles Lake record

Lake Tecopa has a stratigraphic/climatic record superior to
that of Searles Lake in several respects (see Appendix K).

The Searles Lake record is based chiefly on core data; its
exposed record is relatively meager, disjunct, and ambiguous, and
goes back not much farther than the last interglacial. The
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lacustrine part of the 930-m long' core from Searles Lake begins
about 3.2 Ma (Smith et al., 1983; Smith, 1984), perhaps older
than the lowest exposed deposits of Lake Tecopa and comparable to
the oldest exposed deposits in the Amargosa Desert.

Preliminary comparisons indicate considerable differences in
the interpretations of the history of lake fluctuations between
Lakes Tecopa and S~earles. The following summary for Lake Searles
is based entirely on Smith's interpretation of the long core at
Searles (Smith, 1986), and ends at 0.25 Ma, because Tecopa's la-
custrine historyends before the more detailed short-core and ex-
posed-deposit history at Searles (Appendix Figure G-1):

(a) Between 3.2 and 2.5 Ma, was a series of deep lakes. At ca.
2.5 Ma is a transition from deep-water to playa sediments.

(b) Between -2.5 and -2 Ma, low lake levels appear to have al-
ternated with desiccation episodes at Searles Lake. [This part
agrees with the Lake Tecopa record.]

(c) At Searles Lake, between -2 and -0.6 Ma,'intermediateO to
wwet' conditions prevailed, with a series of perennial lakes
(lasting 10 ka or longer) that rose to intermediate or high
levels. Wet conditions peaked between 1.3 to 1.0 Ma.

(In contrast, Lake Tecopa appears to have had playa to shal-
low-lake conditions during the earlier part of this interval,
changing to intermediate lake conditions about 0.75-0.8 Ma, and
remained at intermediate (not high) levels to 0.6 Ma.]

(d) There was a long dry interval at Searles Lake between a-
bout 0.57 and 0.31 Ma. (In contrast, at Lake Tecopa two major
deep-lake megacycles (with a moderate recession between them)
occupied this interval, and Lake Tecopa reached its all-time lake
maximum near the end of the second megacycle--and became breached
at or soon after the end of this interval.]

(e) From 0.3 Ma to 10 ka intermediate to wet conditions pre-
vailed at Searles, with desiccation between 130 and -100 ka..

Correlation of Lake Tecopa with Lake Lahontan

Pluvial Lake Lahontan was 335 to 675 km north of Lake Tecopa
and definitely in the North-Temperate climatic zone. Lahontan's
stratigraphic record is one of the very best exposed records in
the western U.S., in terms of stratigraphic completeness, range
(from well beyond 1 Ma thru Holocene), detail of exposed record,
and unambiguity. There is little controversy about intra-Lahontan
basin stratigraphic correlations, much less than for the Lake
Bonneville basin, partly due to better exposures and partly be-
cause more than 50 different tephra layers facilitate correlat-
ions within the Lahontan basin (Morrison and Davis, 1984a, 1984b
and Appendix Figure G-1).

The lower part of Lake Lahontan's exposed sequence overlaps
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the upper part of Lake Tecopa's sequence, probably as follows:

The Lovelock Alloformation of Lake Lahontan contains the
Bishop Ash in its upper part and is younger than the 1.0 Ma Glass
Mountain G Ash. It represents several hundred thousand years

when the Lahontan basin was nearly to completely desiccated, but
dozens of strong paleosols testify to mild semiarid climate. It
likely is equivalent to the upper part of the Greenwater Fan AF
and the lower part of the Shoshone Springs AF.

The Rye Patch AF of Lake Lahontan has the Lava Creek Ash
near the top of its upper lacustrine member. This AF records two
moderately deep lake cycles separated by a brief but moderately
deep lake recession. It likely is equivalent to the upper part of
the Shoshone Springs AF and the lower part of the Amargosa AF, on
the basis of tephrochronology. This signifies significant dia-
chronism between the deep-lake history oF Lakes Lahontan and
Tecopa, an asynchroneity of more than 100,000 years in ages of
respective lake maxima. Lahontan had two deep-lake cycles chiefly
before the Lava Creek Ash (Rye Patch AF), but Tecopa's first deep
lake cycle came after this tephra (Appendix Figure G-1).

The Paiute AF of Lake Lahontan records a long desiccation
period between Rye Patch and Eetza time. It contains the 400 ka
Rockland Ash near its top. Likely it correlates approximately
with the desiccation interval represented by the subaerial member
in the middle of the Amargosa AF, although it may represent twice
as long a time interval. [Flashl A previously unknown moderate
lake cycle (maximum below 1260 m) within the Paiute AF was dis-
covered this summer (J.O. Davis, oral communication, Oct 1988).
Its relation to the Rockland Ash still is uncertain.]

The Eetza AF of Lake Lahontan probably ranges in age from
about 350 to 130 ka -- and its lower part likely correlates with
the upper part of the Amargosa AF (Appendix Figure G-1).

Sierra Nevada glaciations

Sierra Nevada glaciations have been highly controversial as
to number of significant glaciations and especially as to their
chronology. Appendix Figure G-1 (Sierra Nevada) is based on the
important synthesis by Fullerton (1986), which is by far the best
analysis and summary to date.

Again, significant diachronism appears at all age levels,
from Wisconsin to mid-Pliocene. One example: the Sherwin Glac-
iation (-780 - -900 ka), one of the biggest on basis of end mor-
aines, appears to have taken place during Lovelock AF time in the
Lahontan basin, and near the end of Greenwater Fan AF time at
Lake Tecopa--but the Searles and Tecopa basins held only shallow
lakes probably alternating with playas.

Note also that a major glaciation is postulated between 0.9
and 2.3 Ma, a time interval when the Lakes Searles and Tecopa us-
ually were playas.
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Conclusion about correlations with the above areas:
Significant diachronism is demonstrated among the long-

histories of these key areas; these histories show both (1) at
times more-or-less in-phase relations -- but also and commonly
(2) lacustral, glacial, and climatic phenomena that are signifi-
cantly out-of-phase, by as much as the 100,000-year magnitude.

The indicated diachronism between beginnings, maxima, and
endings of pre-late Pleistocene lake megacycles in the three
Opluvial-lake' areas is impressive. This diachronism, commonly in
the order of hundreds of thousands of years, is much greater(b3
107 ^' inttude) than that demonstrated among the late Wisconsin

lake maxima in the Great Basin E1 to 5 ka between Lake Bonneville
and Lakes Lahontan and Mono (Morrison, in press)].

PALEOCLIMATOLOGY NEAR LAKE TECOPA PROM 3 MA TO THE PRESENT

This section purposely is not called Oregional paleoclimat-
ology" because of the concerns about long-term asynchoneity of
climatic changes between various parts of the Mojave Desert-
Great Basin during Quaternary time, that were raised in the pre-
ceeding section.

3.2 to 2 Ma

For this middle Pliocene interval, the paleoclimatic anal-
ysis of Hay and others (1986) of conditions in the Amargosa Des-
ert is most relevant to conditions at Lake Tecopa (the Amargosa
Desert exposed record also ranges somewhat older than that at
Lake Tecopa).

According to Hay and others (1986), the climate was sub-
stantially wetter than at present, likely because the Sierra
Nevada and Transverse Ranges were much lower than now (Huber,
1981; Winograd and others, 1985), permitting more moisture to
travel eastward into the Great Basin. Climate also may have been
at times cooler than now, because a gastropod occurs in the mid-
Pliocene deposits that lives in seasonal ponds and marshes far-
ther north and at elevations higher and cooler than the Amargosa
Desert today (Taylor, 1983). They apparently (p.1502) found evi-
dence of a change from wetter to drier climate about 2.5 Ma, as
also was found at Searles Lake (Smith and others, 1983; see
Correlations above). [Interestingly, a major global shift to

cooler climate and increased ice volume also is recorded at about
2.5 Ma in the oxygen-isotope records in deep-sea cores (Ruddiman
and Wright, 1987).]

Spring discharge was much more abundant and widespread than
at present, much of it coming from Paleozoic rocks to the east of
the chief present-day springs, as well as along the western
margin of the basin, indicating generally higher piezometric sur-
face and watertable conditions.
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Greenwater Fan AF to Shoshone Springs AF time, 2 Ma to 620 ka

In this project, no quantitative data have yet been obtained
about temperature and precipitation conditions at specific times
during Greenwater-Shoshone Springs AF time in the Lake Tecopa
area. Following are qualitative conclusions from our preliminary
reconnaissance observations.

At Lake Tecopa this long interval was a time of continued
low effective precipitation, with low stream flows and playa to
occasional shallow-lake conditions, until near the end of Green-
water Fan time, when somewhat increased effective precipitation
caused lake level to rise to about 450 m present altitude, short-
ly before the Bishop Ash was deposited. Effective precipitation
continued to increase slightly during Shoshone Springs time, as
documented by slightly higher lake level in the southern part of
the Tecopa basin.

Spring and high-water-table deposits are lacking to rare in
the exposed Greenwater Fan sediments, suggesting that piezometric
surfaces and watertables then were too low for more than local
artesian discharge at a few large springs. However, such deposits
occur in places in the upper part of the Shoshone Springs AF,
notably near Shoshone, indicating a rise in piezometric-water-
table levels with the start of the mega-pluvial that caused the
first Amargosa deep-lake period, shortly before deposition of the
Lava Creek Ash.

In contrast, at Searles Lake Smith and others (1983) postu-
late from the longm core data an intermediate to deep-lake
period between 2.0 to 0.6 Mal (Appendix Figure G-1)

Amargosa AF time, 620 to about 250 ka

Amargosa time was marked by two mega-pluvials (mega-deep-
lake cycles) separated by a moderate lake recession (Appendix
Figure F-1). Obviously, effective precipitation was greater, the
highest in Lake Tecopa's history (Appendix Figure F-3). The fan-
delta of the Amargosa River at the head of Lake Tecopa (north of
Shoshone) has copious pebble-cobble river gravel (interbedded
with high-level lake sediments), testifying to augmented river
discharge. Likewise, widespread spring and groundwater seepage
activity took place in many places in the basin, in places to the
highest strandline zone. Stratigraphic evidence shows that com-
monly spring/seepage deposition slightly preceeded lake deposit-
ion at a given altitude, and also continued for a short time
after lake level had fallen below this elevation (Appendix Figure
F-2).
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APPENDIX B.

PROPOSED ALLOSTRATIGHRAPHIC UNITS IN THE LAKE TECOPA AREA

LAKE TECOPA ALLOGROUP
(lacustrine and subaerial sediments of Lake Tecopa age,

middle Pliocene to late-middle Pleistocene)

Amargosa Alloformation

Lacustrine and subaerial sediments above the base of the
Lava Creek B tephra bed (Tuff A), up-section to the youngest Lake
Tecopa deposits.

Upper lacustrine allomember:

Upper unit (fluctuating high and regressive lake stands;
small-pebble gravel and small-pebbly sand).

Middle unit (chiefly lacustrine sand, silt, some clay,
some sandy small-pebble gravel lenses locally).

Lower unit (transgressive; lacustrine small-pebble
gravel and small-pebbly sand).

Middle subaerial allomember (upper "yellow zone"):

Lower lacustrine allomember

Lava Creek B tephra layer (Tuff A), -0.62 Ma.

Shoshone Springs Alloformation

Upper lacustrine allomember

Middle subaerial allomember (lower *yellow zone")

Lower lacustrine allomember

Bishop tephra layers/complex (Tuff B), - 0.735 Ma.

Greenwater Fan Alloformation

Subaerial allomember(s)/tongues

Lacustrine allomembers/tongues

Huckleberry Ridge tephra layer (Tuff C), -2.1 Ma.

Spanish Trail Alloformation
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Post-Lake Tecopa alluvial units

11 PLT alluvial complex

Cobble (rarely sm bldr) gravel to cobble-pbl gravel on pedi-
ments, discontinuously preserved, chiefly at margins of LT basin.
Several meters above 12 surface. Class 2+ surface parameters.
Intermediate in age between Dohrenwend's (1985) Greenwater and
Sperry surfaces {although perhaps youngest members of the Sperry
complex (which is chiefly pre-Lake Tecopa) may overlap into this
unit].

12 PLT alluvial complex

Cobble and pebble gravel veneer chiefly on pediments (pre-
served mostly on narrow mesa-like ridges in the interior of the
LT basin), tonguing up side washes into strath-terrace gravels.
(1985) *Greenwater Surface. Class 2 surface parameters.

#3 PLT alluvial complex.

Pediment and strath-terrace gravels of all side-washes;
strath-terrace gravel of AR. Late-middle Pleistocene. Several
meters above 14 surface (top of $4 unit). Bears relict (surface)
paleosol with moderate Bt and stage 2+ Bk development. Class 3
surface parameters (desert-varnish development and levelling of
swale morphology plus relict paleosol development). Intermediate
between Dohrenwend's (1985) 'Amargosaw and wGreenwaterg surfaces.

$4 PLT alluvial complex. Chiefly Holocene but probably in
part Wirsconsin; equivalent to 'Amargosa Surface of Dohrenwend
(1985). Underlies moderately extensive pediments on LT sediments
both E and W of Tecopa Hills, and the Holocene flood plain of the
Amargosa River; also wide young Oflood plains embayments along
larger side washes, as well as flood plains of all minor washes.

Silt and clay, commonly sandy, near Amargosa River in S part
of basin, to sandy pebble-cobble gravel, rarely boulder gravel,
along Amargosa River and all the side washes.

Soil and desert-varnish development: nil to trivial (very
weak).

APPENDIX C.

Examples of diagrammatic measured stratigraphic sections
(See Figures C-1 to C-141

Explanation

1) Vertical scale: 1/2-inch - 1 meter (starting from left columns)

2) See Appendix D for explanation of symbols used in all columns.
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APPENDIX F
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Appendix Figure F-1 (black solid line) Changes in lake level in
the Lake Tecopa Msin between 2.2 and 0.2 Ma

Notes: (1) This curve is smoothed and does not show the
many small-scale brief oscillations in lake level in this closed
lake basin. The portion from 2.2 to 0.75 Ma is particularly gen-
eralized because our present data provide only a general history
for this time interval; more intensive stratigraphic research on
its deposits, including reliable dating of key strata, will be
necessary to find out details on elevations and timing of specif-
ic lake fluctuations.

(2) Our present stratigraphic data from exposed deposits,
however, show clearly that Lake Tecopa remained at low levels and
at times was a playa from 2.2 to probably between 1 and 0.8 Ma.
A trend of gradual rise in lake level commenced somewhat before
Bishop Ash time (0.735 Ma), that attained about 450 m and then
about 480 m when the Bishop and Lava Creek tephra layers, re-
spectively were deposited. Thus began the early part of the first
deep-lake megacycle of Lake Tecopa. This megacycle culminated at
about 520 m altitude probably around 0.5 Ma. It was followed by
a deep lake recession to at least as low as 440 m, that probably
lasted at least a few tens of thousands of years. Next came the
second and final deep-lake megacycle, which rose to about 550 m
altitude--the all-time maximum for Lake Tecopa. Breaching and
commmencement of draining of this lake seems to have occurred at
the end of this maximum, probably between 0.2 and 0.3 Ma.

(3) The portion of the curve from 0.4 to 0.62 (Lava Creek
Ash time) Ma is from the north part of the Lake tecopa basin, be-
cause in the southwestern part lake levels were anomalously lower
perhaps due to tectonism.

Appendix Figure F-2 (dotted line) Changes in altitude of piezo-
metric surface and watertables, inferred from exposures of spring
/seepage carbonate cementation, travertine, and tufa at and with-
in 1-2 m of the original landsurface.

Note that during the lake transgressions the piezometric
surface/watertable rose faster than lake level; conversely, dur-
ing lake regressions, it fell more slowly than the lake level.



( APPENDIf cIGURE F-3

INFERRED PALEOCLIMATIC HISTORY OF THE LAKE TECOPA AREA
FROM 3.2 TO 0.2 MA
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EXPLANATION

Ef. P. = effective precipitation.

An. T. = annual temperature.

An. P. = annual precipitation.

Relative-value numerals in the figure:
1: Minimal, less than present values in

this area.
2: Low-intermediate, values about like

now.
3: High-intermediate, values somewhat

higher than now.
4: Maximal, values appreciably greater

than now.

* After breaching of Lake Tecopa, four
major erosion surfaces were formed. Each
started with strong downcutting by streams,
then lateral stream planation, followed by
alluviation and then a time of landscape
stability and soil development (erosion-
deposition-stability (EDS) cycles (Morrison,

1987); the post-Lake Tecopa cycles corre-
spond to Morrison's meso- to macro- EDS cy-
cles). These EDS cycles were induced by
marked cyclic changes in effective precipi-
tation through later Illinoian, Wisconsin,
and Holocene time in this area.

At present, our climatic data are rel-
atively crude and qualitative, pending in-
puts from various specialists who are analy-
zing samples collected from key horizons
(particularly from deposits younger than the
Bishop Ash). We hope to have more quanti-
tative information about climatic conditions
during specific episodes in Lake Tecopa's
history as we get more climatic and chrono-
metric data from our sampling program. The
interpretations in this diagram are based
chiefly on the lacustrine and fluvial his-
tory (lake levels and stream runoff) as
determined from many measured stratigraphic
sections throughout the Lake Tecopa area.

Vbta for the 2.5 to 3.2 Ma inter-
val are from Ray and others (1986).



APPENDIX FIGURE F-4.

DIAGRAM OF SEDIMENTATION RATES IN THE LAKE TECOPA AREA
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Depth in the Lake Tepoca sequence (Lake Tecopa Allogroup)
versus age, from about 0.2 to 2 Ma. Age control is from well-
dated tephra layers (Sarna-Wojcicki and others, 1987). Depths are
my mean-maximum thicknesses down to the Bishop Ash, and from
Sarna-Wojcicki and others (1987) below this tephra layer. The two
diverging lines above the Lava Creek Ash show the probable un-
certainty as to time of breaching of Lake Tecopa.
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APPENDIX FIGURE G.

CORRELATIONS OF THE LAKE TECOPA SEQUENCE WITH THE STRATIGRAPHIC
RECORDS FROM SEARLES LAKE, LAKE LAHONTAN, AND THE SIERRA NEVADA

Appendix Figure G-l, Explanation and Comments:

Horizontal scale is Ma for all 4 diagrams.

Vertical scale is schematic.

Capital letters just above age lines indicate positions of tephra
layers: R = Rockland (400 ka); L = Lava Creek B (620 ka); B =
Bishop (738 ka); D = Glass Mountain D (0.9 Ma); G - Glass Moun-
tain G (1 Ma); H = Huckleberry Ridge (2 Ma).

For discussion, see text section Correlations with Amargosa
Desert (Ash Meadows), Searles Lakes, Lake Lahontan, and the
Sierra Nevada.

Lake Tecopa interpretation is based on my own stratigraphic
field studies, 1986-1988; Amargosa Desert data are from Hay and
others, 1986. Lake Lahontan interpretation is chiefly from my own
field studies (Morrison, 1964, 1965; Morrison and Frye, 1965;
Morrison and others, 1965; Morrison and Davis, 1984a, 1984b; and
unpublished field data), supplemented by tephrochronologic and
stratigraphic data from J. 0. Davis (oral and written communicat-
ions, 1984-1988). Searles Lake data are from Smith (1979, 1984,
1983) and Smith and Street-Perrott (1983). A.M. Sarna-Wojcicki
(and colleagues, 1984, 1985, 1987, and in press) supplied tephro-

K.- chronologic control for all these areas.

APPENDIX H. NEOTECTONIC MAP OF THE LAKE TECOPA AREA
[Figure H-i, in preparation)
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Mlillln & Associates, Inc.
2700 East Sunset Road, Sulte C25

Las Vegas, Nevada 89120
702/798-0402 & -3026
FAX#: 702(798-6074

PROGRESS REPORT- Ground-Water Discharge Deposits

by J. Quade

Well-exposed fine-grained deposits abound In the valleys of southern Nevada. However, for
reasons of age or poor exposure, only a few are appropriate for detailed study, though nearly all contain
useful paleohydrologic information in some form. Geologic mapping and sampling has therefore been
pursued at two scales: reconnaissance and detailed. Both scales contribute to construction of a regional
paleohydrologic framework for the last "full" pluvial roughly 18,000 years ago. Detailed studies, in
addition, should supply a more quantitative picture of the ground-water flux passing through the last full
pluvial hydrologic system.

Reconnaissance fieldwork Several of these types of study, which entail several days of mapping and
sampling, and weeks of laboratory follow-up have been completed or added to in the past 18 months:

Piute Valley-southern Clark County, Nevada
Valley Wells- San Bernadino County, Calif.
Diatomite of Lathrop Wells-Nye County, Nevada
Coyote Springs Valley--deposits in the southern end of the valley (Clark

County) and the northern end ( Lincoln County).
Chicago Valley-- Inyo County, California

Detailed fieldwork Only a few valleys have proven to contain deposits of appropriate age or
sufficient exposure for detailed work. This fieldwork entails several weeks to months of mapping, and
description and sampling of all known major exposures. Mapping was conducted on 1:62,500 scale
black and white aerial photographs, and then transferred to orthophotos on the completion of each area.
All paleofauna sample sites were described in detail and often photographed, as were localities
containing datable materials.

The following areas were completed or added to in the past 18 months:

Corn Creek Springs (Clark County, Nevada)
Indian Springs (Nye and Clark Counties, Nevada)
Pahrump Valley (Nye County, Nevada and Inyo County, California)
Sandy Valley (Clark County, Nevada)

Laboratory Work

Faunal samples About 250 samples have been processed In the past eighteen months. Processing
has entailed disaggregation of sample matrix, sieving, and handpicking of each for mollusks. These are
then forwarded for analysis to Dr. W. L. Pratt at the Natural History Museum in Las Vegas. Some
samples have been found to contain diatoms as well. Eleven of these are being examined by Dr. L.
Burckle at Lamont-Doherty Laboratories, Palisades, New York. Ostracodes from a few samples have
been isolated; no analyses are planned.

Amino-Acid Analyses Large faunal samples from key localities were picked and cleaned; forty-five were
submitted for amino acid dating, most of which have been completed.

Radiocarbon analyses Ten samples have been pretreated for analysis in the Utah laboratory in the past
18 months. Others pretreatments were handled by the University of Arizona, which is performing all of
the dating.

I 1 MYB90410c



Pollen analysis Eight samples were Isolated for pollen, and sent to Dr. 0. Davis at the University of
Arizona for counting.

RESULTS

Piute Valley Fine-grained deposits are located on the west side of the Pauite Valley just over the
California-Nevada border about 80 kilometers south of Boulder City, Nevada. Relative to other areas
they fairly limited in extent, covering about 4 km2 . They are nonetheless of interest, being (1) the
southernmost deposits studied, (2) not immediately adjacent to any major mountain range, and (3)
situated in alluvium dominated by volcanic clasts. In the last two respects the Piute Valley deposits are
closely analogous to the Diatomites of Lathrop Wells near Yucca Mountain. Mollusks are not abundant.
Sample PteVF87-1 (Table 1) indicates locally ponded conditions, and PteVF87-4 the surrounding moist
terrestrial habitat. Fluvial silt and mudstone are more common than ponded units, which are not laterally
continuous. Several paleosols were mapped within the deposits. Diatomite is abundant and was
sampled at six localities. No Identifications are completed. In overall aspect, the deposits In Piute Valley
are consistent with a ground-water discharge, not lacustrine setting.

Megafaunal remains, particularly camel and mammoth teeth, are very common, and indicate a
mid-Pleistocene age (B. Reynolds, San Bernadino County Museum, pers. comm., 1988). This is
consistent with amino-acid ratios on Gyraulus sp. (Table 2, PteVF87-1) which are largest--and therefore
oldest-of any sample taken thus far In southern Nevada, except for perhaps the ratios on clams from
Chicago Valley. No Wisconsin-age deposits are present.

Two north-south trending lineaments bound the eastern, downslope extent of the deposits. It Is
quite likely that these structures have in some manner localized discharge upslope, either by
juxtaposition of Impermeable layers against a gravel aquifer, or by Infilling of the fault with impermeable
cements. Other examples of tectonic control on paleodischarge can be found in many valleys described
below.

Valley Wells Valley Wells (or Shadow Valley) Is located near the Califomia-Nevada border In San
Bemadino County, California, about 70 km west of Piute Valley. Fine-grained deposits cover about 4.5

Deeply-incised bluffs end abruptly downslope against several north-south trending
lineaments.The bluff exposures contain a long history of spring discharge In the area. Amino-acid ratios
(Table 2, VWF87-5 and 9) on pond snails Indicate they are slightly younger than Piute Valley snails.
Irvingtonian-age megafauna found by B. Reynolds are also consistent with a mid-Phiislocene age. Black
mats from thin deposits Inset into the older bluff units yielded a radiocarbon age of 10,250. 160 (Table 3,
A-4899). Artifacts were found eroding from the mat, and mammoth teeth are common in the underlying
pale-green clays clays.

The older bluff deposits are mainly composed of bedded pale-brown sifts and sands which are
dominantly fluvial in character. Green clay pond units increase downslope, although they remain thin
and difficult trace laterally. All mollusk samples are consistent with a ponded setting and fringing wet
meadow environments (Table 1, VWF87-1,4,5,6,7, and 9). The younger, late Wisconsinan deposits are
inset Into the bluffs along at least one drainage. As such, they are of rather limited extent. Pale-green
clays and organic mats entirely compose them. Habitats Indicated by mollusks are similar to those of the
bluff deposits. In all, pond, wet meadow, and phreatophyte fiat settings account for the long history of
sedimentation in the area. Several stands of phreatophytes (cottonwood and mesquite) attest to ongoing
high water table In the area of the fine-grained sediments.
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Uke Pluto Valley, at least three north-south trending lineaments bound the downslope extent of
the three adjacent areas of fine-grained deposits. They likely localized former and modem discharge
along the upslope side. It is interesting that the deposits are the highest in elevation at 1,100 m of any
identified in southern Nevada. The Clark Mountains, reaching over 2,400 m, bound the east side of the
valley. This nearby recharge source, and the faults likely account for the fine-grained deposits at such a
high elevation.

Chicago Valley Chicago Valley is located in Inyo County, California, about 110 km west of Las Vegas.
The valley opens onto the Tecopa Basin at its south end. A fairly broad expanse (5.8 km2) of low-lying
sediments cover the lower piedmont areas on the east-central side of the valley. At least two lineaments
bound the downslope extent of the two adjacent expanses of deposits. As in other valleys, these faults
likely served as a barrier to ground-water flow, damming water at depth and forcing it to the surface.
Twelve Mile Spring still discharges from along the upper lineament. Mesquite is extensive in washes cut
into the fine-grained deposits and over the small flats in the valley floor.

Poor-exposure limits what can be said about the deposits. As in other areas, the deposits
appear to be dominantly fluvial, and are accompanied by extensive nodular carbonate. In other areas
this material is of ground-water origin. Ponded units are very limited; previous descriptions of the
deposits as lacustrine do not appear to hold up. The few faunal samples (Table 1, CV-mol. 1 a-1 and 2)
obtained attest to ground-water discharge well upslope from the active springs . The spring mollusks
show strong affinities with presettlement faunas in Ash Meadows springs. Amino-acid racemization
dates on freshwater clams indicate an age at least equal to the Piute Valley deposits, I.e.
mid-Pleistocene. No late VWisconsinan spring deposits were located, but this may well be the result of
poor exposure given that ground water Is so close to the surface even in the modem climate.

The Chicago Valley is bordered on the east and west by the Nopah and Resting Springs
Ranges, respectively. Neither exceeds 2,000 m, which raises the question of a recharge source for the
modern and Pleistocene springs In the valley. One distinct possibility Is that underflow through the
Nopah Range from neighboring Pahrump Valley has and Is occurring. The low point in the adjacent
Pahrump Valley playa is about 90 m higher than Twelve Mile Springs. Moreover, the Chicago Valley
ground-water discharge deposits are found only on the east side of the valley, the right location if
underflow from the east is occurring.

Coyote Springs Valley Exposures of fine-grained sediments are very extensive in the Coyote Springs
Valley, located immediately east of the Sheep Range. Description will begin with the relatively restricted
deposits in the northeast part of the valley and end with the more widespread ones in the south.

The North Coyote Springs Valley deposits cover about 8 km2 . In many respects these deposits
are similar to those In Valley Wells. At least two lineaments bound the downslope extent of the deposits.
Deeply-incised bluffs expose over 12 m of alternating pale-brown to green silts and mudstones. Inset
into the bluffs are much younger, likely late Wisconsin age units. Mesquite chokes most of the main
washes cutting through the deposits. Several active seeps occur along the lineament.

The age of the bluff beds remains unknown, but a very thick, dense caliche layer capping them
belles their antiquity. A few poorly-preserved mollusks were found. Standing water is indicated by the
faunas but the greenish clays containing them are neither thick nor laterally extensive. Several paleosols
are also present.

The Inset deposits contain abundant mollusks, green clays, and black mats. The green clays are
laterally very discontinuous and generally follow the local wash gradient. This makes substantial extent
to standing water unlikely. This Is supported by identified mollusks (Table 2, NCySF-2,3,5,8,9, and 11)
which are typical of wet meadows and very localized ponding. Dating of the mats Is in progress at the
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University of Arizona. Some of the spring deposits contain artifacts, suggesting a Holocene as well as
Pleistocene component to discharge.

The south Coyote Springs deposits cover about 17 km2. Work in this large area is in progress
and results presented here are preliminary. The deposits almost certainly represent a spectrum of ages.
Muddy Creek age deposits, probably late Miocene in age, are exposed in large bluffs on the east side of
the valley. Much younger deposits crop out all along the west side, Including one small area containing
an organic mat and mammoth teeth almost certainly late Wisconsin In age. Organics from the mat are
now with the Arizona radiocarbon lab. Other units are tilted up to 10 degrees, and clearly antedate the
Wisconsin. The age of the majority of the fine-grained beds Is unclear, and may be anywhere from early
Pleistocene to late Pleistocene. Earlier this year three key localities were sampled for amino-acid
racemization dating. These mollusks are now with the Amherst lab.

The deposits are dominantly fluvial pale-brown silts and occasional gravels. Green mudstones
accompanied by dense caliche caps are also common toward the basin center. The facies pattern is
similar in most respects to ground-water discharge systems described elsewhere. SCySF-1, the only
sample counted thus far, contains a typical "wet meadow" faunal suite. Other mollusks examined in the
field are entirely consistent with this setting and with fringing moist terrestrial environments. No marsh
fauna, such as are found In the Tule Springs, Corn Creek, and to a lesser extent in the Pahrump Valley
deposits, have been found. Ponding must therefore have been quite limited throughout the history of
deposition.

The Pleistocene age ground-water discharge deposits are all concentrated on the west flank of
the valley, probably because the high Sheep Range bounds that side of the valley and was certainly a
principle recharge source for the valley. The deposits are cut by several small faults which have uplifted
several small horsts of older material. These horsts were subsequently beveled and capped by dense
caliche. The deposits are abruptly truncated in the valley center by the extension of the Arrow Canyon
Range bounding fault. To the east, only Muddy Creek age deposits crop out. As in other valleys, this
structure may have dammed subsurface aquifers, forcing flow to the surface and producing the large
area of ground-water discharge deposits we observe today on the west side.

DETAILED MAPPING AND SAMPLING

Four valleys contain deposits of late Wisconsin age that are sufficiently welt exposed to warrant
detailed mapping and sampling: Indian Springs Valley, Pahrump Valley, Corn Creek Springs Valley, and
Sandy Valley. Except for the Pahrump Valley, the Intent is to construct as detailed a picture as possible
of the whole full-pluvial ground-water discharge environment. This then will serve as a basis for a
semi-quantitative estimate of paleodischarge in each area. The Pahrump Valley deposits, because of
their complexity, do not lend themselves well to this kind of analysis. Nonetheless, a long and
well-exposed history of deposition has made the Pahrump Valley a focus of much detailed work. The
Indian Springs Valley deposits have already been described In a series of other reports; Journal
publication of these results will be In Ouaternary Research sometime In the first half of 1989.

Sandy Valley Also known as Mesquite Valley, this basin sits astride the California-Nevada border
immediately south of the Pahrump Valley. The mapped deposits are concentrated In the northeast
comer of the valley, and cover about 5 km2 . They are separated from similarly appearing units in the
south end of the Pahrump Valley by only a few kilometers.

The deposits are mostly late Wisconsin in age. This is based on generally weak induration of the
deposits, thin carbonate caps, well-preserved mollusks, and common organic mats. Five of the mats are
currently being dated. Amino-acid ratios (SVF-14, 16, and 22) are generally consistent with late
Wisconsin mollusks from other valleys. The one determination inconsistent with a late Wisconsin age
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comes from a sample that may have experienced very high surface temperatures.

Pale-green to white mudstones are widespread and contain abundant mollusks. These units grade
into pale-brown to white silts on the upslope margins of the deposits. Nineteen mollusk samples (Table
1, SVF and SAV series) have been counted. Nearly all the samples contain Gyraulus parvus, which In
these systems generally Inhabits small ponds. However, no open-water marsh forms were observed.
Several samples also contained Pyrgulopsis sp., which favors fast-flowing fresh water generally proximal
to spring-discharge points. Nearly all samples contained terrestrial mollusks in some percentage, as is
typical of these systems, indicating the very discontinuous nature of the standing water. Both the
sedimentology and and fauna Indicate a very wet overall environment with ponding, and fringing wet
meadows covering most of the 5 km2 area.

The deposits wrap around the southern nose of the low-lying Black Hills and then spread Into a
triangular-shaped area downgradient. The hills may well have intercepted and dammed the water table
as it sloped away from the adjacent Spring Mountains. Beyond the hills, the triangular area of deposits
are bounded on its downslope side by two parallel faults which are extensions of the Black Hills bounding
fault. As in other valleys, they clearly have localized discharge on their upslope side. Even today,
mesquite and associated coppice dunes clog drainages in the Immediate vicinity of the faults, although
no surface discharge is occurring. A 1,300 _+50 yrs B.P. age (Table 3, A-4860) was obtained on hearth
charcoal deep within one coppice dune.

Corn Creek Springs Valley This valley is actually a sub-basin of the Las Vegas Valley, occupying its
upper northwest end. The high Spring and Sheep Ranges bound the basin on the west and east sides,
respectively. Fine-grained deposits in the valley center are well exposed and cover about about 40 km2.
As almost all the exposed sediments are late Wisconsin In age, this is the second largest exposure of
such deposits in southern Nevada after those In the Las Vegas Valley.

The Ouatemary geology of this area has already been the subject of one publication by the author.
Subsequent to that, several months of additional fieldwork and many months of labwork have
considerably refined the stratigraphic and depositlonal history of the deposits. About half of the 100
additional mollusk samples have been counted but results could not be tabulated in time for this report.
A few additional radiocarbon dates have been completed, with many more pending at Arizona.

Additional radiocarbon analyses do not significantly alter the basic stratigraphy presented in Quade
(1986). All (Table 3, A-44861, 4862, 4901) fall within the latest Pleistocene to earliest Holocene. This
fits with the stratigraphic position of the dated horizons near or at the top of the late pluvial ground-water
discharge deposits. A single analysis on marsh snails underlying these horizons produced a date of

2840+ 1080
2 8,420° 950 yrs B.P. (Table 3), consistent with the full-pluvial position of the sample. Amino acid
ratios from Corn Creek Flat (Table 2, CS85-5,17, 20 and CSF-15, 27, 65, 79) confirm that the majority of
the deposits are late Wisconsin In age. They also corroborate (CSF-22 and 33) the existence a few
outcrops of a pre-late Wisconsin beds on lower Corn Creek Flat and next to Corn Creek Station.

A revised preliminary map of the full-pluvial setting of a part of Corn Creek Flat Is given in Miff lin
and Quade (1988). An additional map of the sedimentology and fauna is being compiled as analyses
come in. Sedimentologically, most of the fine-grained deposits are pale-brown fluvial silts. White to
pale-green mudstones cover a much smaller area, mainly at the southern end of the valley, along a
narrow belt on the valley's east side, and In three small patches on the west side. The overall impression
of the full-glacial setting Is that the majority of the 16 km2 exposed area was covered by a phreatophyte
flat in which no direct flow discharge occurred. However, a belt of springs discharged along the east side
of the valley. These and two small spring complexes on the west side supported a series of small ponds
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on the upper flat along the valley axis, as well as a marsh at the bottom of the flat. The marsh covered
about 1.5 km2. A narrow marshy stream complex in turn fed out of the marsh through some narrows into
Tule Springs Flat downvalley.

The aerial extent of all the major facies, including wet meadows and phreatophyte flats form the
basis for quantitative estimates of the amount of discharge occurring In the valley during the full-pluvial
climate. Such estimates of discharge appear to be possible to established for Corn Creek Flat, Indian
Springs, and Sandy Valley, and will be the subject of further work.

Pahrump Valley The Pahrump Valley contains the longest and the best exposed record of ground-water
discharge of any valley studied in the southern Great Basin. However, the outcrop is so extensive and
the stratigraphic relations are sufficiently complex that many years could be spent in their
characterization. Efforts to date have focused on Identifying deposits associated only with the last
full-glacial. Deposits related to the waning phases of that pluvial period, from about 11,500 years B.P. to
present are relatively easy to map and characterize. However, units related to the full-pluvial, i.e., ca.
18,000 have not been successfully differentiated from the many other ground-water discharge units
antedating the last full-glacial climate. As In other valleys, organic matter does not preserve well beyond
about 15,000 years, and so the deposits cannot be identified by dating alone. And stratigraphic relations
in all but a few areas are too complex to confidently reconstruct the full-pluvial setting. For these
reasons, Pahrump Valley ground-water discharge can not be as confidently used in estimating pluvial
maximum discharge. Considerable effort has been expended in deciphering ts rich history of
ground-water discharge.

Tilting and faulting of fine-grained beds has exposed over 150 m of section in several areas in the
center of the valley. They are composed of alternating fluvial siltstones, paleosols, white to pale green
mudstones, and occasional gravels. One major ridge in the lower third of the tilted section Is composed
of massive travertines which include textbook examples of flowstones and ripplestones over a large
areas. No such travertine is associated with modern spring discharge in the valley. No mollusks have
been found preserved In the sediments after a careful search. However, the sedimentary patterns
observed in these beds are consistent with those of later periods of clear ground-water origin.

Untilted beds exposed In deeply incised bluffs stretching for kilometers along the valley axis
constitute the next generation of sediments. A dense caliche caps the bluffs in most areas. Stratigraphy
is often not traceable from one major wash exposure to the next. The beds are dominantly pale to
medium brown silts and sands Interrupted by many paleosols and erosional disconformities. Pale-green
mudstones are common but tend to be laterally discontinuous. Mollusks and occasional megafaunal
remains have been observed. Armino-acid dates (Table 2, PV Mol. 31) on pond snails and clams
suggest in both cases an age younger than the Valley Wells, Chicago Valley, or Piute Valley deposits,
but older than late Wisconsin. The samples counted to date from the green mudstones suggest wet
meadow and pond environments. No open-water fauna such as typify lower Corn Creek Flat In the
full-pluvial have been located.

Two major drainages In the southern half of the valley contain a well exposed and basically
concordant record of latest Wisconsin deposition. These are deeply Incised Into the older bluff
sediments described above. Sometime before about 11,300 years B.P. both the Hidden Valley and the
Stump Springs drainages began to fill with sediment. Broad wet meadows at the heads of the drainages
coalesced into flowing streams with marshy borders. The wet areas were never wider than 30 or so
meters In the drainages, and the sediments associated with them generally lapped against but never
entirely over the adjacent bluff sediments. Fauna Is extremely abundant, including moist terrestrial,
flowing stream, and pond snails (Table 1, Pah. Mol. series) to tens of mammoth molars. The wet
meadows persisted along these two drainages from 11,200 to at least 8,500 years B.P. (Table 3, A-4590
to 4595, 4606, and 4607), after which discharge decreased dramatically. Though both drainages are
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filled with mesquite, the only spring discharge In the area up to the 1920's was a few gallons per minute
from Stump Spring.

Exposure of the beds end abruptly in a series of major faults running along the north-south axis of
the valley. West of the faults no fine-grained ground-water discharge deposits are exposed but a
moderately sized dry playa Is present in the valley bottom. Cuttings from three 24 ft. hand augured
boreholes were extracted from the playa In order to ascertain the pre-Holocene environment. Two
cuttings profiles revealed a full 24 ft of brown silt such as Is being deposited on the playa today. A third
cutting profile contained pale-green clays starting at 14 ft. Pond snails from the clays have been
submitted for amino-acid racemization dating. The appearance of the clays and the overlying thickness
of brown silt suggest that the clays antedate the Wisconsin. The preferred interpretation is that little or
no ground-water discharge was occurring in the playa area.

Brown Spring, now dry but which in historical times discharged 20 or more gallons per minute, Is
located on the main north-south lineament of the valley along which the oldest beds are uplifted and
tilted. A dead cottonwood marks the spot. Massive Incision In the last few decades has exposed an
excellent stratigraphy. Debris and midden left by pioneers (the spring is on the old Santa Fe Trail) form
the uppermost exposed beds and aboriginal artifacts occur in neighboring dunes. Pleistocene and
Holocene discharge spread several hundred meters down from the present site of the cottonwood.
Artifacts in the outflow facies date to 8,510±+190 years B.P. (A-4609). Several meters of spring deposits
underlie this dated layer.

Many square kilometers of fine-gralned beds occurs in the northern part of the valley. The
exposed ones, which Include three separate areas are clearly associated with faults on their downslope
sides. Two pateospring areas have been identified. One ceased to flow at about 10,920± 160 yrs. B.P.
(Table 3, A-4609). Other paleospring areas may exist in the beds, but the vast majority of these
exposures are composed of monotonous brown silts, likely deposited in a phreatophyte flat. The existing
exposures become buried by Holocene silts toward the valley center, probably obscuring a very
extensive paleoground-water discharge system. This northern area is the focus of most modem
discharge in the valley. It is probable that this was also true of the Plelsotocene, but the extent can not
be mapped.
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9anviUtm Samples

Species CY-mol-l a CY-mol-2 NCqSF-1 1 NCySF-2 NCvSF-3 NCSF-5 NCySF-8 NCySF-9 Pt#VF-1

arnmi? Sp. 3.4 22
tDfIbbomD 122 2.9 19.2 11.4 14.6 5.9 0

,WVOW~ff 4.8 1.4 1.2

tx6nvwmknr Mf

rows, fnkEffh 0.6
faffirl-p&'V 1.69 0.4 3.2 1.4 32

6.3 0.6
a. ftami~o. 6.3 49.3 32.9 63 76 662
Legrasfp~r~Trf 31.3 0.6
d. G#wfriusW 0.8 0A 100
Mnlewffi $p. 3.2 82 1.8 0.6

A jb,. 3.2
PAWfSWji 1.2
P. rt~we
Pk**JM lei-Slm~ 1.3 0.4 73 4.1 62.5 4.6
P. f'V*tiub7 2.7

P. nacwin 1.4

fkyvwkpsPrJ 1 2 1.3
f'rwkromf 59.1 82.5
flapw4 jp. 55. 3.5 0.6
Se~?kvb ciprb
S. *AIAkf
S. ThMIJAW7E&
S. pr/?skf 1.69 0.7

naw~ri i: 3.4 8

f¶ ifnw, w 6.8
godvh Sp.
(ow4v mfu 152 25 5.5 17.5

mo~lusksIkllogram
sediment

TABLE 1



Mollus Samples
Sample no.

spectors
Pt&VF-4 SAV)-oarb-l SCySf-l 8987-6 8YC-I SVC-2 SVC87-3 SVF97-16 SVF87-1

caiA , gtm 62.5 1 3 39.7 27.7 16.1 1 8.7 27.8 48.6 0.5
.^r ~~ ~ ~~ ~ ~ ~~0.5 O.S 1.1 0.4 1.9

;bwwrbn W w1/ 7.5
fwzr,;R~~~~~~p ~14.1 1 4 29.9 13.5 8.3 7.2 2.6

&s~~tfW - 12Z
d. 4WAd 6M 0.3 12.6 18.7
cvrnuhbrAWIM 14.6 8 7.4 15.9 8.3 6.5 05
vOd~vwu*A 173 13.7 8.8 9.2 Om

amass. ~~~~~~~~~~~~~~~~~~~~~~0.4 0.3

P. vk Wa 0.6 3 A 1.5
P&Af~v vjArest 6.5 0.5 7.1 23 02 2.7 25.5
P. Ifs," 5.4 17.2 4.1

P.tutuw o 0.5 17.1 12.9 27.8 6Z

fail anVr Om

~~~w . 05~~~~~~O 2.4 63
SA~Wvb Arch~
So. Aw
SA;: IAMWS
S.,pazv 0.9

rryofib r.

K A -widiocy 7

Bey-yatM 13.5 26.3 16.1 163

mrs4 slKlgun(.



t., ~~~~~~~~~~~-,* Samples
$pecits SVF87-4 SVF87-5 SVF87-7 VWF87-1 VWF87-4 VWF97-5 VWF87-6 VWF87-7 VWF87-9

Loungef 9.8 40.5 1 6.7 1 .1 57.1 1 7 285 11 7.7
c oAver 1.1 1.1 2.7 oz

awesv~ &biw 0.5
.tosj* madefl

t~~s~~aw~~~pw S~.6 1l8 4.6

I;. evenA 68.5 0.4 3.7
tjrjwAorpwrv 176 3Z 22 2.7 1.9
A. 0APh&b*AS 2.1 1 .1 41 .9 5.9 52 49
A4Ww.ifjV

P~kb"t chumf~ 9.8 2.1 21 .4 3.1
fit muffin 52.9 9.t 0,4

P. na~vep 6.7 SO I .1 20.0 152Z 2.1 1 .4

~~ Baby ~~~~~~2.1
St*a7kSb 0OWtWJ 26.9 2.1 29.3
S. okkd 4.0
S. MonroMS

RFAviiqv?1vf 4A 7.5 8.9 1.4
If gror^Wdi, I I

A ~~~~~ P /kw fi Sp. ~~~~~~~~~~~~~~58.6
add JAWin 9.8 23.7 3S3.3 7t.9 21 .4 6.2 6.4 1.2 3.4

molhsks/kMlogram
sedfment



Mollusk Sadirs
simplet

Speofes SVFO7-11 SVFB7-13 SVF87-14 SVF87-17 SVF87-2 SVF87-22 SVFG7-23 SVF87-24 SVF87-28

Awrnai 4p.
aidD#Afm 19.8 33.3 38.2 22.7 1 . 60.1 31.4 31.6 27.2
zwuw" 2 2.

ocowbr tturw 2.9 1 0.7
Rr/ an ,mAwdi 4.3 3 1
frOSjwirQ:-p;O 9 4.9 5 11.9 3.4 1.1 13.6 3.7

d. tIp~w 3.3 1.2 3.5 1.5 2 7.6
CrwSow 1.7 33.3 22.8 13.6 13.4 1 4. 1.6
d. aivww*AW 3.3 62 7.1 1.5 17.6 9.3 7.6
Ari f~k Ap.
IUYA&Rn p. 0.4 1. 1.1

P. vi A i 0.5 4.5 0.5 1.4
aimftn; O f 19.8 33.3 8 5.6 343 7.4 5 2.8
P.AmvJiAiN 4.5 10.4 1 1.4 0.9

P. f"mww~f ml 17.7 1.9 4 10.8 10.2 17.2 19.6

f-Vt~vjp~sirp. 33 11.9
AfONWAAI 44O4YJAD

S. PfM*yi 2 0.7

F tfiAmia egJ.pkvIIf 0.4
P p1 fl'J 2 1.1 6.5 1.6

best______ 18.5 12.3 27.3 4.5 16.7 252 8.5 27.5

mo tlusils/logru
(d1ment ((



( ( 4usk Samples (
Smpl

Species PAh. Mol. i Pah. Mol. 2 Pah. Mol. 3 Pah. Mol. 4 Pah. Mol. 5 Pa. Mol. 6 Pah. Mol. 7 Pah. Mol. 9 Psh. Mol. 17

C~afivffAftN

Ouonw-(*ff 7.7 7.1

Fw,*ufC ciYf b*&nk 1.2 2.4

Pmser wrI: 6.7 6.1 7.4

*7. fqwnM . 1.2 13.1

7. ai.fe 4.9 2.4 564 56.1 44 0.6 93.6

Afba wij.'p. 2.4 28.6

OZ~wktm Sp.
P.~~~~~ftiw~ 2.4

P. iyuwt
P&Aam nsqw-&*m 53.3 23.1 19. 16.7 6.5 36 20.6

P. rvbh*t0
/r7ffba A*&se
P. flAown

fJVW~os*jm.

fkVrwrm~jp- 13.3 61.4 585 42.7 2.4 2.9

s$fir'Aw 0wjtj 11.9 27.4 31.7 16

S. 4!kAA*s
S. m4'f~le7E1I
S. pff7
.qwgu 26.7 7.7 2.4 4.8 9.1 7.3 4 4.6 6.5

Rj Am t A ohk'vb 4.8
r.K owfoAtwJf 1.2 4.8 15.4

(4.WW* OWVt 2.4 1 6 2.4 6.9

mollusks/Mlbgram
sediment



Amino Acid Re3ult3

TABLE 2 AMINO ACID RATIOS ON SOUTHERN NEYADA MCLLUSKS

SAMPLE*

CS85Mo1.20
CS85Mb1.5
CSF87-17
CSF87-15
CSF87-22
CSF87-27
CSF87-33
Phh. Mb1.5
PY M61.31
Piuto Yalloe 87-1
CY MI1.2
SYF87-22
SYF87-16
YWF87-5
YWF87-9

CS85-17
C585tb1.5
CS85Mb1. 20
CSF87-15
CSF87-22
CSF87-27
CSF87-33
CSF87-79
CY M61. Ia
CY Mb. 2
PY Mol. 29
PY Mol.66
PY Mol. 81
PY M1.31
SYF87-16
SYF87-22

GENUS AMIO ACID RATIOS
FREE TOTAL HYDROLYSATE

pf~tfyl#

Xsfftlfw

PrftkyW

pftf4htB

P"Ifiv

dMbyllff

Pisidium

/iwa
icys&7yuj

/~fo~,7
PiJou7
Pisigwm

Pidsamw

0.188
0.189
0.202
0.23

0.241
0.169
0.326
0.191
0.267
0.367
0.338
0.198
0.191
0.291
0.295

0.212
0.227
0.21
0.266
0.296
0.156
0.378
0.236
0.422
0.409
0.264
0.177
0.243
0.375
0.229
0.207

0.133
0.131
0.114
0.175
0.172
0.107
0.257
0.112
0.195
0.256
0.214
0.118
0.111
0.183
0.197

0.156
0.154
0.146
0.179
0.196
0.128
0.274
0.158
0.318
0.277
0.214
0.134
0.178
0.293
0.183
0.166

INCOMPLETE OR NON-LINEAR RESULTS

SAY. Ml. 2
Ph.85 Mo1. 16
SYF87-14
SYF87-14

pitoYum
6z4"uw

0.271
0.292

0.193
0.19
0.215
0.147

SY = SAY Sandy YalleyNote: CS = Corn Creek Flat
PY = Poh. = Pabhrump Yallcy
CY = Chicap Yalley YW a Yallegy Well



Radiocarbon Results

A-Namber

4859

4860

4861

4862

4897

4898

4899

4900

4901

4606

4607

4608

4609

4590

4591

4592

4593

4594

4595

4537

4538

4539

4540

Sample Descriptles

Pah.85 Carb.23e - charcoal

SYC 87-4a

C581 Oarb. 6b -humnat from organic met

CSC87-2B - carbonized Wood

Pah. Carb 29 (follow-up) -carbonized wood

YWF87-1 - Organic met

CSC87-25 - Shell

PYC87- 42 -carbonized wood

CSC87-8 -carbonized wood

PY86-Carb.35b -Organic matter with
carbonized wood

PY86-Corb.26b - Organic matter

PY86-Carb.1 Ob - Carbonized wood

PY86-Carb.39b - Carbonized wood

PY86-Carb.t 5 - Stump Spring

PY86-Carb37 - Hidden Valley Ranch

PY86 Gorb 31b - Hidden Yalleg Ranch

PY86 Cerb 33 - Hidden Yalleg Ranch

PY86 Crbl lb - Stump Springs

PY86 Carb 34

CS81 CVrb. 13b -Corn Creek Spring
Black organic ant

PYCarb.29a - Charcoal

PYCarb. lb - Carbonized wood

PY~arb. 21b - Pure humates from
carbonized wood, after pretreatment

conenutlal Date

880 +/- 50

1300 +/- 50

9220 +/- 180

11,570 +/- 240

(very mall sample)

10,250 +/- 160

(result expected oon)

(only 300 mg. carbon)

11,870 +/- 200

9120.+- 110

10,090.1- 100

8510 .1-190

10,920 1- 160

8570+/- 170

8480./- 160

11,190 .- 210

10,940 .1- 390

10,380 +/- 380

8600+/- 170

10,220 +/- 210

8610.+- 150

10,090 +/- 200

8120 +1- 210

Del C-13

-24.6

-24.4

-17.4

-22.8

-25

-28.2

-24.3

-26.3

-26.8

-25.1

-25.7

-26.4

-26.6

-25

-21.4

-25.6

-26.1

-28.8

-28.5

-25.4

TABLE 3
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Appendix B-Vt

Late Wisconsin Ground-Water Discharge Environments of the Southwestern Indian Springs Valley,
Southern Nevada by J. Quade and W. L. Pratt.
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ABSTRACT

'adland exposures in the southern Indian Springs Yalley, southern Nevada contain evidence of

widespread spring and seep discharge at and before about 9400 yr B.P. 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 deposits up to 60 km to the southwest in the Las Vegas Valley, at Tule

Springs and on Corn Creek Flat. Sedimentologic and faunal evidence indicate that during the late

Wisconsin, a fine-grained subaerial flat probably vegetated by phreatophytes surrounded areas of

moist grassland or 'wet meadow" containing at least one perennial pond and creek. This

reconstruction was facilitated by comparison with active analog environments in Steptoe Valley in

northeast Nevada. Elsewhere in Indian Springs Valley, such as around Indian Springs itself and on the

playa below, poor exposure has prevented characterization of the late Wisconsin environment.
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INTRODUCTION

Dissected fine-grained deposits blanket much of the Las Vegas Valley bottom from the urban

areas of Las Vegas in the southeastern valley to Indian Springs, about 70 km northwest of Las Vegas

(Fig. 1 ). This large expanse of mainly late Wisconsin sediments, in places underlain by genetically

similar sedimentary sequences of greater age, has long been of paleontological and archeological

interest (Spurr, 1903, Harrington and Simpson, 1961; Shutler and Shutler, 1962). Up to the

mid-sixties, the deposits were interpreted as "lakebeds". As with geologists and nongeologists alike,

the lakebed interpretation is often applied indiscriminately to any continental basin deposit that is

fine grained, light colored, and that contains aquatic mollusks. This has been the case with late

Pleistocene deposits in the Las Vegas Valley (Hubbs and Miller, 1948; Maxey and Jameson, 1948;

Snyder el i/, 1 964, Longwell ca as1, 1 966). Haynes ( I 967) was the first to describe the deposits

in detail with his work at the Tule Springs archeological site 1 2 km north of Las Vegas (Fig. 1 ), and

in adjacent spring areas. Haynes recognized the stratigraphic record as dominantly fluvial, while he

also established the presence of a shallow, tule-fringed lake or marsh -- 'Pluvial Lake Las Vegas--

at the archeological site during the full-glacial (Unit D). Although Haynes's Unit D interpretation

was locally correct, the shallow lacustrine setting has not proved representative of most Unit D age

fine-grained deposits studied since then. Mifflin and Wheat ( 1 979) 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, interpretation of many sedimentologic features in Unit D recognized by that study

remained uncertain. This report presents the results of a comparative study between the

sedimentologic and faunal evidence from late Wisconsin sediments in the Indian Springs Valley, 70

km northwest of Las Vegas, and existing ground-water discharge environments of the Stepoe. and

Butte Valleys in northeastern Nevada.

In particular, the analog as a model addresses several curious features of the late Wisconsin



fine-grained deposits which taken together set them apart from lacustrine deposits:

(1 ) the presence of a sharp coarse-to-fine (gravel to sandy silt) transition on the valley

flank, as described by Ouade ( I 986)..This textural transition, although previously interpreted as

possibly shoreline related, sedimentologically shows no typical shoreline features. Also, the

transition does not follow elevation contours in a bathtub-ring fashion, but rather parallels the

gentle slope of the valley axis.

(2) the presence of a kilometer-wide (or less) subaerial send flat which separates

gravels higher on the alluvial fan from marsh deposits in the basin center.

(3) the presence of white to green clayey sediments containing terrestrial, semi-aquatic,

and aquatic mollusks in close asociation.

(4) the presence of sediments deposited in apparent standing water in settings with

significant slopes, often within basins with little or no hydrographicclosure.

Methods

Mapping was conducted on a 1:24 ,000 black-and-white aerial photographic base.

Organic matter sampled for dating was subjected to standard acid (6N HCl) and base (2%

NaOH) pretreatment. The base soluble (humate) fraction was then precipitated by acidification with

HCI, and collected over silica filter paper. This portion was dated, and results appear in the text.

Base insoluble residue, largely devoid of organics after base treatment, was discarded.

Each faunal sample was collected from a single exposure within a single sedimentary unit.

The amount of sediment collected was determined by the abundance of shell material, but generally

averaged one to two kilograms. Mollusks were sieved and dried over mesh screens The presence or

absence of ostracodes was also noted. Well-indurated samples were in some cases boiled in water

mixed with Calgon and Na2CO3 to facilitate disaggregation. The shells were then sorted into species

lots under a dissecting microscope, and the lots were identified, counted, and stored individual vials.
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The basic references used for mollusk identification are Pilsbry (1939- 1 948) for land

snails, Burch ( 1982) for the aquatic snails, and Burch ( 1972) for bivalves. Baker ( 1928),

Bequeert and Miller (1973), Harrington (1962), and Hibbard and Taylor (1960) are

supplementary sources for some taxa. Taylor ( 1975) proved useful as an entry to the literature on

particular problem species.

Very little has been published regarding habitat selection by Great Basin mollusks e8r

se , but most of the species involved are widespread, and habitat data are available from a variety of

sources, including the authors' personal 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).

MODERN SPRING DISCHARGE EHYIRONMENTS

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 I 0OC lower (Eakin et af, 1967).The shallow phreatic zone and

ground-water discharge environments present in Steptoe Valley are thought to be a reasonable

analog to late Wisconsin conditions in southern Nevada. This valley was also selected because no

pluviai 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. Spring discharge areas in adjacent Butte Valley were also briefly surveyed and sampled. In

a later section of the report, the surface sedimentologic and faunal patterns in these active

ground-water discharge environments are compared to those in late Wisconsin deposits in the Indian

Springs Valley.
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Stepto/e VI/ey (n 1or t/eest Nevedr )

The area of study encompasses the west side of the northern Steptoe valley between about

Indian Ranch and Murphy Ranch (Fig. 2). Goshute Lake occupies the bottom of this portion of the

valley. Although generally a playa and Intermittent playa lake, in the recent high runoff years

Goshute Lake has not dried completely during the warm months. When full the lake is about 8 km

long and I to 3 km wide.

The northern Steptoe Yalley is bordered on the west side by the Cherry Creek Range. The

range exceeds 3000 m in elevation in places, and serves as the principal recharge source to this

segment of the valley. Over seventy piedmont springs and seeps are present in this portion of the

valley on the west side. The east side of the valley is bordered by only several small ranges. As a

result, no springs are present on that side between the range fronts and Goshute Lake.

Little surface runoff from the ranges appears to reach the lake most of the year, probably

because the range is 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 late

July of 1 985, flow in the creek was comparable to only that of a single medium-sized spring on the

west side.

In this area the valley axis slopes gently to the north, except along the playa where the

gradient is nearly flat. The elevation of the highest piedmont springs also decreases to the north,

although adjant the playa the gradient is as little as 0.2 m/km (Eakin et 0j, 1 967). Thus the

elevations of springs vary in general as function of the intersection of the water table with the gentle

south-to-north sloping valley gradient. In places, small faults localize spring discharge.

Three distinct vegetation zones occur in the valley lowlands. Because these zones exercise

significant control on grain size of valley alluvium, vegetation was mapped on a reconnaissance

level, as described below.

Bi/ soce - greisewood - rmsbitbush zone

A sharp lineament is visible on aerial photographs that runs most of the length of the west
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side of the valley just above the highest piedmont springs. The lineament marks the sharp vegetation

transition between drought-tolerant black saga (Artemisia trleenlats nova) and shadscale

( Arip;/e col7vertifo/iJ) upslope, and big sage (Artemisia trideneot/. triden74fte),

greasewoci ( Sercoatius verm/cualets ), and ranDitlusn c ry'omernoaus nauseous)

below the lineament (Fig. 2). The elevation of this transition decreases downvalley (south to north),

like the elevation of the highest piedmont springs. This correlation suggests that the transition

marks plant roots 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 the impact of the vegetation

changes on surface sedimentoliqy. Above the transition, the vegetation is small and widely spaced,

and the alluvium 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 unconfined

surface flow to drop most of its coarse load about 50 to 1 00 m downslope of the transition. Thus,

most of the big sage-greasewood- rabbitbush zone Is underlain by sandy silt alluvium.

Springs and 'wet meidows

Over seventy springs and seeps discharge on the piedmont zone of the west side of 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 and Murphy Ranches, then a more continuous marshy area forms as spring

discharge coaleses downslope. Where the springs are widely spaced, then big Wge and rabbitbush

cover intervening areas. Thus the big sage 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).

A detailed look at the morphology of spring disharge areas and associated wet meadows is
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instructive in that it offers an explanation for the mixed terrestrial/aquatic mollusk assemblages so

common in the southern valleys in the Pleistocene. Where the gradient is high, a flowing stream

issues from the point of spring discharge. Plr7u/opsif., on fe/ice/li of Quade, 1983, 1986, and

previous authors) was observed everywhere in watercress in the margins of the clear, oxygenated

flowing water( Table I ). 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 gradients are lower, a marshy seep or "wet meadow' instead of a stream forms at the

point of discharge. One such typical seep covered 300 m by about 75 m. Most of the 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 I ). The

small ponds and sluggish flowing water are dominated by 0,vrau/us pirvvs and P is iadur

cosertinum (Table I , SY-3 and other unlisted samples).The grass tuft areas contained various

terrestrial mollusks like Xs//on/i 7reci//coste and Pupi//l mUscCorurm. Sediment samples

(SV-4 and 5) from the small streams feeding out of the base of the seep area contained most of the

forms found alive in the seep area, as well as Fossaria parlye, a semiaquatic snail, Pyrpulopsis,

and everal additional terrestrial forms ( Yertpco ove/a, Catine//o sp.).

The seep sediment Is largely composed of strongly reduced clay. Local subaerial exposure

turned the sediment white ( 10 YR B/ 1- dry), but pockets remained black perhaps due to lack of

oxidation locally. The small streams produced well-sorted sand where now was strong but mostly

poorly sorted clay, angular pebbles, end sand.

Downgradient the spring seeps coalesce into flowing streams, or where discharge is large,

into continuous wet meadow with local ponds. Both scenarios occur in the Steptoe Valley. It is

important to note that clay-dominated environments produced by springs on the valley flanks may or
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may not grade into marshy sediments below, in the case of the north end of the valley, large areas

below the elevation of the marshy seeps are subaerially exposed sand and silt covered by big sage and

rabbitbush.

Discharge from mnost major springs reaches the playa margin (or Ooshute Lake in the case of

the 1985 study). Seasonal contraction was visible on the lake margins in July, 1985. No

permanent marsh vegetation, such is present in the Ruby Marsh in the Ruby Valley, was visible in

this ephemeral lake. No mollusks were found in water on the margins of the lake.

Ru/fe I'1/le ( northeest NSVcede 2

Two sediment samples (Table I, By- 2 and 3) containing mollusks were collected along a

small perennial Creek at the north end of the valley. The creek drains a large (several ki 2) wet

meadow. The meadow is fed by several large springs about a kilometer from the sample sites. The

mollusks samples constitute thanatocenoeses accumulated in muddy channel sediment..

Both samples contain a mix of aquatic and terrestrial mollusks that reflect quite faithfully

the local stream setting borbered by marshy banks and wet meadow. Interestingly, Pyvrgulopsis 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 spring-wet meadow setting.

STRATIGRAPHY AND SEDIMIENTOLOOT OF LATE WISCONSIN DEPOSITS IN S. NEYADA

Indian Springs and Cactus Springs lie in the south end of the Indian Springs Valley, located 70

km northwest of Las Vegas (Fig. I ). 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 Valicy along Its southern extent. The hydrographic sub- basins were created by encroach-

ment of large alluvial fans from adjacent ranges across the valley axis. Both Indian Springs Valley
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and adjacent Three Lakes Valley lie in closed sub-basins divided by low sills. Southeast into the Las

Vegas valley, Corn Creek Flat and Tule Springs Flat (just north of Las Vegas) are tributary to the

Colorado River.

Fine-grained, late Quaternary 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 near Las Vegas. Quade

( 1983,1986) 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, which have not

been studied.

The Indian Springs Valley has a backwards 'L" shape. A playa occupies the longer,

north-south portion valley, while Indian and Cectus Springs, and a wash that feeds into the extensive

playa to the north, occupy the east-west trending foot 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 use at Indian Springs of Haynes's stratigraphic nomenclature from the archeological

site is loose: three radiocarbon dates, stratigraphic position, and lithologic similarity are the basis

of correlation between the two areas. Briefly, Haynes recognized two principle marsh phases at Tule

Springs: Unit B2, which fell beyond the range of 1 4C dating, and the more widespread Unit D

(30,000 to 15,000 yr B.P.). A period of marsh contraction (Unit E 1 -E 2) following 15,000 yr

B.P. ended by about 7000 yr B.P. with the attainment of near modern effective moisture conditions.

After 7000 yr B.P., widespread dissection of fine-grained deposits began, and this continues today.

The fine-grained deposits of the Indian Springs Valley range in age from modern to probably

beyond the range of I t 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.). The rest of the column will be dealt

with only briefly below.
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Pre-Unit a

Several areas are covered by pre-Unit B age fine-grained deposits. 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 B orD. The exposed section is largely fluvial (Fig. 3), but contains

several thin horizons with a mix of terrestrial and aquatic mollusks similar to those of later periods

described below.

,78S 6 ad C dlno' SoHf 5

North of Cactus Springs, deep dissection has exposed horizons older than the pale-green

mudstones belonging to Unit D-E. The older horizon is entirely brown fluvial silt (Fig. 3, Unit B-C)

capped by a well-developed soil (Soil S3), and then by Unit D-E. Haynes recognized two entirely

luvial units (Unit B3 and Unit C) at Tule Springs underlying full-glacial Unit D. Soil S3 occurred

on top of Unit B3. Similar physical appearance and stratigraphic position were there- fore the basis

for correlating the brown silts at Cactus Springs with Unit B or C, and the soil above it with Soil S3.

Stratigraphic relations are best exposed in the central portion of the badlands (Fig. 4, Section

25). Unit B-C is not confined to that one area, but poor exposure prevents mapping its complete

extent with confidence. This uncertainty is expressed on the geologic map by designating several

areas as Unit B to lower Unit D undifferentiated (Fig. 5).

Uln iD O nd E

Age?

Pale green clay and mudstone mixed with secondary carbonate occur just below the top of the
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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 1 5,000 yr B.P.) and Unit

E 1( 14,000 tO I 1 ,800 yr B.P.) in the lower Las Vegas Valley, and thus a correlation with one or

both is strongly suggested. Furthermore, a sim iler 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 B)

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 6 summarizes the stratigrephic succession in the younger green clays around Cactus Springs,

and also shows the position of two radiocarbon-dated samples.

USGS-221 1 is disseminated carbonized wood from the green clays (Fig. 6). 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

nonpyrolized wood. Both Haynes ( 1967) and Quade ( 1983) concluded that the material yielded

reliable radiocarbon dates.

USGS- 221 1 yielded a date of 42 ,600+ 1600 (Table 2). This age on the clays is probably too
1300

old since the wood occurs about a meter below two early Holocene organic layers (see below). No

disconformities are evident between the samples, and the clays and organic layers are similarly

indurated. The wood is therefore tentatively concluded to be redeposited. Haynes ( 1967, p. 73)

encountered similar anomalies at Tule Springs in the vicinity of paleospring orifices. More

radiocarbon samples are being sought in the clays.

One and in places two dark gray ( 10 YR 4/1.5 dry), organic-rich layers overlie the green

clay in mos. exposures around Cactus Springs. The humate fraction from two separate samples of the
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organic layer yielded 9680+ 100 yr B.P. (Table 2, USGS-22 12) and 9460±.70 yr B.P. (Table 2,

USGS-22 13). The humate fraction date 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.

I i hologyd 1n distribuiliorn

Similar to observations at Corn Creek Flat and Tule Springs Flat (Ouade, 1986), Unit D

undergoes regular sedimentologic and faunal changes from valley margin to center. Gravels of the

surrounding bajada surfaces grade abruptly ('< 100 m) to brown silty alluvium, which downslope

grades to the white and pale green clay and mudstone already mentioned (Fig. 4 and Fig. 7).

Fine-grained deposits below the textural transition are generally devoid of gravel. As seen

elsewhere, the coarse-to-fine transition gently increases in elevation westward parallel to the

length of the valley, such that the highest fine-grained deposits at the west end of the valley are

about 120 m above the playa (elev. 9 1 9 m). Moreover, within the east-west 'foot' or extension of

the valley, the coarse-to-fine transition averages 30 m higher in elevation on the Spring Mountain

(south) side than the Spotted Range (north) side.

Figure 8 shows the distribution of the three facies of Unit D-E mapped in the Cactus Springs

area. They are best seen in the extreme west end of the 'foot' of the valley. Briefly, the facies from

valley center to margin are:

( 1 ) green? ciyys - - pale green ( 5 Y 7/2 dry) very hard clay to silty clay; 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 silly clays - - white ( 10 YR 8/I 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) sond - si/ls - -pale brown ( I0 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; rare gravel lenses; cicada and other insect burrows; rare

mollusks; rare secondary carbonate; large bone fragments.

The facies scheme above is similar to that used at Corn Creek Flat (Ouade, 1986). The

differences are that a calcareous sand-silt facies mapped at Corn Creek Is poorly preserved or

exposed at Indian Springs and has therefore been lumped into the sand-silt facies. Also, the white

silty clay faries was combined with the calcareous green clays at Corn Creek for mapping purposes.

There is some uncertainty in correlating of green clays over such a large area. Around Cactus

Springs, where the clays underlie the dated earliest Holocene organic layers, they are moderately to

strongly prismatic, and very hard when dry. Identically appearing green clays crop out in the

extensive exposures west of Cactus Springs along the main valley wash. No organic layers are

present in that area, but the overlying pale-brown sand and gravel is just as at the Cactus Springs

exposures. These similarities make correlation between undated sequences reasonable.

The nature of late Pleistocene deposition on Indian Springs playa remains unknown due, to lack

of exposure. The presence of the described marshy deposits on the valley flanks suggests that

possibly more then ephemeral surface runoff reached the playa at that time. However, as pointed out

by mifrnin and Wheat ( 1979), lack of paleostrandlines rules out the existence of "Pluvial Indian

Springs Lake' of Hubbs and Miller ( 1948).

14



Edunp/ Dis¢tribution

Eighteen mollusk/ostracode samples were collected from the area (Table 3); locations are

given in Figure 9 . By combining data sets, the relationship between facies and fauna can be

summarized as follows:

I ) All the green clays contain ostracodes. Most aquatic mollusks present favor standing water

that experiences seasonal drying (e.g. Sftqpnco/a c3persta, S/a7g/co/a montonefnsis,

CGyrau/us circumstrie/us). Feossarir pertva, a semi-aquatic snail, lives in moist areas

bordering permanent water. Only two samples(Table 3, CACSPR- 10 and - 17) contain yreullus

paer vs, which requires permanent standing water. These two samples are also the only ones from

the area which contain less than about 20Z terrestrial mollusks, although they are still

represented. 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

(2) The white silty clays lack ostracodes, but locally can contain mollusks. Ter-estrial

mollusks such as Pp//k umvscorum, Cua/i/e/a sp., and others dominate (Table 3, CACSPR- I

and CACSPR- 9). FossariaprYv, 0yrau/usc/rcumstr/etus, and Pisid/u Mcasert,17um are

also present in CACSPR- 1. They are semiaquatic to aquatic but none require permanent water to

survive.

(3) The sand-silt facies lacks ostracodes and mollusks except for occasional terrestrial forms

Va//on/idee). Mammal bones, and borrowing produced by cicadas ( C/caid/dee), a terrestrial

Insect, are common.

DepositWfona Settini

Although the fauna collected from the Indian Springs Valley indicate that standing water was

present, the sedimentologic and faunal pattern is not typical of a lacustrine setting. As Figures 4 and

8 show, green clays occur upslope from at least one area of white silty clays, the reverse of that

expected were standing water to extend over the area continuously. Continuous standing water can be
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dismissed by physical constraints alone, since the highest clays rest nearly 120 m above the basin

threshold. Furthermore, all but one of the mollusk assemblages contains terrestrial forms,

suggesting a close proximity to 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 1 0. This figure was constructed by cross-referencing sediment type with fauna

composition in the Pleistocene sediments, and based on the analog setting in northeastern Nevada,

assigning an environment.

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 Yalley 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, 1983). Spaulding also found rabbitbush in a nearby hillslope midden

(Point of Rocks -2) dated at 14,800 yr B.P. The presence of large mammal bones, particularly

where this facies grades into the white silty clay 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 ranges. 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 Springs Flat.

The white silty clay facies downslope from the sand-silts probably coincides with moist

grassland and typically is dominated by terrestrial mollusks (Table 3, CACSPR- 1 and 9). F. prve

and 0 circumstrf.tus are also sometimes present, implying marshiness and local seasonal
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stands of water.

Pale green clays 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. However, seasonal drying is impled by

those assemblages dominated by the various .5twnwico/ (except S. e/oides) and a

circur7str/;3atus. These types are notably absent from the Steptoe Valley assemblages. Perhaps

they were actually present in the area but were not sampled because by July seasonal water has

dried and such mollusks would be dormant in muds of the unsampled wet meadows. Pale-green clays

containing t o'rvus 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.

Pyltroulo~psis is notably locking in the Cactus Springs samples while it is common at Tule Springs

and Corn Creek. Fast flowing (stream or spring), well-oxygenated waters that Pyrpulopsis

favors-were evidently not widely present in the area during Unit D time. Deeper, permanent water

mollusks (e.g. Lymaessayn3/is. P/aniorhe//l sabcrenstj, Sts(.pnzioo/ elodes, etc.,)

found in modern Ruby Marsh (unpub. data), and in Unit D on lower Corn Creek Flat (Ouade, 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. This pattern is not

uncommon in the Steptoe Valley. 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 clays are present

in a few outcrops around Indian Springs, as well as sandy silts. But urban development has destroyed

most evidence of Pleistocene discharge in that area. A few isolated outcrops of fine-grained sediments



are visible on the Spotted Range side of the valley, but they remain uninvestigated. A plays or

intermittent playa lake, permanent marsh , or combination of the three environments were all

possibly present during the late Pleistocene in the area now occupied by Indian Springs playa,

judging from modern analogs in northeast Nevada.

tn7/ 1? ard USE/ 5

Upper Unit E2 rests directly atop the organic layer at Cactus Springs (Fig. 6), although the

organic layer is not present in the more extensive badland 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 S) sometimes occurs within Unit E2, while a stronger one is usually

found on top( Soil 5b)( Figs. 3 and 6). 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

indicates persistence 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 5a

suggests that dissection of the fine-greined 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).

11n/it E

Following dissection of older fine-grained deposits beginning around 8000 to7000 yr B.P.,

gravelly alluvium flooded into the valley bottom. Several distinct geomorphic surfaces and deposits

inset into the fine-grained deposits are visible, but no attempt will be made to discuss them here.

For mapping purposes, these deposits were lumped under Unit FG (Fig. 5).



CONCLUSIONS

The stratigraphic column first established by Haynes ( 1967) at Tule Springs has been shown

to apply to Corn Creek Flat (Ouade, 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. In all, the

sedimentology and fauna of the two areas have proved, with few exceptions, 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 only a few perennial pools

characterize the area. Downval ley on Corn Creek F lat, greater discharge is in evidence in the form of

widespread wet meadows and a small perennial marsh at the lower end of the valley (Quade, 1986).

The Tule Springs area shows the largest discharge with the development of a shallow, tule-fringed

marsh in the area (Haynes, 1967). 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

(1 979)(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 fine-grained deposits very similar to those described in this

I a



report are now under study outside the Las Vegas Valley. Valleys which include similar deposits are

include Coyote Springs (Nevada), Pahrump and tMesquite (Nevada-California), and Chicago and

Shadow Valleys (California). Recently, Hey et el ( 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 I COMPOSITION (IN >) OF MOLLUSK SAMPLES FROM STEPTOE AND BUTTE VALLEYS.

NORTHEAST NEVADA

Sample No.

SY-3TAXON SY-5 SY-4 BY-2 BY-3

Aquatic clams

PISihifurm cesert&1rnm

PiSI7umr rotundotum

Aquatic snails

'oeolvet humeri/is

PR)rou/ops/s

Eossorio pervo

Fosserie modice//o

C6'rou/us poervus

Land snails

48 2 2

51I

84

0.5

0.5

8

2

0.5

9

34

3

37

2

2

4

922 19

V31o0nie greci/icosto 6 15 5

PupR//o muscorurm 11 7 10

Vertigo ovote 18 3

Cot/ne//a sp. 6 1 1

Deroceres sp. 0.5

_-_-_-___--___-_- __-_-__ -__-_-_-__-_-_

Total number of 216 176 51 239 131

mollusks in sample

Note. SV = Steptoe Valley, see Fig. 2 for locations; BV = Butte Valley, in main creek at north

end of valley



TABLE 2 RADIOCARBON DATES FROM THE CACTUS SPRINGS AREA

Sample no. Date Material Comments

(1 4C years B.P.)

USGS- 221 lb 42.600 + 1600 carbonized wood, probably redeposited
1300

humate fraction

USGS-22 1 2b 9680+ 1 00 organic layer, humate

fraction

USGS-22 13b 9460+60 organic layer, humate

fraction

same layer as

USGS-2212b, but taken

200 meters laterally
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TABLE 3 COMPOSITION (IN %)OF MOLLUSK SAMPLES FROM LATE WISCONSIN DEPOSITS IN THE

CACTUS SPRINGS AREA, SOUTHERN NEVADA

TAXON Sample No. (CACSPR-)

1 4 5 7 8 9 10 11 15 17 18

Aquatic clams

Pisidium cssertinum 3 3

Pisidfum rotuvndotunm

Aquatic and semi-aquatic snails

fossnro perrvo 6 3

Stegnicofi cver8ti

Stegnicole moiftnenesis

Stognico/e pi/sbryi

yreou/us 'oervus

Gyreulus 29

circumstriftuS

Land Snails

a//on/7l cyc /opbore/la

V//7on/a grecilicosta 22

Gostrocopto 6

toppon/ono

PuI/1/i mnuscorum 10 SO

Vert/po berryl 16

Catine//a sp. 26 22

fuconu/us fu/v-us 3

Deroceres sD.

5 4 41 70 15 9 44

15

14

69 3 3 6 6 8

10 10

5

0.5 1

0.5 3

1 5 1 4 63

15

213 24 17

I

9

20

9

26

21

2

0.5

0.5

38

23

14

4

17

1 0.5

6

7

3

3

3

17

10

54

21 2

12

I )

20

12

6

2

0.5

10

9

1 1

37' 9



Totalmollusksinsample 31 32 305 193 242 321 87 260 163 181 35

.Note. see Figures 4 and 9 for sample locations.



List of Figures

Fig. 1 Map of distribution of fine-grained deposits in several valleys northwest of Los

Vegas. Those deposits in the southwestern portion of the Indian Springs Valley are

discussed in this report.

Fig. 2 Sketch map of vegetation end surface hydrology of the central Steptoe Valley. Most

years Goshute Lake is a dry playa.

Fig. 3 Stratigraphic column and brief description of units and soils of the Cactus Springs

area.

Fig. 4 Fence diagram of measured sections, southwest Indian Springs Valley. Location of

cross-section and measured sections is given in Figure S.

Fig. 5 Surficial geology of of the Cactus Springs area.

Fig. 6 Wash-cut exposure located about 300 m south of Cactus Springs. One

radiocarbon-dated sample (USGS-22 12) comes from this exposure, while

(USGS-22 1 1 ) comes from the indicated unit nearby.

Fig. 7 Aerial photograph of the Cactus Springs badlands. Open triangles mark the

coarse-to-fine transition between alluvial fan gravels and the sand-silt facies. The

transition probably coincided with a phreatophyte to nonphreatophyte vegetation

change present during the late Wisconsin.



Fig. 8 Distribution of lithologic facies for Unit D-E. in the Cactus Springs area. See Figure

S for the full map key.

Fig. 9 Locations of fossil fauna, and their surface hydrologic Implications, Cactus Springs

area. See Figure 5 for the full map key.

Fig. 1 0 Late Wisconsin depositional environments in the Cactus Springs area. See Figure 5

for the full map key.
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Age Unit/
Soil

F-G

Tar
S5b

7,500 lq

Description

85a
/ upper
If E2

organic
mat

0

9-

D-E

Unit P-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 capbic 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.

Soil SSA 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 facies: 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 faciess hard to very hard, pale green (5 Y 7/1 dry); strong
prismatic structure, bloturbated, 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 11 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, PnO 2 as coatings on rootlet molds.

Pre-S3 soil: relict, 50-75 cm of dense caliche, more dispersed downwards; no extant
B horizon.

Pre-Unit BD 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
NnO 2, PeO stains, secondary carbonate; dispersed terrestrial molluscs.
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Appendix B-VII

Systematic variations in dei13C and dell 8 O of soil carbonate along elevation transects in the southern
Great Basin, USA by J. Quade and T. Celing.
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I Systematic variations in 813C and 1110 of soil carbonate along
2 elevation transects in the southern Great Basin, USA
3
4 Jay Quade
5 Thure E. Cerling
6 John R. Bowman
7 Department of Geology and Geophysics
8 University of Utah
9 Salt Lake City, Utah 84112

10
11 ABSTRACT
12

13 Stable carbon and oxygen isotope variations in recent soil carbonates

14 were exmined along several elevation transects in the southern Great Basin,

15 USA. Our intent was to study the relationship between the stable isotopic

16 composition of soil carbonates and climate, ecological variations, differences

17 in parent material, and soil depth. 81C varies by about 12 per mil over a

18 2440 meter elevation change, being enriched in 13C at the lowest elevations.

19 The slope of 813C versus elevation is very similar for soils developed on

20 carbonate and on non-carbonate parent materials, being depleted by 4.6 per

21 mil per 1000 meters increase in altitude between 300 to 2740 meters above

22 mean sea level for the localities studied. This similarity indicates that little

23 if any carbon in soil carbonates is inherited from the dissolution of

24 limestone. £1 Oo values are also higher at lower elevations, due in part to the

25 more positive 8100 values for meteoric waters at lower elevations.

26 813C of soil carbonate decreases with soil depth, reflecting a decrease in

27 the ratio of atmospheric to plant-derived C02 downprofile. 8180 is heaviest

28 shallow in the soil, probably due to evaporative enrichment.

29



1 INTRODUCTION

2 Pedogenic carbonate is an important component in many soils, yet

3 relatively little is known about the systematics of its stable isotopic

4 geochemistry. Although the isotopic composition of soil carbonate has been

5 used to estimate the degree of recrystallization of carbonate in soils (eg.,

6 Magaritz and Amiel, 1980, 1981; Amundson and Lund, 1987) and to study

7 paleoclimatology and paleoecology (Margaritz t I, 1981; Cerling, 1984;

8 Schlesinger, 1985; Cerling and Hay, 1986), few systematic studies of isotopic

9 variations in modern soils have been made.

10 It has been suggested previously that the Isotopic composition of soil C02

11 is controlled by the proportion of surface plant biomass using the C-3 or C-4

12 photosynthetic pathway (Cerling, 1984), which have average organic carbon

13 8 l3c values of about -27 per mil and -13 per mil, respectively (Deines, 1980;

14 Cerling, 1984). Considerations of typical carbonate dissolution reactions

15 show that inherited carbon from parent material is significant in the

16 dissolution step of carbonates (Salomons, 1986):

17 CaCO3 + C02 + H 20 a Ca" + 2 H003 -

18 Because the rate of new soil carbonate accumulation is small (10-7 to 10-6

19 molecam- 2 .yr-1) compared to the CO2 respired fluX (10-3 to 10-5 mole-cm-

20 2 .yr-1), Cerling (1984) suggested that the Isotopic composition of soil

21 carbonate will be controlled by the isotopic composition of Soil CO2 and that

22 the inherited carbon from any dissolved carbonates would be insignificant

23 In this paper we compare soil carbonates formed on parent materials

24 approaching pure limestone with soil carbonates formed on a parent

25 material with little to no detrital carbonate. Comparison of the carbon

26 isotopic composition of soil carbonates formed from the two different parent



I materials should show if any carbon is inherited from the dissolution of

2 detrital limestone clasts. 6

3 Soil carbonates were studied along elevation transectsbecause it was

4 expected that large changes In the 8t3C value of soil carbonates should occur

5 over several thousand meters elevation change as a function of changes in

6 the type of plant cover at various sites. At low elevations, the SI3C values

7 should be highest. This is because they are most likely to have a high

8 proportion of C-4 biomass, since plant utilizing the C-4 photosynthetic

9 pathway are adapted to conditions of high water stress. In addition, low

10 elevation sites are likely to have lower net respiration rates than higher

11 elevation sites. Therefore, low elevation sites are more likely to have a

12 significant atmospheric component, which happens to have an isotopic value

13 very similar to that expected for a pure C-4 biomass (.4 per mil and + 2 per

14 mil for soil carbonate produced from a pure atmospheric and pure C-4

15 component, respectively, using the three component model of Cerling, 1984).

16 For comparison, soil carbonate formed from a pure C-3 biomass with an

17 insignificant atmospheric component should have a 813C value of about - 12

18 per mil. This should allow us to assess the affect of inheritance of 13C from

19 the dissolution of carbonates. In addition, these transects allow us the study

20 the SI80 variations of soil carbonates as a function of altitude, since the SI80

21 value for meteoric water is progressively depleted with increase in elevation

22 MDansgaard, 1964;Smith att, 1979).

23

24 METHODS

25 The sites studied were from the Spring Mountains facing the Las Vegas

26 Valley, Titus Canyon, and from the nearby Grapevine, Panamint, and Pine

27 Valley Mountain Ranges, all in the southern Great Basin (Fig. 1). In order to



I insure that sampled soils were post-early Holocene in age, we selected

2 terraces immediately adjacent to and therefore recently abandoned by

3 active washes. Quade (1986) has shown that such terraces in the Las Vegas

4 Valley are younger than 7000 B.P. We also confined ourselves to terrace

5 settings because significant vegetation changes occur between the active

6 channels and the nearby ridge tops, the latter being much drier with a more

7 xeric vegetation.

8 We sampled seven sites in the Spring Mountains and in Titus Canyon (Fig.

9 1) where the parent material was composed almost entirely of limestone

10 clasts. These sites varied from 300 to 2740 meters above mean sea level.

I I For comparison with non -calcareous parent material, seven sites were

12 selected in the Grapevine, Panamint, and Pine Valley Ranges. For the

13 Grapevine and Pine Valley sites, Tertiary volcanic rocks entirely compose

14 the alluvium; at the Panamint Range site, alluvium is dominated by non-

15 calcareous metamorphic clasts (schists, phyllite and quartzite). In all soils, a

16 small amount of carbonate could be present due to the deposition of aeolian

17 dust, particularly in vesicular horizons found in soils at lower elevations in

18 the region (McFadden et al., 1987).

19 We sampled two or three separate profiles at each site. All the samples

20 used to construct the transects are from 50±10 cm depth, unless otherwise

21 noted. We chose this depth since Cerling (1984) showed that significant

22 variations in the isotopic composition of soil 002 are expected shallow in soil

23 profiles. To examine this depth dependency, we sampled one profile in detail

24 in which soil carbonate was present at all levels. All carbonates sampled

25 show weak to mature Stage 1 morphology (Gile et &1, 1966). Relatively pure

26 encrustations of soil carbonate were scraped from alluvial clasts under a



1 binocular microscope, taking care not to indude any carbonate from the host

2 clast itself, or from older carbonate cement

3 Soil carbonates were baked under vacuum at 450 'C for one hour prior to

4 reaction with I 00 phosphoric acid. Results are reported in the 5 (per mil)

5 notation where:

6 8 (per mil)u ( Rt I ) loo

7 and R,,W, and Rtmba refer to the 13C/12C or 180/160 ratios in a sample

8 or standard, respectively.

9 Climate varies considerably along these transects. For example, Las

10 Vegas, Nevada, with an elevation of 640 m, has a mean annual temperature

11 of 19.5tC and mean annual precipitation of 10 cm/yr. Based on temperature

12 (0.54OC/100 m) and precipitation (12 mm/lOOm) lapse rates calculated by

13 Barbour (?) for the Spring Range, the highest soil station on the transect has

14 a mean annual temperature of 8.5T and mean annual precipitation of about

15 33 cm /yr. Broadly, five vegetation zones are recognizable along these

16 climatic gradients. They are: creosote-burrobush, blackbush, sage, pinyon-

17 juniper-sage, and fir-pine. Vegetation lists were compiled at each locality in

18 April, 1987 although additional observations were made in August, 1986,

19 and January, 1987. Plant density and species diversity was measured along

20 60-meter long line transects.

21

22 RESULTS AND DISCUSSION
23 The 813C value for soil carbonates (Table 1) decreases systematically with

24 elevation (FIg. 2) for soils formed on carbonate or non-carbonate parent

25 materials. Both suites of samples decrease by 4.6 per mil per 1000 meters



I increase in elevation, although the best fit lines are offset by about 1.7 per

2 mil. The 615 C relationship to elevation for the two transects are:

3 S13C * 3.59 - 4.60x 10-3 x Z for the carbonate transect C2 . 0.93)

4 S13C = 1.86 - 4.6 x10-3 x Z for the non-carbonate transect (r2 = 0.86)

5 where Z is the elevation above mean sea level in meters.

6

7 Inheritance of carbon from the dissolution step

8 The isotopic composition of soil CO2, dissolved HCO3-, and newly

9 precipitated soil carbonate are related by the fractionation factors between

10 these species and the knetics of exchange and precipitation. The C02

11 composition of soil gas can be described by diffusion equations that include a

12 term for the production of CO2 in Soil (rkham and Powers, 1972). Cerling

13 (1984) previously suggested that the isotopic composition of soil gas can be

14 described by applying diffusion equations to account for 12C02 and 13C0 2

15 produced by soil respiration in the soil and mixing with atmospheric 12C02
16 and 13CO2. That model estimated endmember soil carbonate in equilibrium

17 with C-3, C-4, and the atmospheric components to be about -12, +2, and +4

18 per mil, respectively. Marine limestone has an isotopic composition of about

19 0 per mil. Thus, any inheritance of carbon derived from dissolution of

20 marine limestone should result in a mixing line between the marine value

21 and one of the other endmembers. The dissolution equation given above

22 shows that half of the carbon in the dissolution step of carbonate is derived

23 from pre-existing carbonate. Therefore, if total exchange with soil C02 does

24 not occur, carbonates with very negative 613C values (high C-3 component)

25 would be shifted more than those with a hig 813C value (high C-4 or

26 atmospheric component). The similarity of the slopes for soil carbonate

27 formed in a carbonate-rich parent material compared to a non-carbonate



I parent material (FIg. 2) suggests that virtually no carbon is inherited by the

2 newly precipitated soil carbonate. This implies virtually complete exchange

3 of soil C02 With the soil solution containing dissolved HC0 3- prior to soil

4 carbonate precipitation.

5 Complete exchange with soil CO2 means that the carbon isotopic

6 composition of soil carbonates is related to the isotopic composition of soil

7 CO2, which in turn is related to the proportion of C-3 and C-4 biomass

8 present as well as the total soil CO2 respiration rate with resultant mixdng of

9 atmospheric CO2 (see discussion below). This has important implications for

10 14C studies of soil carbonate because it implies that no "dead" carbon appears

11 to be inherited from the dissolution of limestone. The limitations of 14C

12 studies of soil carbonate are more likely to be with detrital contamination

13 and sample size. Those problems will be greatly reduced by using very small

14 sample sizes, which can be achieved by measuring 14C with accelerator mass

15 spectrometry.

16

17 Origin of tMe decrease In 513C of soil carbonate as a function of

18 elevation

19 The precise S 3C value of soil carbonate in the transects is also of interest

20 Modern vegetation in the region has a considerable fraction of C-4 biomass

21 (Table 2). A higher abundance of C-4 plants is observed at lower elevations.

22 However, the fraction of C-4 biomass in the modern vegetation is not

23 sufflcient to explain the high S13C values observed for soil carbonate. There

24 are two possible explanations for this: 11 that the modern vegetation is not

25 in isotopic equilibrium with the soil carbonate, and 21 that the soil

26 carbonates have a significant atmospheric component due to low soil

27 respiration rates. The first is very likely to be the case because considerable



I vegetation changes due to overgrazing are evident at the lower elevations.

2 Overgrazing can select against desert C-4 plants, particularly shrubs like

3 saltbush (Atri8J, CsES and A. ea.wrmiffis). In grasslands,

4 overgrazing often selects against C-4 grasses in particular (Madson, 1 98gtt

5 addition, our survey of vegetation shows that numerous non-indigenous

6 plants such as Brome grasses (Brttrxustbey Aro.mus cAuid r ), storksbill

7 C?), and various mustards have invaded the area. This makes modern

8 vegetation surveys of dubious value in estimating the proportion of C-4
*~~P iT -t°; jtAt mL pe. is 4- Iowa6 S CkAsr Y *r I At Ace cn,L A$. , g' l,. I&X s e

9 biomass frpas ement times. In any case, such surveys are further

IC0 complicated because grasses and forbs are not woody and may be

I 1 underrepresented by above ground plant surveys. Dorn and DeNiro (1985)

12 and Dorn et s (1987) have shown that the most recent period of desert

13 varnish formation in the lower elevations of the Mohave is dominated by C-4

14 organic material, although the modern vegetation is not dominantly C-4.

15 This provides evidence that post-settlement vegetation changes have taken

16 place in the region.

17 It is also possible that soil carbonates formed in these desert soils formed

16 under conditions of very low soil respiration. Cerling (1 984) showed that soil

19 CO2 at relatively low pCO2 (lower than 10-2.5) has a significant atmospheric

20 component Low PCO2 in soils occurs when the soil respiration rate is

21 relatively low; in the Great Basin, such low respiration rates are to be

22 expected even during the height of the growing season (e.g, Parker e@t at,

23 1983; Quade, unpublished data). Soil carbonate precipitated in isotopic

24 equilibrium under such conditions will have a high atmospheric component,

25 which would result In 613C values more positive than expected for C02

26 derived only from soil respiration.



I We suspect that both causes contribute to the lack of correlation between

2 the 813C value for soil carbonates and the fraction of C-4 biomass. It is

3 certain that the modern vegetation differs from that present more than 150

4 years ago in the region, and it is likely that some C-4 plants have been

5 selectively grazed out. Also, low CO2 respiration rates of desert soils make it

6 probable that significant CO2 invasion from the atmosphere occurs. This

7 causes an increase in the isotopic composition of soil CO2 and the soil

8 carbonate precipitated in isotopic equilibrium with it It is thus possible that

9 some of the trend observed in this study is due to a respiration gradient as

10 well as a change in the isotopic composition of the soil respired C02 (and

11 hence the fraction of C-4 biomass). Unfortunately, high proportions of C-4

12 plants and low soil CO2 respiration rates both result In high 613C values for

13 soil CO2. Therefore, both of these processes, which are related to high

14 moisture stress conditions, could result in higher 81 3C values for sofl

15 carbonates we have observed.

16 The slight offset observed between the two trends is probably due to a

17 systematic shift in the vegetation and soil respiration that results from the

18 suites of samples having different parent materials. Soils at the same

19 elevation but developed on the two parent materials display slight

20 systematic differences in soil texture, moisture, or nutrients.

21

22 Relationship between the oxygen isotopic composition of soil

23 carbonate and elevation 2

24 The oxygen isotopic composition of soil carbonate decreases markedly

25 with increasing elevation in both suites of samples (Fig. 3), although there is

26 more scatter in the data than was observed for carbon. The relationship

27 between SI80 and elevation Is:

/



1 6180 -3.78 -3.4XIO-3xZ (r 2 0.74)

2 where Z is the elevation in meters. The relationship of meteoric water to

3 elevation is complicated in the Great Basin and Mojave Desert region by rain

4 shadow effects of the Sierra Nevada and other mountain ranges. However,

5 Smith et a! (1979) have found that in the Mojave Desert and the adjacent

6 Sierras the isotopic composition of SD decreases by 33 per mil/ 1000 m,

7 which would be equivalent to a change of 4.3 per mil for S180 per 1000 m.

8 This gradient is similar but not identical to that observed in this study.

9 SISO values for soil carbonate show more scatter (r 2=0.74) than for S13C

10 (r 2 .0.96 and 0.84). We suggest three possible explanations for this. First, in

11 areas of high plant density where most water loss is through

12 evapotranspiration it is possible that little isotopic enrichment of the soil

13 water occurs. However, Allison dt &. (1984) have shown that isotopic

14 enrichment is large when bare soil is present Thus, it is possib at soil

15 water at our soil sites, which all have some bare ground (Tabt), have

16 undergone isotopic enrichment with respect to oxygen as a result of

17 evaporation. A second possible explanation is that S180 values for storms

18 have been observed to vary substantially both individually and seasonally

19 (Smith etaJ, 1979; Jack Hess, 1987, pers. comm.). This isotopic heterogeneity

20 might result In variable 8 180 values of soil carbonate such as we observe.

21 Finally, because all of the sites studied are in or near active channels, it is
roxk esf

22 like! that some of the water infiltrating at each site originally fell at a

23 higher elevation where precipitation was isotopically lighter.

24

25 Isotopic gradients as a function of soil depth

26 Cerling (1984) modeled the variation of 8S3C of soil C02 versus soil depth

27 as a function of different soil respiration rates. As has been described, the



I 613C of soil C02 should reflect the admixture of two sources: atmospheric C02

2 at the top of the profile, and increasing plant-derived C02 with depth.

3 Atmospheric C02 is heavier (-7 per miu) than plant-derived C02 (C-3 plants.

4 -22 per mil and C-4 plants a -8 per mil). Therefore, the model predicted an

5 exponential decrease with depth in the 513C of soil C02, from -7 per mil at

6 the surface to some lighter value more reflective of the C-4/C-3 plant ratio

7 at the site. In turn, carbonate precipitated at the soil surface in equilibrium

8 with atmospheric Ct02 should average about +3 per mil, and should decrease

9 with depth. The rate and extent of that decrease depends on (1) the soil

10 respiration rate, and (2) the proportion of C-4 to C-3 plants at the site.

I 1 In order to test Cerling's model, we sampled soil carbonate with depth at

12 one site on the Spring Mountain transect (Site SM-2, elevation 1550 m). S13C

13 of soil carbonate does in fact decrease exponentially with depth (Fig.4).

14 Carbonate from the first 5 cm of the profile averaged + 3.7 per mil, reflecting

15 isotopic equilibrium with atmospheric C02 as predicted by Cerling (1984).

16 Values decrease evenly with depth and appear to level off below 30 cm at

17 about -7 per mil. As already discussed, this value may reflect a C-4 to C-3

18 plant proportion no longer present at the site due to overgrazing, or an

19 admixture of atmospheric C02 with plant-derived C02 throughout the

20 profile, or both. The depth dependency of S13C of soil carbonate suggests that

21 values useful for intra-site comparison in ecologic reconstruction must be

22 taken below 30 cm, as was done in this study.

23 8180 of soil carbonate also decreases systematically with depth fig. 5).

24 We interprete this to be the result of evaporative enrichment of near surface

25 soil solution. The lighter isotopic values evident with depth probably

26 represent precipitation in equilibrium with larger, more deeply penetrating

27 (and therefore less evaporated) rainfall/runoff events. If true, the values



1 below 30 cm should be most representative of the average annual 8180

2 compostion of rainfall at the site. We conclude that depth dependency should

3 be kept in mind when Interpreting the ecological meaning of both the 613C

4 and 6180 composition of soil carbonate.

5
6

7 CONCLUSIONS

8 Measurements of the carbon and oxygen isotopic composition of post

9 early-Holocene soil carbonates from the Great Basin and Mojave Desert show

10 a strong dependence on elevation. Comparison of the carbon isotopic

11 composition of soil carbonates on carbonate and non-carbonate parent

12 materials suggest that virtually no carbon is inherited from the parent

13 carbonate. This suggests that complete isotopic exchange of soil C02 with the

14 dissolved bicarbonate in the soil solution occurs prior to soil carbonate

15 formation. This in turn implies that the carbon isotopic composition of soil

16 carbonates is directly related to the isotopic composition of soil C02, which

17 itself is controlled by the fraction of C-3 and C-4 biomass present and soil

18 C02 respiration rates. If this isotopic signal is preserved in paleosol

19 carbonates, the 613C value of paleosol carbonates could prove to be a

20 valuable tool in paleoecologic studies. Furthermore, complete exchange

21 means that 14C dates on soil carbonate should reflect true ages of carbonate

22 precipitation, assuming that only short intervals are sampled, and that there

23 is no detrital contamination present.

24 Comparison of the 6ISC value of soil carbonates in this study with that

25 expected from the observed modern vegetation implies that major ecologic

26 changes have recently taken place as a result of post-settlement grazing and

27 related activities. Many of the observed species present at lower elevations



1 are not native to the region, and we have reason to expect that C-4 plants

2 are selected against by grazing. It is also probable that there is a significant

3 amount of invasion of atmospheric CO2 by diffusion resulting from low soil

4 CO2 respiration rates. The latter is not unexpected since mathematical

5 modeling of the isotopic composition of soil C02 shows that atmospheric

6 invasion is likely at low soil C02 respiration rates (Cerling, 1984).

7 6180 shows a systematic decrease in the soil carbonates with increasing

8 elevation. This results from the changes in the average annual isotopic

9 composition of meteoric water with elevation. Within-site variability in

10 6180 may be due to differential evaporation of soil water, to short-term

11 isotopic variation in rainfall, or to runoff from higher elevation sites.

12 Preservation of the oxygen isotopic value in paleosol carbonates may make

13 them a useful paleoenvironmental indicator, as well.

14 Finally, the strong depth dependency of both the S13C and 6180

15 composition of soil carbonate must be kept in mind in interpreting the

16 ecological implications of isotope results.

17
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List of Figures

Figure 1 Map showing the general location of soil sample sites, and

detailed maps of sites on the principal transects: the Spring

Mountain transect on calcareous parent material, and the

Grapevine Mountains transect on volcanic rocks.

Figure 2 813C (PDB) of soil carbonates versus elevation. All soils are

post- early Holocene in age. Samples come from 50 cm+/- 10 cm

unless otherwise noted in Table 1. I d

Figure 3 8180 (PDB) of soil carbonates versus elevation. All soils are

post- early Holocene in age. Samples come from 50 cm+/- 10 cm

unless otherwise noted in Table 1. It;,.L &'*4 4 f

Figure 4 813C (PDB) of soil carbonates versus soil depth. The profile comes from

site SM-2 at 1550 m elevation on the Spring Mountain transectThe

open symbols denote samples originally taken from about 50 cm from

adjacent profiles in order to construct the isotope transects.

Figure 5 8180 (PDB) of soil carbonates versus soil depth. The profile comes from

site SM-2 at 1550 m elevation on the Spring Mountain transectThe

open symbols denote samples originally taken from about 50 cm in

adjacent profiles in order to construct the isotope transects.
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Table I Isotopic data ftrom southern Great Basin soil sites

sample no. elevation (m) del 13-C (PDB) del 18-0 (PDB)

SM-la 840 -2 -9
SM-lb 840 -1.9 -7.8
SM-ic 840 -12 -73
SM-2b 1550 -3.1 -8.8
SM-2b 1550 -4 -112
SM-2c 1550 -52 -123
SM-3a 1950 -5.4 -112
SM-3b 1950 -5 -11.6
SM-3c 1950 -5.8 -10.4
SM-3(B)a 1900 -43 -11
SM-3(B)b 1900 -3.6 -9.4
SM-3(B)c 1900 -4.8 -92
SM-la 2270 -8.1 -13.1
SM-4b 2270 -6 -82
SM-4c 2270 -5.8 -92
SM-4d 2270 -7.3 -11.4
SM-5a 2490 -8.62 -122
SM-5b 2490 -8.4 -122
SM-5b-rerun 2490 -8.4 -12.5
SM-5c 2490 -8.8 -11.5
SM-6a 2740 -9.11 -122
SM-6b-1 2740 -808 -113
SM-6b-2 2740 -8.7 -12.6
SM-6c 2740 -8 -11.7
TC-la 300 3.4 -2.8
TC-1b 300 4.1 -2.6
TC-lc 300 2. -5.6
GM-la 1830 -83 -11
GM-la--m 1850 -6.9 -11.6
GM-Ic 183 -65 -10.4
GM-14 1830 -72 -11
GM-2a90 cm 1575 -6.3 -9.4
GM-2b 1575 -5. -83
GM-2c 1575 -5S -9.7
GM-3a 1160 -2 -6.7
GM-3b 1160 -0.9 -7.1
GM-3c 1160 -1.8 -7
GM-4a 900 -2.4 -63
GM-4b 900 -13 -73
PaM-la 30 -1.7 -0.4
PaM-lb 300 -0.4 -35
Pam-Ic 30 0.9 -62
PiVM-la 1675 -6.1 -11.1
PiVM-Id 1675 -6.1 -11.9
PiVM-2a 2130 -8.1 -112
PiVM-2b 2130 -75 -10
PiVM-2c 2130 -7.7 -112



Table I Isoopic data from southern Great Basin soil sites

profile depth (cm) del 13 -C CPDB) del 1-0 CPDB)

SM-2psurf. 1) 0 1S -7.1
SM-2p(surf. 2) 0 4.9 -5.3
SM-2p(0-5a) 25 4.6 -7.9
SM-2p(5-10a) 75 3.7 -9-4
SM-2p(10-15a) 125 -0.1 -8.8
SM-2p(15-Ma) 175 -2 -92
SM-2p(15-20) 175 -0.4 -8.7
SM-2p(2-30a) 25 -1.7 -8.7
SM-2p(30-40a) 35 -33 -10.1
SM-2p(40-50a) 45 -38 -10.8
SM-2pO5-75a) 625 -3.8 -11.1
SM-2p(75-100a 825 -4.6 -11.9
SM-2p(75-l0OD: 825 -6. -112

Note: Sample numbers indice locations as folovz:

SM = Spring Mountains
GM w Grapevine Mountains
PaM z Panamint Mountains
PiVM= Pine Valley Mountains
TC- Titus Canyon

Tvo to three carbonate samples vere collected from separate profiles
at each transct site; individual profiles are denoted by a letter
in the sample number designtions (ezg. profile 'a.1. etc.).
All samples come from 50 cm +/- 10 cm depth uwless otherwise
designated in the sample number. Small letters in profile sample
numbers denote individual pebbles from a given depth interval.
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RESULTS TO DATE

Research is focussed on the plant macrotossil and pollen records
from three localities in southern Nevada; Fortymile Canyon Locality
D. Sandy Valley, and Double Canyon. The first and last are located
near major drainages that are now ephemeral. but that might have
had a perennial water flow during the last pluvial episode(s). The
Sandy Valley locality is near paleospring deposits that are
evidence of former increased discharge, presumably during former
plJ'vial3. Thus, the research questions addressed are slightly

different for the paleoecological records from the two canyon
localities. In their case, it is necessary to prove that there was
ever perennial water in those channels. Of course, the absence of

such evidence would not mean that they were dry, but positive
evidence is required to demonstrate that perennially wet conditions
actually existed. For all three localities, paleoecological
research is designed to test for the former extent of phreatophytic
habitat through the plant macrofossil and pollen records. Important
data are also gained on general paleoenvironmental conditions that
can be compared to prior paleoclimatic reconstructions for the

Candidate Area.

Table I presents a summary of the aidden sites located and
selected for study, and Table 2 provide a list of samples selected
for detailed analyses. In Table i. "distance from target habitat'
refers to the distance from the midden site to the edge of the main
course of Fortymile or Double Canyons in the case of those two
localities, and to the closest evident paleospring deposit in the
case of the Sandy Valley locality. These values are important in
that the foraging range assigned by most workers to the packrat
(1eotom. spp. ) is 30 a. although values of 50 m and 100 m have also
been used. In several cases, macrofossils of phreatophytes have
been recovered from sites that are at least 100 a from the target
habitat. For example, at the Fortymile Canyon-7 site the edge of
the wash is ca. 110 m distant. at the bottom of a steep 70 a slope.
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The macrofossils of wet-soil plants in this assemblage indicate
that the packrats were either exceeding their nominal foraging
range by a considerable amount, or phreatophyte habitat was more

widely distributed and(or) closer to the site. The final pollen

data will provide information on which case may apply to these

sites. They are not discussed in detail here because, unlike the

presence-absence data provided by macrofossils. interpretation of

pollen data relies on relative percentages and comparisons with

modern pollen samples, and such subjective interpretations should

not be hazarded until the data are final.

Fortymile Canyon Locality D

The first three packrat midden localities studied in this

drainage system were sites developed in Quaternary alluvium in the

lover reaches of Fortymile Canyon (950 to 1O1 m). All yielded

middens of late Holocene age (.ci9OO yr B.P.). and provided no

records of phreatophytic plant taxa. However, substantial retreat

of the upper limit of creosote bush occurred as a result of more

mesic climatic episodes during the late Holocene. and an increase

in flood frequency has been inferred from the remains of

disturbance adapted species where they do not occur today

(Spaulding, 1987a, b).

A different set of macrofossil records has been obtained from
the higher elevation (1250 to i310 n) sites of Fortymile Canyon

locality D. At this elevation the course of the canyon is more

constricted as bedrock valls confine its course. The slopes of

Tertiary volcanic rocks weather in such a fashion as to afford

numerous rock shelters and cavities. tIiddens in these cavities

evidently persist for millennia longer than those in the Quaternary

alluvium of localities A through C. Some assemblages (FUC-8A,



FlIC-ii) provide vegetational records of glacial-age woodland or
woodland-steppe mosaic characterized by the abundant pollen and
macrofossils of sagebrush (Artemisia subgen. tridentatae),

curl-leaf mountain mahogany (Cercocarpus ledifolilu). and Utah

juiiper (Juniperus osteo perma)(Table 3). This is the vegetational

context of the white fir record (see discussion of phreatophyte

occurrences, below), and appears to be the paleovegetation zone

below the subalpine-steppe vegetation type recorded at the Eleana
Range-2 site (±8±0 m elevation). At the ER-2 site vegetation was
dominated by limber pine, mountain mahogany, and steppe shrubs from

at least 17,100 to 13,200 yr B.P. Steppe shrubs and mountain

mahogany persist at these lower-ele-vation Fortymile Canyon sites.

but limber pine has given way to Utah juniper. Other assemblages

provide probable latest-glacial or early Holocene records of

woodland in which mountain mahogany is not recorded and

prickly-pear cactus (Q0ptia cf. pg.1.cantha) is abundant.

sagebrush is much reduced, and pinyon pine (Pinus monop hyU) is
more common (F11C-7(1); FUC-i0). This is similar to the
pinyon-juniper-cactus assemblages dated to 11,700 and 10,600 yr

B.P. at the Eleana Range-2 site (Spaulding et al.. 1984). and is

the paleovegetational context of the wild-rose and knotweed

occurrences (see discussion of phreatophyte occurrences, below).

Sandy Valley

fliddens from the low inelbergs adjacent to paleospring and

wet-meadow deposits in Sandy Valley are of general

paleoenvironmental interest because the sites were evidently below

the lower limit of glacial-age woodland. Desert scrub is recorded

by the Sandy Valley assemblages, albeit a different type of desert

scrub than that which occupies the sites today. The varm-temperate

species that currently dominate the sites are absent. Instead. the

vegetation was characterized by a combination of Great Basin shrubs

(Chrysothamnut3 nauseosus, Atjriplex confertifolia) and more

mesophytic northern Ilojave taxa (Buddleja utahensis, Ephedra spp..
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yacii~um sp.. LOpidiuz montanun-type) (Table 4). This is the
vegetational context of the net-leaf hackberry record (see

discussion of phreatophyte occurrences, below) and can be compared
to the Pleistocene-age desertscrub records from higher elevations

in the Amargosa Desert (Spaulding, i983, i987a, b). There had been

some apparent vegetation change before the deposition of SaY-3(i),

the midden deposit containing the remains of mesquite (Prosopis

juliflora: Table 4: see discussion of phreatophyte occurrences.

below). The most mesic upland taxa (e.g. Symphoricarpos), are not

recorded in this assemblage and thermophiles appear, including

rock-nettle (Eucnide urens) and tidestromia (Tidestromia

obongifQ1ia). The inferred younger age for this assemblage is
being tested by radiocarbon dating, but is consistent with the

presence of mesquite. Today mesquite reaches its northern limit in

the Candidate Area, and it would not be expected during times when

winter minimum temperatures were appreciably lower (>±.50C) than

those of today. Its presumed immigration into the region during the

latest glacial or early Holocene can provide important

paleoclimatic information on minimum temperatures, as well as on
the presence of artesian water.

Double Canyon

The Double Canyon midden records more closely resemble the
paleovegetation records from the lower Grand Canyon (Phillips,
1977; Mead and Phillips, 198±) than they do those from the Nevada
Test Site area. Key taxa that are rare or absent from the
glacial-age vegetational records of the Sheep Range and areas
northwest include IVhipple cholla (Opuntia whippLei) and single-leaf
ash (Fraxinus anomala)(Table 5), species well-represented in the

lover Grand Canyon fossil record. This suggests an appreciable

east-west gradient of effective moisture during the last pluvial
episode(s), perhaps greater than that of today.
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P1MEAXTPIMIC SPECIES EITCO N IRED 71
DAE AS lACROFOSSILS

Wild rose (Rosa voodsii): thorned twigs. seeds. Recovered from

both Wisconsin-age assemblages from Fortymile Canyon-7, the habitat

of the species as described by Beatley (1976, p. 251) is "in

seepage areas or usually in washes below springs." This

characterization is consistent with field observations of this
author... wild rose is a facultative phreatophyte and, in the Great
Basin climatic regime, it is restricted to perennially wet areas.

It cas likely growing at the foot of the cliff below the site, on

the margins of Fortymile Canyon Wash. The present distance to the

edge of the wash from the site is estimated at i10 m. It is
unlikely that wild rose vas growing on the exposed slopes any

closer to the site

mhite fir (Abies concolor); a single needle. Recovered from the
Wiscon3in-age Fortymile Canyon-iiA(i) assemblage. A possible

product of long-distance transport from elsewhere in the vicinity.

A single needle is not sufficient evidence that the tree was
growing at the site. Eolian transport of pine needles has been

observed to carry them as much as 500 m from the nearest tree in

the Toquima Range of central Nevada (author's field notes, vol.

ii). HoTwever at such a low elevation (1310 m). this montane tree
was probably a phreatophyte wherever it occurred in this area. At

present its lower limit in a mesic canyon in the Sheep Range is ca.

2070 m elevation; the lowest Wiscon3in-age record prior to this

find is from a iidden in the Sheep Range. at 1570 m elevation. This

was also in mesic setting, but in a smaller canyon (the Tillow Thrash

locality; Spaulding, i98O). white fir was not recovered from any of
the Eleana Range midden samples; although the ER sites are at a

higher elevation (1810 x). they occupy a xeric south slope. and
white fir was not detected in the stadial-age limber pine-steppe

shrub assemblages (ER-2), or in the interstadial-age woodland

assemblages (ER-3; Spaulding et al., 1984; Spaulding, 1985). As
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such, this is a new and paleoclimatologically significant record
for the Yucca lountain area. Assuming its water requirements were
met, its occurrence at this elevational range would have been

limited by summer temperature only. This makes certain calculations

of summer temperature decline possible (Table 6).

Knot-weed (Po xonum lapathifolilm-type);seeds. Recovered from
the Wisconsin-age Fortymile Can-yon-7(i) assemblage. Only one

Polvysgnum species (P. douglasii) is recorded as being native to the

Nevada Test Site area (Beatley, 1976). and its seeds are shaped

differently from those of this fossil taxon. These are lenticular

and without angles, and their morphology conforms with taxa such as
P. pennsylvanicum and P. lapathifolium. This taxonomic assignment

is significant because P. douglasii may grow in mesic settings away

from water, while those taxa included in P. lapathifolium-type

occupy the moist, disturbed soils of 'wet meadows and stream-sides
(hunz, i968). Like wild-rose, it was likely growing below the
site,on the margins of Fortyxile Canyon Wash.

Nesquite (Pro2 pis juliflora): pod fragments and leaflets.
Recovered from the latest Wisconsin or early Holocene-age Sandy
Valley-3(i) assemblage. The presence of both leaflets and seeds

indicates that the species may have been growing within 30 m of the
site. In the Candidate Area today it occurs only on perennially
moist ground, or in dunes along fault lineaments where it is
probably also reliant on artesian water (Quade, pers. comm.. i987)

Net-leaf hackberry (Celtis reticulata): a single seed.
Recovered from the Visconsin-age Sandy Valley 2(3)3 assemblage. The

remains of hackberry are rare in the southern Great Basin

macrofossil record. The tree is an obligate phreatophye throughout

its range in the Great Basin and adjacent areas (Benson and Darrow.
198±). Even in an area such as the Grand Canyon, which receives

more average annual and szumer precipitation than does the

Candidate Area, net-leaf hackberry is restricted to perennially
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moist sites (Phillips et al., i987). Like the white fir needle

discussed above, this macrofossil represents probable long-distance

transport. However, because the seed is encased in a berry, it

could have been transported a considerable distance in the gut of

an animal. to be excreted near the site and then the feces

incorporated into the midden. Such is the pre3umed manner of origin

of all other Celtis records in the Candidate Area, with the

exception of the Deadman Canyon- 2 site (see below).

Prior Records of Phreatophytic or Hydrophyllic

Species in The Candidate Area

Skeleton Hills- 2(2): Ondatra sp. (muskrat); A single tooth

identified by C.A. Repenning, U.S.G.S., Denver. Likely from a

carnivor scat or raptor "pellet". it is associated with a

radiocarbon date of 87iO * ±00 yr B.P. (Spaulding, i987a, b).

Skeleton Hills- 0B(2): Celtis reticulate; A single seed from this

site, at 910 m elevation in the Amargosa Desert. is associated with
a radiocarbon date of 9±60 * i40 yr B.P. (Spaulding, i987a. b).

Deadman- 2: Celtis reticulate; Abundant seeds indicating the

presence of this tree at 2075 m near the mouth of Deadman Canyon.
presently an ephemeral drainage on the west side of the Sheep
Range. The seeds yielded a radiocarbon date of 9560 * ±80 yr B.P.
(Spaulding, 1981).

Flaherty Shelter: Celtis reticulate; A single seed from
stratified sediments in a rockshelter at ±650 z elevation on the
east site of the Sheep Range. Designated "early Holocene" (±0,000

to 8000 yr B.P.) on the basis of an overlying radiocarbon date of

6950 * 320 yr B.P. (Spaulding, ±974).
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CONCLUD ING C01=14~TS

The radiocarbon samples have been submitted for dating and all

midden samples have been processed for analyses. While some

conjecture as to the age of certain assemblages has been made for

the heuristic sake of testing prior paleovegetational

reconstructions through inferences based upon them, the results of

dating tests are not desired until the macrofossil and pollen

analyses are completed. In this manner we may avoid any

interpretational bias introduced by knoving' the age of a particular

series of samples before its macrofossil and pollen flora is

completely analyzed.

An additonal benefit from these studies will be the records of

climatically sensitive plant taxa near what was their lower (or

upper) elevation limit during the last glacial age. By applying

estimated elevation depression values and lapse rates. we may

derive a more secure notion of what the climatic parameters of the

Candidate Area are during a pluvial episode. Coupled with specific

information on the near-surface hydrologic impact of those climatic

events, this research is developing a broad-based understanding of

the climatic causes and hydrologic effects of paleoenvironmental

change in the area.
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- ict~qin~se-it- oerhaavia sD.___1

~Jatanca -~~ a~_p x 2
Foacea.? Aristida adscencionis X x

.~~~~~~ .~~~~

.....1~~iorioeuron DUIChell I m I

... I ?~~~~~~~. .1..... .

'Poaceae undete tied mied2 I * 3
Polemnoniaceae I~ilia sp. I !1

'LeptodaSNIonyun enS I 2t2 . 1 :
ERo19ijEonaeae lChorizanthe brevicornu~x:___

'!hoizntebrevicornu-tY.Pe
:Choriater idatei~d.
'Erioqonum heermannii __

r~rioonuminflaturn 'x l
*Eriownummthomasii llx

Po~qpodkeaet:heilanthes feeeeii
Rosaceae I Coleogyne ramosissima j I
Rubiaacelaes ~ i iI W _

Rutaceae iThamnosma montana x 1 21 I I 11
Soanaceae -Lucium andersonii x 2 * 21

.Lucium; pallidumn
'Lticium sp. 2 2 *3 :13
'Phusalis crassifolia x
~Nicotiana triqono hul~lax122

U~~rn~~o~i ICetis retioulata
4~ophyllaceae Larre~a divaricata x 21-

I fragment onilbleconarni (as wivth A. durosa) -or loag-distance tramnsprt (C. reticulata)
*within I k-m of sites but restricted to the alluvial fan

in th YL~~ofa!th sites, but more than 60 m distant from either
see Table 3 for a keu to relative abundance values I
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TaM.a C. Mo nt ,p;i -a fra m ihb aDu1 a Ca ngon miJdan ai Uo

Site and semnle no.l: DC- DC- 1(1) DC 2 DC-2()
Famil Genus and spce_

AgaYaceae !Yucccsh qr.__. _ ! '_ i.
Asteracese *Ambrosia dumosa 2

.Ambrosintacanrp_ . .. *
iArtemisia su.entridentatae 1
.Bebbis iuncea . I
'Bricellia ar ut 21

Chrusothamnu3 naumeosu3 1
,E ncli i ri n n i rgin- --------

_ .~~Eriqaeron sD. _ _ . _ .i
iGutierrezia microcehala 1 1 3
* Haplop pp 3L j ...

;.Humenocleas As3ola
.:Peue~p I urn schotti i

_. _ __ _ __ . . . _ .__ _ _. _ 1._ _ _ _ ,_ ~~~~Stephanomeria pauciflora i I
_ .Xuiorh~~iza tortifolis i_1 {* - -

Alqnoniaceae .ChilopMislinesri * , *-
Boreinece e AainciLAt..g q__ C__-.: . I -a _. I c q ____.__

Lr pla nth i pterocarunt~
Cruptanthe3S

~ :____:_. . ~._.__Br~asiCa~acee LLcdi um montanum _ _2 L
Cactaceee iEchinocactus.poicepha] us I

*Ferocectus acenthodes _ 1
_Opuntiasc _ 1 _i 1._
LOM .whai Y ..... p.lei__ ...... __3 _..._..........
O3puntis sp. 2

Caprifoliaceee s ! S_.92aphoricpo3 cf. longfl oru i. 2
C3ruophu11sceae . ! Scopulophila rixfordii 2 3

Cvno=aceae _!fAtriplexconfe rtifoli a
Cupressaces. . !Junivruostpeosr ,---a 4
Ephedracese Ehera torreujena
F.3 taceae AceL1.sr'ii * 1

Krameriaceae Krameria Larvio 1 _
Lamiecese :!Saleezria mexicana . 1

H!SaMa durcnsiIi
Loasaceae !Eucnide uren I I_____ 121____

1'



Table S. Plant speciec from the Double Canyon rnid'der site,

5ite and sanp.Le no..:1 DC- J DC -~l D -LDC~ZI
FamiIM Genus and 3peci!e

LogeniAcee :'Buddle. ut..ens.
Malvaceae. ISphaeralces ambiQue 3
Oleeceee :1 r'Thiin3 mal

pneceze iAristida adscencionis
...... ....................................---------.-..-- 4- .- ....

:Erioneuron puichellurn
H.ilaria ri' ids 21

:Poacese undetermined
TJoleon'iaceae ;Gulia..Sp. ____

Poluioneeae Cho ri Z3nt he ri gli de
~~~~~~~'E io n m fecc ltm2 ' 2

iEriogonum heermannii ____ ____2

Eriooonumriinfatumixi x
Eriogonum s Bannuei .IX

Plet~q~ e Pi antaoeaeP. t~o pxi ______

Rosaceae I! Prunus fasciculata_____
Rubiceae aeGaiU tllum telt m ! ___t1

Rutacese :Thamnosma montane
Saxffr~gacea'Ri bes cf. Ye]uti nur m

Solanaceae Lusium ndersonii 2
:Lyciurn pallidurn ----------- - -

Zu~ophu~aceee Larrea diyaricata ~3 ____ 4

ca 70 m from DC- Iie rice to Pa h ranjaga Wa-
**within I 00 m. but more than 30 m distant from site_______________



Topic 6. CleluolleMs of glacial-age GOWpe'sv of Summer tenOrsturs In the Codidete Aree sesunking thot the wOtIr reqjlrmnunts of species noted we rmt at tbeir lower Ilmit.

current lowest fossil mainilIMu
lower Il[jai I. W record' CFMi dlsplsceimn (in)

calculeticnu of eunmor tiopersturs declne
- ATs with lese rate *f _ .. C100 m

0.60 0OA5 0.70 0.75
Reference

Ablee Canceler
d . odjusted for tirrem effect (200 no
Plaus 116KIlIe

2075'
2273'
2439

1260
i.e.

1200

lowest fossil
r158
700
1505

793
993
1159

40
6.0
7.0

5.2
65
75

5.6
7.0
&I

5.9
74

0.7

gron dote In progress
Irwi date In progress
fron dela in p ress

JeWUeruse steooefinr
Pliws Ilegilie

lower litit ()
1900
2650

dlspiecemnent Cmn)
1200
1065

7.2 7.0 6.4 9.0 fron SEpulding (1905. Teole 0)
6.4 6.9 7.5 0.0 frimo Spaulding (1905. Table )

* lower limit in mOSIc cerium boltin on Moderas-slze hnmuntotn rsage (Shoep Range)
I edjuiemft for flerni effect sceu that on e sMaller nawatoif mess (cce Dounteln) the lower limilt will e hblow ten on a lIage mountain moss, such to the Shop Rongo

(



FIELD MRP COPIES

1. Location of Fortymile Canyon Locality D and the Fortymile Canyon-?
site (immediately east of the eastern margin of the Topopah Springs
NW, 1:24,000 sheet.

2. Location of the Fortymile Canyon-7, -8, -9, -10, and -II sites.

3. Location of the Sandy Valley midden sites, copy of J. Quade field
map.

4. Location of the Double Canyon (formerly Coyote Springs Wash [CSWD)
sites.
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The Paleohydrology and Paleoenvironments In the Vicinity of the Proposed Yucca Mountain Nuclear
Waste Repository by W. G. Spaulding.
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Research on the nature of pluviai-age environments in t he

vicinity of the proposed Yucca Mountain Nuclear Iaste Repository

(here referred to as the Candidate Rrea') has as its primary

objective the detection of episodes of increased ground-water

discharge in this presently arid region. Increased ground-water

discharge in nearby valley bottoms during the Late Uisconsin

(Quade, 1986, 1987) provides good reason to further investigate

both low-land spring-discharge habitats, and upland drainages. This

is a deliberate test of the hypothesis that during some climatic

regimes there may be both increased ground-water discharge and

increased discharge through presently-ephemeral desert washes. This

possibility has exceptional implications for the long-term

integrity of a proposed nuclear waste respository because it is

resonable to anticipate that pluvial climates will occur again,

wit~hin the design life of the respository (10,000 to 100,000 yr).

On one hand, if no exceptional evidence of increased discharge is

found, it would be considered a favorable finding from the point of

view of hydrologic stability in this region. On the other hand, if

evidence is found for perennial water in currently-dry drainages

such as Fortymile Canyon, this would indicate that provisions for

substantially increased recharge rates, ground-water travel times,

and instability of drainage systems need to be made.

Other means of studying the long-term climatic and hydrolgic

stability of the Candidate Area include general paleovegetation

reconstructions, since the same data base can be used for both.
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and because former poleoenvironmental reconstructions in the region

need to be related to ongoing research. This provides the basis for

testing the results of former studies that found relatively dry

climatic conditions prevailing through late lisconsin time in the

Candidate Area (Spaulding, 1985), and evidence for a monsoonal

period during the Uisconsin-Holocene transition (Spaulding and

Graumlich, 1986).

The data for these studies are derived from radiocarbon dated

plant macrofossil and pollen assemblages from ancient packrat

middens. The sampling strategy of this research is to collect

middens at localities that, on geologic and geomorphic grounds,

could have been near stream-side or spring environments. Such

riparian habitats have a distinctive flora composed of plants

adapted to the constant presence of near-surface water. In the

rugged terrain of the Candidate Area it is possible to locate

midden sites near canyon-bottoms and paleospring sites. Today these

habitats are, almost without exception, dry water courses or barren

valley-bottom inselbergs. However, at certain times in the past,

conditions were quite different.

RESULTS OF RRDIOCRRBON BATING

The results of 1'C dating on middens collected in June of last

year are generally consistent with the predicted ages of the

samples (Table 1). These predictions were made on the basis of
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floritic composition of the macrofoeail oceemblages recovered from

the packrat maddens, and on the basis of curves that establish

thetendency for ancient middens from a given geographic area to

cluster in particular age ranges (Fig. 1).

|*- NORTHERN MOJAVE

|0- SONORAN DESERT 16

14

12

10

8

6

4

2

w
!I

U.

0

us

z

0
25 23 21 19 17 15 13 1 1 9 7 5

BEGINING YR ( X 1000) OF 1000-YR AGE CLASS
3 1

Figure 1. Age distribution of radiocarbon dates on packrat middens from two
separate regions in the American southwest. Note the absence of
a Wisconsin-maximum peak In sample abundance from the southerly,
Sonoran region, and the bundance of samples from the terminal-
Wisconsin-early Holocene (ca. 12,000 - 6,000 yr B.P.) In both regions
The data are smoothed by a two-level moving average and include all
published radiocarbon dates available before July, 1987.
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* In the northern Mlojave Dezert, mout middernz date to the Iazt

4,000 yr, to the period 8,000 to 12,000 yr B.P., or to the period

from co. 14,000 to 21,000 yr B.P. These new sample dates fall into

those periods (Fig. 2), with the exception of two from the

Fortymile Canyon- 7 site that are considerably older (Table 1). Rs

28

.24 4
*THIS GRES

SAMPLES FROM ELSEVHERE 20 aU
IN MOJAVE DESERT i

* SAMLES FROM NEVADA TEST SIt .E 16 U
l .q ~~~~~~a

12 fi
. I~~~~~~~~~~~~~~~~LL

a

8 o

4

23 22 21 20 19 18 17 16 15 14 13 12 11 109 8 7 6 5 4 32 1 0

BEGININ6 YEAR (X 1000) OF 1000-YEAR AGE CLASS

Figure 2. Age-distribution of radiocarbon dates on packrat middens from the

northern Mojave Desert, including the new series discussed in this

report (Table 1).

discussed in prior reports, there is reason to believe that (1)

midden accumulation rates are higher during periods of increased

effective moisture and (2) mlddens deposited during the

full-glacial may, in some areas, have been destroyed by excessive

moisture during
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3ubacquent pluviol epilodes. The former hypotheziz ia i upported by

the tendency for midden abundance peaks to correlate with other

paleohydrologic records of increased effective moisture (Fig. 3).

The latter is supported, at least circumstantially, by the general

absence of full-glacial records from the Sonorqn Desert; a region

that may have been characterized by a particularly intense,

terminal-lWisconsin monsoonal pluvial (Spaulding and Graumlich,

1986). This idea is relevant in assessing the dating results from

the most southerly locality in Big Sandy (Mesquite) Ualley.

Rge of The Big Sandy Ualley Hidden,

Inselbergs of Paleozoic carbonate rocks occur in the vicinity

of paleospring deposits in Big Sandy Ualley, and these rocks

contain abundant shelters and small caves ideal for the

preservation of ancient packrat middens. In the search for middens

from this locality, emphasis was placed on collecting those

deposits which appeared to be of the greatest age, and therefore

offered the best chance of yielding fossil evidence of pluvial

climatic conditions.

Despite the ideal setting and the scores of individual cavities

that were checked, only two middens of any great antiquity were

discovered. A large midden deposit, Sandy Ualley- 2 (SaU-2),

contained multiple units that appear to have been deposited within

a millennium, from ca. 9400 to ca. 8800 yr B.P. (Table 1). A
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Figure 3 (following). Comparison of oge-frequency distribution of

radiocarbon dotes on pockrot middens from the northern Mojave

Desert and two independent sources of evidence for variations

in effective moisture in the region.
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smaller deposit from a separate shelter, SaU-3, aISo datea to the

early Holocene (ca. 8500 and 9400 yr B.P.). Due to the thoroughness

of the field search and emphasis on the oldest assmebloges

recovered, the absence of full-glacial middens from this locality

appears not to be an artifact of sampling procedure. The Sandy

Ualley locality is not in the northern Mojave bioclimatic region.

At 35°53' H lot., it is closer to the Sonoran Desert (Rowlands et

al., 1982). The fact that dating results indicate a clustering of

samples during the early Holocene suggests that whatever mechanism

served to obliterate full-glacial records in the Sonoran Desert

(Fig. 1) may have also operated here. In other words, there is the

possibility that a particularly strong south-north gradient of

decreasing effective moisture existed in this region during the

latest Lisconsin and early Holocene.

Age of The Fortymile Canyon liddens

Farther north near the current northern limit of the Mojave

Desert, at 36053' H lot., rock shelters from the bedrock narrows of

Fortymile Canyon do yield middens of full-glacial age, as well as

those that date to the early Holocene (Table 1). Also recovered was

a deposit of Middle Iisconsin age, the Fortymile Canyon- 7 midden

(FMC- 7), with 14C dates on the top and bottom units of 47,200 ±

3000 yr D.P. and >52,000 yr B.P., respectively. Of the five other

midden samples judged to be older than 12,000 yr B.P., four yielded
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dates ranging from 21,830 ± 110 to 15,870 ± 70 yr B.P., satisfying

the prediction based on the age-frequency curves (Fig. 1) that

there is an abundance of full-glacial deposits in the region. R

fifth sample, from the FMC-1IB(1) midden. yielded an age of 12,870

t 50 yr B.P. This falls near or in the apparent 'dead zone' between

full-glacial and latest glacial midden abundance, and will provide

valuable clues to the nature of climate during this period.

The general chronology of vegetation change during the Late

Wisconsin in the vicinity of Yucca Mountain is mell enough known

that macrofossil assemblages of terminal Uisconsin or early

Holocene age could be identified from their component plant

species. Samples from the FMC-10 site fall into this category. Two

separate middens from this rock shelter yielded similar radiocarbon

ages of 9470 ± 40 and 9390 ± 40 yr B.P. A final sample, thought to

be younger than 4000 yr B.P., yielded a radiocarbon date of 2770 ±

30 yr B.P. (Table 1).

Age of The Pahranagat Wash Middens

Pahranagat Lash Locality A is at the north end of the Arrow

Canyon Range, where the wash has incised a narrow canyon into

Paleozoic carbonate rocks. Preliminary dating of two of the best

deposits, from the Double Canyon-I and -4 sites (DC-1, DC-4)

revealed that both were of terminal Iisconsin age. The sample from

DC-1, dated at 12,060 ± 70 yr B.P. falls close to the northern

hojave hiatus of ca. 15,000 to 12,000 yr B.P.(Figs. 1-3). Many more
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middenz dating from ca. 14,000 to 12,000 yr B.P. have be:n

recovered from the Lower Grand Canyon (Fig. 4; Phillips, 1977),

less than 100 km east of this locality, than have been recovered

from the Candidate Area. Although these samples are receiving full

analysis, a subsequent field trip to this drainage has been made to

collect middens that are more likely to be of full glacial age, and

that lie closer to the floor of Pahranagat Uash.

PRLEOEHUIRONMEHTS OF FORTYMILE CRHYOH

The six midden sites from the middle reaches of Fortymile

Canyon provide plant macrofossil and pollen data that allow

relatively detailed reconstructions of glacial and early Holocene

conditions. All macrofossil assemblages dated to these periods

reflect Utah juniper (Junioerus osteosperma) woodland, but with

substantial changes in associated dominants and secondary

components, depending on age and site characteristics.

Lisconsin-age Records

The Fortymile Canyon -7(1) [FMC-7 (1)] midden sample, dated at

47,200 t 3000 yr B.P., is the only assemblage containing common

pinyon pine (Pinus monoohylla)(Fig. 5). Plains prickly-pear

(Opuntic cf. pooyacantha) and dwarf goldenbush (Haploaappus nanus)

are other important components of this assemblage; today both are
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Figure 4 (following). The estimated relative abundance of selected plant

taxe in Late Wisconsin and early Holocene middens from the

Lower Grand Canyon, Arizona. Site abbreviations are: DA, Desert

Almond; MG, Mluav Gate; NC, Needle-eye Canyon; RC, Rampart

Cave; VC, Vulture Canyon; VCA, Vulture Cave; WR, Window Rock.

Data from Phillips (1977), Mead and Phillips (1981). Figure from

Spaulding (1988).
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Figure 5 (following). Summary macrofossil diagrams for the Fortymile

Canyon-7( 1) and Fortymile Canyon- I I A( I) packrat midden

samples. E.R.A., estimated relative abundance where: 1, present

but rare; 2, occasional; 3, common; 4, abundant; 5, very

abundant.
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Havoci ated w ith open woodland hab i tats. Fern-bush (Chamoebat i aria

millefolium), however, occurs in more mesic woodland and montane

settings. Willow (Salix sp.) is present in this assemblage,

although the distance from the FMC-7 site to the bottom of

Fortymile Canyon is greater than 100a. Sagebrush (Artemisia subgen.

tridentatae) is but rare, in contrast to those assemblages of

full-glacial age.

facrofossil assemblages that date to about the full-glacial

contain abundant Utah juniper and, moreover, common to abundant

steppe shrubs (sagebrush, viscid rabbitbrush (Chreothamnus

vi;cidi florus), horsebrush (Tetradymia canescens-type]; Figs. 5,

6). The association of woodland plants (juniper, fern-bush,

mountain mahogany (Cercocarpus ledifoliusl) with shrubs typical of

Great Basin steppe is a common feature of stadial-age vegetation in

southern Hevada (Spaulding et al., 1983). The importance of

sagebrush, relative to juniper, in these samples suggests

considerable open habitat. Sagebrush is a heliophile and its

abundant pollen (Fig. 7) is consistent with the interpretation of

an open woodland. The climatic implications of such woodland-steppe

shrub associations have been discussed by Spaulding (1985). They

conform to the interpretation of a semi-arid climate with winter

temperatures 2 60C lower than present, strong winter-seosonality of

precipitation, and only a modest increase ( 4OX) in average annual

precipitation.

Macrofossil assemblages from the Fortymile Canyon-8, -9, and

-11 sites, dating from ca. 21,800 to 15,900 yr B.P. (Table 1), show
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Figure 6 (following). Summary macrofossil diagrams for the Fortymile

Canyon-6A and Fortymile Canyon-9A( I) peckrat midden samples.

E.R.A., estimated relative abundance where: 1, present but rare;

2, occasional; 3, common; 4, abundant; 5, very abundant.
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variations in composit ion that may be attributable to local

variations in effective moisture. Of interest in this regard is the

occurence of hop-sage (Grayia spinosa) in FMC-9fl()(Fig. 6). A

desert shrub in the Chenopodiaceae family, its presence here

suggests relatively xeric conditions at this exposed 3ite. The

occurence of limber pine (Pinus flexilis) in FMC-11R(l) is

consistent with the fact that this midden was from a mesic,

north-facing alcove near a stream bed. Rt ca. 1310 m, this

subalpine conifer was likely near its lower elevational limit at

this site during the full glacial. Limber pine is the principal

arboreal component of a higher elevation (1810 m) vegetation

sequence in the Eleana Range (Spaulding et al., 1984), showing that

the full-glacial vegetation zonation in the vicinity of Yucca

fountain was from higher elevation subalpine-steppe shrub

communities to juniper-steppe shrub vegetation at lower elevations.

The occurence of single-leaf ash (Fraxinus anomala) in several

full-glacial samples from this locality is of biogeographic

significance (e.g. Fig. 6; Table 2). Known from only a few

localities in the Mojave Desert today (Grapevine fountains,

Panamint Range), it is a shrub common in lower-elevation woodlands

in the Colorado Plateau. Like limber pine and several other plant

species discovered in these middens (Table 2), it is not known to

occur today anywhere in the Yucca Mountain-Pahute Mesa-Belted Range

highland complex (Beat ig, 1976).
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Early Holocene Recordt and Contraztz WIth

Uisconsin-age Conditions

Uhile juniper woodland evidently persisted into the early

Holocene, as it did in many mid-elevation localities in the region

(Uan Devender, 1977), macrofosail assemblages from the FiC-lO

middens show substantial differences with Uisconsin-age samples.

Shrubs important in current desertscrub at the loaclity are

well-represented for the first time; species such as globe mallow

(Sphaeralcea ambigua), bitter-brush (Purshia glondulosa), and

dracunculus sagebrush (Artemisia dracunculus)(Fig.8) Steppe shrubs

are rare or absent, consistent with a change to warmer winters and

decreased importance of winter precipitation (Spaulding and

Graumlich, 1986).

Ualues of Hts (number of tree, shrub, and succulent taxa) for

these early Holocene samples (11 and 13) are lower than those for

the Wisconsin-age assemblages (15 to 18). The younger FMC-1O

assemblages also contain 25X and 32X extralocal (not occurring

within the area) or extralimital (not occurring in the Yucca

nountain-Pahute Mesa-Belted Range highland complex) taxa, as

opposed to values between 41 and 63X for glacial-age samples

(Table 2). The apparent reduction in shrub and tree species in the

early Holocene therefore appears to have been due to the

extinctions of taxa that today occur farther north, at higher

-17-



Figure 8 (following). Summary mecrofossil diagrams for samples from

the Fortymile Canyon-IOA and Fortymile Canyon-lOC packrat

middens, located in the same rock shelter. E.R.A., estimated

relative abundance where: 1, present but rare; 2, occasional; 3,

common; 4, abundant; 5, very abundant.
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ulIvatlons, or In wetter habitatz. Thin and the failure of u

modern elements to immigrate to the site by the beginning early

Holocene led to lower species richness values, in a manner

predicted by Cole's (1985) model of vegetational inertia. The

immigration of many modern, thermophilous taxa was delayed for

millennia, resulting in depressed species richness values following

terminal-Uisconsin climatic change.

Uith this idea in mind, it is interesting to examine

species-richness values for herbaceous plants and grosses. They

appear to display a behavior inverse to that of the woody taxa,

being more abundant in the early Holocene samples (541 of M in both

assemblages), compared to the glacial-age middens (211 to 411;

Table 2). Part of this appears to be due to the appearance of

annual species larely dependent on late spring and summer rains,

such as pig-weed (Amaranthus 3p.), lambs-quarters (Chenopodium

,p.), spurge (Euphorbia cf. sreyllifolia), six-weeks gramma

(Bouteloua barbata), and spectacle-pod (Thysanocarpus curvioes;

Table 2).

Paleohydroligic Implications

Plant species useful in paleohydrologic reconstructions can be

placed in four classes, with abbreviations as used in Table 2:

1) The obligate hydrophiles, or phreatophyes (H). These include

such species as willow, cottonwood (Pooulus sp.), and

cat-tail (iyPhq sp.).
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2) The facultative phrectophyes (h). Species restricted to

spring margins and the banks of perennial streams in the

Great Basin, but that occur over a broader range of habitats

elsewhere in the western United States. Examples include wild

rose (Rosa woodsii) and hackberry (Celtis reticulata). Rlso

included here are plants usually restricted to

perennially-moist habitats near their lower elevational

limits, such as white fir (Rbies concolor).

3) Plants associated with riparian habitats in the Nevada Test

Site area by Beatley (1976)(aH). These are forbs such as dock

(Rumex cf. salicifolius) and Scouler's heliotrope

(Plooiobothryt cf. scouleri) collected in perenially moist

habitats but not necessarily dependent on constant moisture.

4) Desert riparian plant species (OR). Riparian desertscrub is

a distinctive community type typical of ephemeral drainages

(Bradely and Deacon, 1967), and there are plant taxa that are

found only in these communities. These are desert shrubs

well-adapted to habitats characterized by episodic floods and

sandy, poorly developed soils.

Only one macrofossil assemblage analyzed to date contains

unequivoval evidence of a riparian habitat, FI1-7(0), dated at

47,000 ± 3000 yr B.P. Four hydrophilic taxa and two desert-riparian
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speci3 cwere encountered in this iampIe. Plant3 zuch oa willow,

wild rose, and knotweed (Polygonum lagathifollu-type) indicate

perennial water within packrat foraging distance of the site. The

remains of arroyo bursage (Rmbrosia cf. acanthicarpa) and dock

(Table 2) suggest that the canyon-bottom habitat was accessible.

from the FMCC-7 site, and the vegetation sampled by the packrat was

probably not that of a perennial seep on the canyon-side. The

question of whether the packrat(s) were collecting plants from the

bottom of Fortymile Canyon or from a seep somewhere nearer the site

is an important one because, at present, the site is ca. 110 m from

the canyon bottom. However, if there was more alluvium in Fortymile

Canyon, its bed would be elevated and the canyon-bottom habitat

would be closer to the site. In other words, it is possible that

the canyon was not as deeply incised during the niddle Wisconsin,

and the hydrophilic and riparian species present in FMC-7(1) are

there because they occurred within the packrat'3 normal foraging

distance of 30 to 50m. This would imply that incision of Fortymile

Canyon has occurred in latest Quaternary times.

In contrast to this assemblage, those from other middens

collected thus far have yielded few macrofossils of riparian

plants. The possible remains of velvet ash (cf. Froxinus velutina)

in FMC-9R, a single white fir needle in FMC-11A(1), and the seeds

of Scouler's heliotrope in FMC-11R(2) are all equivocal indicators

of perennial water from ca. 21,800 to 15,900 yr B.P. (Table 2). The

macrofossils of hydrophilic taxa have not been identified in the

early Holocene FIC-10 assemblages, despite the proximity to the
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margin of Fortymile Canyon Uash (<50 i), and the occurrence of the

desert-riparian shrub scale-broom (Lepidospartum latisquamum) in

both assemblages (Table 2). Scale-broom indicates that packrats did

forage down to the wash, and that the absence of riparian species

in the FMC-10 assemblages would be consistent with the absence of

perennially moist ground near this site.

CURREHT ACTIUITIES

This research represents a new approach to paleoenvironmental

reconstruction using ancient packrat middens, and the particular

aspects of research activities that affect the quality and

reliability of these results have been identified. The taxonomic

diversity of the macrofossil assemblages under study represents one

challenge. Unidentified macrofossil types may represent riparian

plant taxa seldom encountered in the normal course of field work in

the southern Great Basin. Pains must be taken to identify these

because, in some cases, they are indeed important

paleoenvironmental indicators. The identification of willow in

FIC-7(1) and Scouler's heliotrope in FMC-11R(2) represents one

man-day of work for the Principal Investigator, and verifications

of those identifications at the University of Washington Herbarium

will require a minimum 2 hours of additional work.

The diversity of pollen types and tendency for packrat-midden

pollen assemblages to be swamped by endogenous pollen (pollen

originating from the flowers transported to the midden by the
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pcckrat) represents another challenge. Just oa thauutindz of plant

macrofossils must be sorted in a single plant macrofossil

assemblage, pollen tallies must be high in order to assure that the

pollen of such plants as willow or cat-tail are not important

components of, say, the full-glacial pollen rain.

These then are current activities at the Quaternary Research

Center's Laboratory of Rrid Lands Paleoecology:

(1) The final validation of the taxonomic status of the plant

macrofossil types that comprise the radiocarbon dated

assemblages from Fortymile Canyon, Big Sandy Ualley, and

Pahranagat Mash.

(2) The continuing analysis of pollen samples from those

aiddens in order to have individual pollen counts that exceed

400 identified grains per sample, and the assessment of

intersomple variability of pollen spectra in key midden

samples.

(3) The continuing analysis of new samples from Pahranagat Mash

in order to gain better understanding of paleohydrologic

conditions on the eastern boundary of the Candidate Rrea.
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Geochemistry and Mineralogy Program

Introduction

The activities In the Geochemistry and Mineralogy section of our program support three
independent and Interrelated subject areas which are:

1. Geochemical retardation/transport of radionucildes 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 a total of ten intensive review and
research activities that have been performed. These activities are distributed In the following manner.

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 is 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.

b. An assessment of genesis of desert carbonates with respect to the Interpretation of past
climate events as they can be resolved from trenches and ground-water discharge deposits.
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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, it has been necessary to assess
the thermodynamics of the vadose-zone system with respect to vadose-water chemistry, mineralogy, and
temperature (see Appendix C: 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 thernodynamic calculations must remain tenuous.

In a parallel study, the sorption behavior of single-crystal zeolites are being assessed (see
Appendix C: Wood, V. J., et al., 1988). 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 allow us to move into whole-rock studies In the future. This
overall base of Information will provide an ability to address our ultimate goal which Is the retardation
capacity of fracture surfaces, the Topopah Springs Member of the Paintbrush Tuff and the Calico Hills
formation. With respect to the Calico Hills formation, there Is concern with regards to glass and
authigenic mineral stability. This issue is being addressed with the glass studies that are described in this
report (see Appendix C: Blundy, J., et al., 1987,1988).

Site-specific hydrogeology Issues that are being addressed in our studies Involve drilling and
obtaining fracture and matrix samples that contain zeolites. Utilizing a tandetron in Toronto, we are
developing procedures to analyze for gases such as C-14 to determine the age of the water of last
exposure. These Information will give us a better understanding of the fracture flow mechanism at Yucca
Mountain. N

Past-climate geochemical studies are primarily support-type studies assisting in the interpretation
of stratigraphic events (see Appendix C: O'lara, 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 the 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 our efforts.
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Geochemical Retardatlon/Transport of Radlonuclides to the Accessible Environment.

The capacity for Yucca Mountain tuffs to provide radionuclide retardation for the limitation of
radionuclide transport to the accessible environment Is an extremely complex Issue. It deals with the
identification of: the most likely paths of travel, potentially sorptive mineral availability along those paths,
crystal orientation, chemical cormposition, mineral and glass stability under natural and imposed
conditions, colloid formation, precipitation, and diffusion. The following efforts explore various aspects of
the Issue of the natural retardation barrier at Yucca Mountain to assess the capability of that barrier to
provide meaningful retardation.
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Geochemistry and Mineralogy

ISSUES:

Can potentially sorptive minerals such as clinoptllolite, mordenite, smectite, and other authigenics
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? Will these potentially sorptive minerals
remain actively stable and capable to provide sorption even under near-field and far-field repository
conditions?

Characterization Issues:

Can we construct activity diagrams for clinoptilolite to provide sufficient data relative to the
susceptibility of this zeolite to further diagenetic reactions?

Can we construct activity diagrams for mordenite?

Can we construct activity diagrams for the smectites?

Can we obtain sufficient In situ chemical data concerning vadose-water chemistry to be able to
construct activity diagrams for the authigenic minerals situated in the vadose zone?

Can we obtain sufficient In situ ground-water chemical analysis 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
retardation of radionuclides.

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-Al-Si-H 20 employing available thermodynamic data for relevant oxide and
alurninosilicate phases (see Appendix C: Bowers, T. J. and R. G. Burns, 1988, and R. G. Bums and T. J.
Bowers, 1988).
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FINDINGS:

The results of our Investigations have been submitted to the American Mineralogist for publication
(see Appendix C for a copy of the paper. Significantly, it appears that authigenic minerals such as
clinoptilolite modify and are modified by ground-water compositions. We have 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.

Clinoptilolite-smectite assemblages indicate that the zeolite crystallized from ground water with
dissolved Al concentrations lower those saturation values with respect to gibbsite.

Calcime 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 clinoptilites correlate with ground water having elevated Na+ and Ki but depleted Ca2 +
concentrations which are associated with altered vitric tuffs.

The clinoptilolite stability field diminishes appreciably between 250C and 1000C, 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 Infornation.

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 our 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. Burns (MIT) with Dr. T. Bowers (MIT) are Co-Principal Investigators on the project.
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Geochemistry and Mineralogy

ISSUES:

To what extent, it any, can the DOE take credit for radionuclide sorption by zeolites, clays, and
oxyhydroxides? Can credit be taken for key radionuclides whose travel time and concentration limits
might otherwise exceed the established limits?

Characterization Issues:

How do clays and zeolites behave during sorption/desorption? To what extent do they favor
certain radionuclides? How does temperature affect sorption, sorption rates, desorption, and desorption
rates? How do radionuclide concentrations affect sorption and desorptlon? How does zeolite crystal
orientation affect sorption and desorption?

How do transition-metal oxyhydroxides respond to actinide transport as colIds? To what extent
if any do transition-metal oxyhydroxides provide sorption? If sorption is provided, by what mechanism
does this occur?

Review Issue:

Does the sorptlon/desorption work done by the DOE contractors cover the significant Issues and
are their methods of analyses 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/desorptlon 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 radionuclides. Utilize co-calibrated equipment to insure reproducibility of the
results.

Through the 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 on 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 micro-
probe analyses [SIMS]). Single crystals of clinoptilolite, mordenite, and analcime have been studied.
After experimental exposure, SEM, EM, and SIMS analyses of each crystal with respect to Rs
crystallographic orientation is performed. These experiments are run with variations in both solutions
(proxies for radionuclides) and variations in temperatures (see Appendix C: Wood, V. J., M. S. Hubbard,
and R. G. Bums, 1988).

Magic angle NMR studies are made on exchanged crystals to determine the sites of sorption by
the radionuclide proxies.

Clay minerals and oxyhydroxides 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.

Analcite Is not a very good exchanger, primarily because of its tight structure; consequently, It wil
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 [0011 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).

Since the ground water flowing through Yucca Mountain Is likely (chemistry unknown at present)
to be dominated by Na, HCO3, and Cl Ions, these were Included In some of the experiments. The results

of these analyses indicate a slight enrichment of Na and a depletion of K occurred In the Na-loaded
crystals (clinoptilolite). The presence of NaCI, however, decreases the uptake of Cs Into clinoptilolite and
heulandite (see Appendix C).

Clinoptilolite crystals have been mounted on their (010) faces and reacted with 50 ml aliquots of
CsCI solutions ranging In concentration from I M to 0.0001 M. The amount of Cs exchanged Into
clinoptilolite crystals decreases with Increasing dilution of the CsCI solutions. The efficiency of removal of
Cs uptake by the (010) crystal faces Increases from 1 M CsCI to 0.0001 M CsCI. Heulandite shows
similar effects of CsCI dilution to clinoptilolite (see Appendix C).

INTERPRETATION OF FINDINGS:

The findings of our 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.
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We have concluded that of the zeolites present cllnoptilolite, heulandite, and mordenite have the
potential to be good sorbing exchangers. Temperature, crystal size, crystal orientation, vadose-water
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 our program using magic angle NMR.

Continue our 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 PROGRAMIEXISTING PROGRAM:

Objective:

To respond to our Key and Characterization Issues relative to licensing issues.

Activity:

To continue our 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.
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Geochemistry and Mineralogy

ISSUE:

Will glass instability above and below the proposed high-level nuclear waste repository jeopardize
the isolation or assist In the Isolation of radionuclides from the accessible environment?

Characterization Issues:

To what extent do iron oxides, titanium oxides, and oxyhydroxides as microphenocrysts provide
chemical information regarding geochemical-environmental parameters during the diagenetic hydration of
acid volcanic glass.

To what extent do the Iron oxides and oxyhydroxides contnbute to volcanic-glass stability?
Instability? In this respect, do they contribute to elevated hydration rates of the glass, and if so, by what
reaction mechanism?

How can these Information 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 tufts at Yucca Mountain.

Specific Objectives:

Identify micromineral phenocrysts In volcanic glass at Yucca Mountain.

Describe their distribution, magnetic properties and crystal structure.

Describe and Identity 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:

Samples have been collected from the Tiva Canyon and upper portions of Topopah Springs
Member of the Paintbrush Tuff. Sample collection has been made during magnetic stratigraphy
investigations (see Appendix C: Schlinger, C. M., 1989).

Laboratory data using Transmission Electron Microscopy (TEM) and magnetics have been
acquired.

FINDINGS:

The iron-oxide phases appear to be mostly magnetite-maghemite microphenocrysts. Euhedral
microphenocrysts of silicate phases have been found to be present In the upper Topopah Springs
Member. It appears that the upper Topopah Springs Member has undergone remagnetization (CRM)
which suggests that the time stratigraphic depositional history may be correct. This period of
remagnetization probably has occurred during the emplacement of the rTia Canyon Member (see
Appendix C).
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INTERPRETATION OF FiNDINGS:

Magnetic and pararnagnetic microphenocrysts are subject to diagenetic alteration changing their
magnetic properties and therefore the paleomagnetic signature of.the host rock. The geochemical
interaction of these components with the host glass Is not yet understood as changes in funding have not
allowed for this line of research.

ADDITIONAL WORK REQUIRED:

Additional TEM and probe data must be acquired to resolve the geochemical interaction of
volcanic glass and oxyhydroxide phenocrysts.

RECOMMENDED PROGRAM:

Objective:

To respond to our Key and Characterization Issues.

Activity:

To continue our efforts by accomplishing the additional work that we stated is required.

EXISTING PROGRAM:

Status of Previous Research:

Although our preliminary results indicate that significant geochemical reactions have taken place
and are probably taking place, we have not followed through to analyze the significance of these
reactions with respect to repository performances. Future work is scheduled to accomplish our goals.

Principal Investigator:

Dr. C. M. Schlinger (University of Utah) is the Principal Investigator of the project. After the TEM
work is completed, Dr. R. G. Bums will become the Principal Investigator dealing with the mineralogy and
geochemistry problems.
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Geochemistry and Mineralogy

ISSUES:

Can the stability (chemical and physical) of volcanic glass above and below the repository horizon
at Yucca Mountain affect the postclosure performance of the proposed repository?

Can the chemical stability of volcanic glass at the desert surface act as an analog for past and
future geochemical reactions within the vadose zone?

Characterization Issues:

To what extent will there be an evolution of heat from hydrating volcanic glass below the pro-
posed repository and to what extent might heat ponding affect repository performance?

To what extent is volcanic glass from Yucca Mountain chemically stable or unstable with respect
to forming authigenic minerals in the recent past?

Can rates of volcanic-glass hydration be determined from soil samples?

If volcanic glass Is not chemically stable under repository conditions, how might this change water
chemistry and thereby affect authigenic-rnineral stability and radionuclide retardation?

Might additional authigenic minerals 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. How might this affect potential future transport of radionuclides, in
particular, travel-time estimates?

Review Issue:

The DOE has stated in their EA that they do not expect dissolution and that volcanic glass that
could be altered has already been altered. To what extent can their statements be supported by our
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:

Bedded tuff cobbles and pebbles acting as clastics have been studied geochemically and
mineralogically. Literature produced by the DOE has been reviewed.

FINDINGS:

Rain-water acting on bedded tuff cobbles at the surface have a tendency to replicate diagenetic
and textural features of similar lithologies at depth in Yucca Mountain, such as in the Calico Hills
formation. Opal formed as a consequence of glass-hydration reactions appear similar to opal observed
from Trench 14 (see Appendix C: Blundy, J., et al., 1987, 1988).

INTERPRETATION OF FINDINGS:

Our findings at present raise fundamental questions conceming future diagenetic reactions within
Yucca Mountain. We find that contaminated fluids leaking from the proposed repository may not pass
through highly sorptive zeolite-rich tuff s altered 11 million years ago, but along fractures lined with more
recently formed authigenic minerals containing nonsorptive calcite and silica assemblages. We find
evidence to suggest that volcanic glass at Yucca Mountain is very reactive and that reaction rates are
relative to the availability of water and affected dramatically by Increasing temperatures. A manuscript
with some of our results has been submitted to Earth and Planetary Science Letters for publication (a
copy is included in Appendix C).

ADDITIONAL WORK REQUIRED:

Obtain the actual rates of reaction of surface-glass hydration and authigenic-mineral production.

Obtain basic geochemical and mineralogical data from glass at depth at Yucca Mountain.

RECOMMENDED PROGRAM/EXISTING PROGRAM:

As a result of funding cuts, this program has been temporarily suspended until the 1989-1990
funding period. It is recommended that this program be reactivated as soon as possible.

STATUS OF PREVIOUS RESEARCH:

We are presently awaiting the publication of our last manuscript.

Principal Investigator:

Dr. R. G. Bums (MIT) Is the Principal Investigator assisted by Dr. M. Morgensteln and Dr. J.
Blundy (Oxford).
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Geochemistry and Mineralogy

ISSUES:

Can the rates of vadose-zone chemical reactions be determined to the extent that we understand
the roles of these reactions in providing retardation of radionuclides, 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:

Can desert-vamish dating by cation-ratio techniques be used to determine geologic ages of
terraces In the Yucca Mountain area?

Can desert-vamish dating by cation-ratio techniques be used to determine rates of authigenic
mineral formation from rhyolitic glass at Yucca Mountain?

Can desert-vamish dating by cation-ratio techniques assist in resolving Trench 14 problems and
sandramp problems?

Review Issue:

Can the desert-vamish dating by cation-ratio techniques utilized by the USGS 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.

If 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 (SEMWEDX).

PIXE element analysis.

The 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+CaM do not consistently decrease with varnish age (depth of the varnish layer) as
the cation ratio dating method implies. Using EDX analysis, as was done by Harrington and Whitney
(1987), Ba in the varnish interferes with the Ti signal, suggesting that all previously reported cation ratio
dating values are effectively K+Ca/Ba+Ti instead of K+Ca/Il. Since Ba, like K and Ca, Is a mobile
element, the accuracy of the cation ratio dating technique is compromised. The PIXE method used by
Dom has the same problem as the EDX method used by the USGS. Finally, the oldest varnish on a rock
specimen, due to its location in hollows and fractures, makes up only a small percentage of the total
varnish and is biased against sampling (PIXE) on analysis (SEMWEDX) (see Appendix C: 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 if the method as Is or as possibly modified will provide accurate
chronological information. On these basis, we have been unable to respond to our Key Issue or
Characterization Issues. With respect to our Review Issue, we find that the results of our investigation to
date do not match the USGS data.

ADDITIONAL WORK REQUIRED:

Analyze desert varnish using a variety of techniques Including SEM/WDX (wave length dispersive
which appears to distinguish between Ba and Ti).

Analyze desert varnishes for two major locations previously analyzed by Dom.

RECOMMENDED PROGRAM/EXISTiNG PROGRAM:

Objective:

To respond to our Key and Characterization Issues.

Activity:

To continue our efforts by accomplishing the additional work that we stated above.

STATUS OF PREVIOUS RESEARCH:

Although our 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 information we presently have Is not publishable without additional supportive data which needs to be
collected.

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 general ab-
sence 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.
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Geochemistry and Mineralogy

ISSUES:

Is there a method, that complements hydrogeologic observations (water sampling 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, to what extent does it predict the motion
of vadose-zone water? And how would data obtained using such a method affect radioactive waste
isolation?

Characterization Issues:

Can the tandetron (accelerator mass spectrometer, or AMS) Identify the presence of carbon-14,
tritium, andlor iodine In single zeolite crystals? And, if so, can a technique be developed to do this on a
routine basis?

Will this technique be able to distinguish between liquid flow and vapor flow?

Can we 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-14 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 "youngo water through the vadose zone.

ACTIVITY SUMMARY:

Utilizing the tandetron facility at the University of Toronto, we have been successful In developing
a laboratory technique to measure carbon-14 In single crystals of clinoptllolite. These results Indicate that
14C (as CO2) are exchangeable into clinoptilolite. 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.

We are 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.
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FINDINGS:

We are optimistic about the relevance of this approach since we now have the capability 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, we are 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, we 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 our 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 our Key and Characterization Issues.

Activity:

To continue our laboratory efforts and to expand our 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:

Will the geologic barriers 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:

Can magnetic stratigraphy of the volcanic units at Yucca Mountain be used to fingerprint time
stratigraphic units, thereby aiding the control of depth of drilling stratigraphy?

GENERAL OBJECTIVE:

Determination of magnetic stratigraphy for Yucca Mountain for use 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:

Field-data collection of samples and magnetic data from outcrop samples from Tiva Canyon to
the upper beds of Topopah Springs Member have been carefully made. The sampling areas have been
carefully mapped and susceptibility and NRM data have been collected. Magnetic-background data have
been collected also. Data have been collected from the west side of Yucca Mountain (see Appendix C:
Schlinger, C. M., 1989).

Transmission-electron microscopy (TEM) has been used to characterize the size, distribution,
and mineralogy of the magnetic minerals.

FINDINGS:

Magnetic-field data collected suggest that there is good lateral continuity and stratigraphic
susceptibility anomalies to utilize magnetics as a "fingerprinting' indication of drilling depth (formation
stratigraphy).

There appears to be a time stratigraphic problem in the upper Topopah Springs Member of the
Paintbrush Tuff where this portion of the unit has NMR characteristics similar to the overlapping unit (Tiva
Canyon) and Is dissimilar with the Topopah Springs Member below. This may suggest that the
emplacement and cooling history of the stratigraphic framework Is not well understood or that the top of
the Topopah Springs Member has a CRM component (see Appendix C).

INTERPRETATION OF FINDINGS:

The findings thus far suggest that magnetics appears to be a good tool to use to obtain
stratigraphic control during drilling. Nevertheless, more field data are required to obtain detailed
information not presently exposed. In order to accomplish this, drilling samples must be obtained. It
appears that magnetic data can assist in refining time-stratigraphic cooling history of the tuff units and that
our present understanding of the parameters are limited and potentially Inaccurate.
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ADDITIONAL WORK REQUIRED:

Obtain closely-spaced detailed magnetic data from core samples and boreholes.

Compare the magnetic data with petrographic data so that magnetic profiles can be constructed.

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 our 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).
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Past Climate and Related Genesis of Authigenic Desert Carbonates and Silicates.

There are analytical support activities of a geochemical and mineralogic nature that have been
called upon to aid climate-change investigations. These 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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Geochemistry and Mineralogy

ISSUE:

Can authigenic reactions within volcanic ash be sufficiently understood so that these ashes can
be correlated across the Tecopa Basin, and be used in obtaining accurate stratigraphic data which then
can be utilized for interpretation of past climate and paleohydrologic Issues?

Characterization Issues:

Can the history of diagenesis in volcanic ashes In the Tecopa region be of assistance in studying
authigenic reactions in volcanic tufts at Yucca Mountain?

Can the history of diagenesis in volcanic ashes in the Tecopa region 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 our 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:
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 (see Appendix C).

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 our 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.
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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 of Importance with respect to
resolving licensing issues. Can sufficient paleohydrological information be acquired from desert
carbonates to assist in Interpreting the past climate for the past 100,000 years?

Characterization Issues:

Can desert carbonates be distinguished on the basis of petrological and geochemical evidence to
the extent that these information impart information concerning the environment of genesis?

To what extent does biological activity such as algal growth promote carbonate precipitation in
desert marsh lands, desert lakes, and temporary desert ponds?

To what extent are these deposits different/similar to Inorganic-carbonate precipitation? To what
extent do biocarbonate deposits inform us of past climate conditions?

How do Trench 1 carbonate sediments compare with modem-day desert-pond sediments?

How do marshland sediments differ from desert-lake sediments?

How variable is the aerosol-carbonate depositional contribution to desert soils in the immediate
area of Yucca Mountain? What is the relative contribution between aerosol and in situ biotic transfer
carbonate precipitation 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 reprecipitatlon, blocarbonate 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.

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.
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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 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.

INTERPRETATION OF FINDINGS:

At present, our 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.

Start comprehensive analyses of Trench 14 samples as soon as we have completed Trench 1
samples.

RECOMMENDED PROGRAM:

Objective:

To respond to our Key and Characterization Issues.

Activity:

To continue our laboratory and field data collection efforts.

EXISTING PROGRAM:

The existing program will expand its efforts as soon as we have 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 (from 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. To what extent do the aqueous solutions responsible for these authigenic miner-
al precipitates jeopardize the postclosure performance of the proposed repository at Yucca Mountain, if
the conditions responsible for their formation were to reoccur?

Characterization Issues:

What is the genesis of fracture-filling opal In Trench 14?

What is the genesis of fracture-filling carbonates In Trench 14?

What is the Immediate source for ash and bloclastic(?) debris In the fracture filling of Trench 14?

Is there geochemical evidence, such as might be obtained from isotope analyses, that might
suggest the origin and timing of these deposits?

Are there 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 Irom the carbonate characterization study to assess the significance
of biological-carbonate production (in situ) In desert fractures and faufts.

Obtain field and laboratory data utilizing paleontological, geochermical, 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
aftered; consequently, the liquids responsible for the deposition of the opal and carbonates may have
been ambient in temperature.

SEM backscatter analysis has been determined as a usable tool to distinguish textural carbonate
data important to the project.

-59 - MY89051 1d



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: Blundy, J., et al., 1987, 1988).

Biotic-carbonate genesis in desert environments such as ponding water in fractures, may be a
fairly significant mode of carbonate production (see Appendix C).

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 aeollan transport and deposition (see Appendix C).

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, aeollan 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).

ADDITIONAL WORK REQUIRED:

To analyze Trench 14 material recently collected during the USGS field trip to Yucca Mountain.

To complete analyses of Trench 1 samples.

To reestablish the volcanic-glass alteration studies and obtain rates of chemical reactions for the
desert-surface authigenics.

RECOMMENDED PROGRAM:

Objective:

To respond to our Key and Characterization Issues.

Activity:

To continue our 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 our glass-hydration research
and have had to slowly schedule Trench 1, 14, 17 and sandramp samples into our laboratory.
Consequently, although our research Is progressing, it 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

Geochemistry and Mineralogy

List of Published Papers, Abstracts, and Manuscripts Included In the appendix.

Blundy, J. D., R. G. Bums, and M. E. Morgensteln, 1987, Authigenic minerals In rhyolite tuft at Yucca Mt.,
Nevada; diagenesis in a proposed nuclear waste repository: Geological Society of America
Annual Meeting, Poster Session, Abstract.

Blundy, J. D., R. G. Bums, M. E. Morgenstein, 1988, Non-sorptlive minerals forming in rhyolite tuft at
Yucca Mountain, Nevada: diagenesis in a proposed nuclear waste repository: submitted to Earth
and Planetary Science Letters, 39 p.

Bowers, T. J. and R. G. Bums, 1988, Activity diagrams for clinoptiolite: susceptibility of this zeolite to
further diagenetic reactions: manuscript submitted to the American Mineralogist, 41 p.

Bums, R. G. and T. J. Bowers, 1988, Activity diagrams for clinoptilolite: relevance of zeolftized vitric tuffs
at Yucca Mountain, Nevada: Geological Society of America, Abstracts with Program, vol. 20, no.
7, p. A359.

Krinsley, D. and S. Anderson, 1989, Desert varnish: a new look at chemical and textural variations:
Geological Society of America Annual Meeting, Poster Session, Abstract.

O'Hara, P. F., Manley, C. R., and Krinsley, D., 1988, Chemical zonation within Bishop Ash, Pleistocene
Lake Tecopa, Inyo County, Califomia: Geological Society of America, Annual Meeting, Poster
Session, Abstract and manuscript, Poster Session, 22 p.

Schlinger, C. M., 1989, Magnetic Stratigraphy of Ash-flow Sheets at Yucca Mountain, Nevada, Eng. Geol.
and Geotech. Eng., Watters (ed.), Balkema, Rotterdam, p. 19 to 24.

Wood, V. J., Hubbard, M. S., and Bums, R. G., 1988, Cesium uptake by clinoptilolite crystals: Implications
to the Immobilfation of radionuclides stored at Yucca Mountain, Nevada, Geological Society of
America, Abstracts with Program, vol. 20, no. 7, p. A359.

Wood, V. J., Hubbard, M. S., and Bums, R. G., to be published, Cesium uptake by clinoptilolite crystals,
manuscript,19 p.
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Cobbles of desert pavement at the base of Yucca Mt. derived from bedded

tuffs above the Topopah Springs Member display prominent geopedal textures

in which a leached rind (zone A, 1-2 mm) is separated from core (zone C) by

brown vitreous zone B (3-6 mm). This weathering profile is also displayed on

outcrop surfaces, Concentration profiles by EMP and SIMS analyses 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, and water (measured by difference)

decreases from - 4 wt.% (zone C) to <3% (zone A). Comparisons of zone C glass

shards in outcrop surfaces and pavement cobbles reveal that total (mole %)

alkali contents remain approximately constant, with higher K and Rb and

lower Na, Li, and Ca in outcrop samples. This indicates a coupled diffusion

transport mechanism for these cations in hydrated rhyolite glasses. Suptle

variations in Si and Al concentrations correlate with changes of shard surface

textures and mineralogy from zone A to zone C revealed by SEM and XRD

measurements. Thus, zone C shards are associated with authigenic smectite

and minor clinoptilolite and silica. Shards at the zone B-C boundary are coated

with lepispheres of opal CT and dendritic clinoptilolite, whereas shards at the

zone B-A boundary have crusts of botryoidal opal CT associated with sparry

calcite. Therefore, the authigenic minerals in geopedal zone B correspond to

assemblages occurring in diagenetic Zone 11 of buried pyroclastic deposits

(Iijima, 1975). Zone A shards, as well as feldspar phenocrysts, show pitted

surfaces indicating the onset of dissolution. They are associated with calcite

rhombs, palygorskite, Mn-Fe oxides, and evaporite minerals. The clinoptilolite

+ opal CT + calcite + smcctite assemblages recorded here resemble mineral

deposits lining fractures throughout the proposed repository for underground

storage of high-level nuclcar waste and in underlying bedded tuff horizons at
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Yucca Mt. Thus, diagenetic reactions similar to those between aerated meteoric

water and rhyolite 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 [1,21. 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 [4,51. 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 1),

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 HC!,

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 PCI 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 PCI 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 jIm 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)
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measurements described later, having diameters of up to 50 grm 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 a) in the EMP

analyses of glasses, which are limited by counting statistics, were as follows: SiO2

0.3%; A120 3 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.
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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 8Si included 7Li, 2 3Na, 3 9K, 4OCa, 47 Ti, 55Mn, 5 6Fe, 85Rb, 89 y, 9Ozr, 93Nb, 13 8Ba,

and 1 3 9La. Element ratios against 2 8 Si 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-l. Precision limits (to 1 a) based on counting

stastics were as follows: Li 2.3%; NaO 0.5%; MgO 4%; K 2O 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 K20 on glass shards revealed a

relative discrepancy of only 2%. H2 0 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 PCI 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 H20 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 (20,211 and experimentally-hydrated [22,23]

rhyolitic glasses. Such high H-120 contents largely represent post-erruptive water

of hydration, since fresh volcanic glasses in pyroclastic rocks rarely exceed 1 wt.%

[24] but undergo hydration rapidly (25,261. 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 K20 plus Na2O, K 2 0 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

Na2O 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 B1). Compositionally, the

botryoidal crusts are nearly pure SiC2, whereas the opal-CT lepispheres contain

appreciable Al, K and Na. The opal lepispheres in inner zone B (zone 11) 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 (9-121, 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-B 2

contact (Figure 8C and D); and sparry "dog-tooth" calcite with the botryoidal silica

crusts near the zone B 1-A contact (Figure 8A and B). Similar calcite + silica

assemblages have been recorded as fracture-coatings from borehole (11,12] and

trench [13,311 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



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 U 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 [I, respectively.

S. 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 133].
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Hence, 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, 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, %, and B 2, while calcite

and palygorskite prevail in zones B1 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 Nat 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 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

(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 as
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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 [421.

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
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(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 mayipas-s-0 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.
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Table 1. Average compositions of analysed glasses

Oxide PCI.Gl PC4.G1 PC4.G2 PC4.G3 PC4.G4 PC4.G5 PC4.G2*
Wt.% (C](4) CCI(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 03 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

K20 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

H20** 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.G1: 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 PCi Zi PC4.Z2 PC5.Z3
.Wt.% [B](3) [B](4) (B](1)

SiO2 55.8 58.9 64.0
A12 03 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
K20 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 K20 versus Na2 O 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
t' (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.

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 (BC) 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 1 is subdivided
into three subzones B,1 B 2 and B 3 , based on mineral assemblages identified
by SEM and XRD measurements.



:t4 ~ ~ ~ ~ ~ ~ ~ I -

.1* . .~~~ZO E

I I. ,.

I.~~~~~~~~~

1%

I 'C



-~~~~~

DISTANCE ACROSS SHARD (MICRONS): ELECTRON MICROPROBE

0s 20 40 60 8( too 120 140

74 i

72

12
A AL203:
V 70 --

10

0.9

0.7 ON8

X ~~~~~~~~~~K20 A]6

4

\ /NA20 2

K-



I- II' ' '' ' __sO I ''.
! 5.0

0.14

0.12

0 -0
0.10

0
'I

.. i. .

I
I

0.08 s

!
,.

440

S 420 .
A " -/

400 ;

w

380

280

260 9
240a 6
220

0

-J

: ... .. .

40

30 1
20 I

; 32

1 30

2 28 _
Li

26

24

n Z I )4 4 g'If N I 1 O E ) 120 140

DISTANCE ACROSS SHARD (MICRONS): ION MICROPROBE



C

94J
se

2.0 3.0 4.0

WT % NA20

S.0



((



C C (



C)



( ((

I



0

Salts
Mn-Fe oxides
Palygorskite
Concretions
Dissolution

textures
Calcite
Opal
CllnoptIlollte
Smectite
Fresh Glass

-4--

14
L6

0

w

0.

4
WO

sparry

4

z
0
N

1-2 mm

I -

crusts Isplspheres I
I-

eq

z
0
NI

. �W

rhomb

to

z
0
N

co

z
0
N I

U
Lu
z
0
N

* -4

3-6 mm



ACTIVITY DIAGRAMS FOR CLINOPTILOLITE: SUSCEPTIBILITY OF

THIS ZEOLITE TO FURTHER DIAGENETIC REACTIONS

TERESA S. BOWERS AND ROGER G. BURNS

Department of Earth, Atmospheric and Planetary Sciences

Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139.

[Manuscript submitted to the American Mineralogist]

November 28, 1988.



1

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. The zeolite, which

lines fractures adjacent to the proposed repository for high-level nuclear waste in

a densely welded, devitrified tuff unit located in the vadose zone well above the

present-day water table, is particularly abundant in underlying vitric to zeolitized

non-welded tuffs. Compositional variations of clinoptilolites in the fractures and

zeolidzed tuffs not presently in contact with groundwater raise questions about

the long-term stability of this zeolite to further diagenetic reactions. Equilibrium

activity diagrams were calculated for clinoptilolite solid-solutions in the seven-

component system Ca-Na-K-Mg-Fe-AI-Si plus 120 employing available

thermodynamic data for related minerals, aqueous species and water. Stability

fields are portrayed graphically on plots of log(aNa+/aH+) versus log(aCa2 +/(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, K for Ca, and Mg for Ca, reaches a maximum for intermediate activities of

dissolved Al, and decreases at elevated temperatures. 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 OC with calcite and

several zeolites including Ca-bearing clinoptilolite. Sodic clinoptilolites are

stabilized in groundwater depleted in Ca2+ and enriched in Na+ derived from
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altered vitric tuffs. Decreasing A13+ activities results 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 and heated by the thermal

envelope surrounding the nuclear waste repository may eliminate sorptive

clinoptilolite.
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INTRODUCTION.

Clinoptilolite, ideally (Na,K,Ca)5 -6Si 30A16 0 72 .24H2O, is an abundant natural

zeolite that is common in diagenetically altered volcanic rocks where it forms by

post-eruptive reactions of saline groundwater with rhyolidc glass shards in

tuffaceous ash-fall and ash-flow deposits (Hay, 1966; Hay and Sheppard, 1977;

Iijima, 1975, 1980), Such silicic ash-flow tuffs are the predominant lithology at

Yucca Mountain, Nevada, the site of the proposed repository for burial of high-

level nuclear waste (U.S. Dept. Energy, 1988). The repository horizon there 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 should groundwater flowing through

the repository cause leakage of fission products in the future.

Clinoptilolites analysed 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 the underlying zeolitized tuffaceous beds

of Calico Hills unit (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). However, in

the underlying tuffaceous beds of Calico Hills unit and deeper zeolitized tuff

members, 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. Such compositional variations of
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clinoptilolites not presently in contact with groundwater raise questions about the

long-term stability of this zeolite to further diagenetic reactions.

Although the Topopah Springs Member and tuffaceous beds of Calico Hills unit

both lie in the undersaturated 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 Springs 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 Springs 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 modelling studies for characterizing the Yucca

Mountain exploration block (e.g. Oversby, 1985; Delany, 1985; Knauss et al.,

1985ab; Moore et al., 1986). Whether or not J-13 water is of an appropriate

composition for prediction of authigenic mineral reactions in the undersaturated

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 relevant oxide and aluminosilicate phases. Results

reported here indicate that authigenic minerals such as clinoptilolite modify, and

are modified by, groundwater compositions.
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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 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

NaO.5 6KO.9 8 Cal.5OMg .23Feo.3AM6 .7Si 2 9 O72.22H2 O

and, as indicated in Table 2, resembles some of the (Ca + Mg)-rich clinoptilolites

lining fractures in the Topopah Spring Member and present in the zeolitized tuff

of Calico Hills unit, particularly beneath the north-eastern block of Yucca Mountain

(Broxton et al., 1987). However, since Hemingway and Robie (1984) provided

only increments to the free energy and enthalpy with no reference points, it was

necessary to estimate the standard free energy of formation kGO1) and enthalpy

of formation (AHOA for clinoptilolite at 25 OC by a component-summation method,

using thermodynamic data for water and related minerals listed in Table 1

(Helgeson et al., 1978; Robie et al., 1978). Thus, the AGOf and AHOf values of

clinoptilolite that are listed in Table 3 were estimated from data for natrolite,

scolecite, K-feldspar, brucite, hematite, gibbsite, quartz, and water. Similarly, the

AGOf for the Ca end-member heulandite was estimated from the value given by

Johnson et al. (1985) after correcting for minor Ba, Sr, K and Na components. The

AGOf of Na-phillipsite was estimated from the experimental value for natrolite

(Johnson et al., 1983) and data for quartz and water. Values of AGOf for Ca-
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phillipsite and epistilbite were estimated in a similar manner from published data

for scolecite (Johnson et al., 1983), while the free energy of formation of K-

phillipsite was estimated from those of Na-phillipsite, albite and K-feldspar. All

estimated data used in this study are listed in Table 3.

Table 4 contains estimated free energies of formation for compositionally

variable clinoptilolites. Independent substitutions are allowed of Na for Ca, K for

Ca and Ca for Mg, where charge balance is maintained. AG0f is estimated from the

value given for cinoptilolite in Table 3 by a component-summation method using

natrolite, scolecite and H20 for Na-Ca substitution; K-feldspar, anorthite and

quartz for K-Ca substitution; and CaO and MgO for Ca-Mg substitution. These

correction mechanisms result 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 J-13 well, it is generally assumed (Oversby, 1985) that the

composition of J-13 well-water approximates the prevailing groundwater

chemistry of the proposed repository horizon in the same formation at Yucca

Mountain even though the Topopah Spring Member there is in the undersaturated

zone. As a result, J-13 well-water has been 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). 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
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was used (Daniels et al., 1982). However, during experiments in which 1-13 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 3-13 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 Am filter) to <0.01 mg/l (0.05 glm filter) (Daniels et al., 1982).

Cation concentrations in solutions contacted with vitrophyre samples from the

Topopah Springs Member at 152 OC 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. A specimen of zeolitized tuff from

the tuffaceous beds of Calico Hills unit reacted with J-13 water at the same

temperature 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 a -98% microcrystalline

feldspar-cristobalite-quartz and accessory (<2%) biotite-montmorillonite

assemblage (Bish et al., 1984). Reactions were performed for 2-3 month intervals

at temperatures of 90, 150 and 250 OC and pressures of 90-100 bars. Results

from the 150 OC 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
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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 smectite. The experiments at 90 OC and 250 OC

produced similar trends. 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 undersaturated zone in tuffaceous deposits have been conducted at

Rainier Mesa located 50 kn 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 deposits at Yucca Mountain.

Concentrations of Ca and Mg in interstitial waters decreased as a function of depth

and were generally lower than 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 water compositions, while Cl-

decreased and HD3 - 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 HlD 3 -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, while the fracture-flow water was enriched in H1O3- relative to the

more Cl--rich interstitial water. Comparisons made with dissolution experiments

on vitric and crystalline tuffs demonstrated the rapid dissolution 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-
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cristobalite groundmass resulted in solutions rich in Ca, Mg and H33- (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.

These results clearly show that zeolitized tuffs affect groundwater chemistry

and suggest that compositional variability of clinoptilolites influence, and are

influenced by, groundwater compositions.

Representation of Activity Diagrams.

Three- and four-component plus 11O systems can be readily represented in

two dimensions. For example, in the system Ca-AI-Si-1tO, 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 epistilbite can be represented by writing a hydrolysis

reaction for each mineral:

SiO2(am) = SiO2(aq) [1]

CaAl 2 Si6Ol6.5H20 + 8H+ = Ca2 4 + 2Al3+ + 6 SiO2(aq) + 92O (2]

Combining reactions (1] and [2] such that no SiO2(aq) remains gives:

CaAl2Si 6Ol6.5H 20 + 8H = 6Si0 2 (am) + Ca+ + 2Al3+ + 9H2 0 [3]

A logk as a function of pressure and temperature can be calculated from

thermodynamic data for this reaction and is expressed as:

logk = 2Iog(aAl3+I(aH+)3 ) + 1o0(aCa2+/(aH+)2) (4]

If the x and y axes are chosen as log(aAj3+/(aH+)3) and Iog(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 ep'istilbite (see Figure 2a discussed later). Similar

calculations are performed for all mineral pairs and the resulting intersecting lines



10

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 assumed to be at

saturation to constrain the fourth component. For example, the system Ca-Na-Al-

Si-H2 0 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:

CaA12Si6O 16.5H 20 +2H+ = 2A1(OH)3 + 6SiO2(aq) + CaR+ + 3H20 (5]

Gibbsite, however, provides a 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, kaolinite,

and calcite (Broxton et al., 1987). These phases, together with the composition of

3-13 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, a constituent of the welded devitrified

tuffs at Yucca Mountain, 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 A13+' lines A,
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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. The

reported analysis of Al in J-13 well-water (0.012 mg/I) is too high to be

equilibrium controlled. The fluid speciation program used to calculate cation

activities (EQ3NR of Wolery, 1983)indicates that at the pH of J-13 water (-7.5),

dissolved Al occurs predominantly as AI(OH)4-, with a calculated equilibrium

value for [Al3+] of - 2 xa 10-I 1M. Using an activity coefficient of -0.6 gives a value

for log(aAl3+/(aH+)3) of 9.6, in excess of the gibbsite saturation value of -7.9

(Figure 1). A possible interpretation of this result is that the Al in J-13 well-water

includes unfiltered particulate matter passing through membrane filters. 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 IE)D

content equivalent to that of J-13 well-water (Table 5) and using the 90 C

analytical data in the activity diagrams calculated at 100 OC,

RESULTS

Three-Component plus H 2 0 Diagrams

A series of three-component plus H 2 0 diagrams are shown in Figures 2 to 4 for

the systems Ca-Al-Si, Na-AI-Si, and K-AI-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 reported to be the

commonly observed authigenic SiO2 phase in zeolitized ash-flow tuffs at Yucca

Mountain (Broxton et al., 1986, 1987). As a result, all of the three-component

diagrams in Figures 2-4 have amorphous silica as the stable phase in the bottom

left-hand corner. Amorphous silica occupies a relatively smaller stability field
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than would quartz had quartz not been suppressed. Figures 2a-c illustrate the

changes in mineral phase relations for the system Ca-Al-Si with increasing

temperature at 25, 100, and 200 0C with pressures corresponding to the steam

saturation curve. Note that the epistilbite 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 OC may exist at lower temperatures as well, but

does not appear in Figs. 2a and b possibly because of inaccuracies in the

thermodyamic 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 OC) 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. It is apparent from

Figs 2a and b that in the simple Ca-Al-Si system, J-13 well-water is somewhat

undersaturated with respect to calcite at 25 OC and slightly oversaturated at 100

OC

Activity diagrams for the system Na-Al-Si illustrated in Figures 3a and b show

that Na-beidellite becomes stable at 100 OC. Figs. 4a and b show similar diagrams

for the system K-Al-Si at 25 and 100 OC. J-13 well water plots below any of the

Na- or K-rich zeolites in Figs. 3 and 4 and is consistent with equilibrium with

respect to feldspar: albite in Fig. 3 and K-feldspar in Fig. 4.

These diagrams indicate that although the activity of Al is unconstrained,

calculated cation activities for J-13 well-water are consistent with the formation

of Ca-rich zeolites and smectite observed in experimental studies of tuff samples

contacted with water at ambient and elevated temperatures (Knauss et al.,

1985ab; White et al., 1980).
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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 120 systems necessary for plotting the stability field of

clinoptilolite. Figures 5-8 are activity diagrams for the system Ca-Na-K-Al-Si.

Values of log(aNa+IaH+) and log(aCa2+/(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 shown in the

plot of log(aAI3+/(aH+)3 ) versus logasiO2 at 25 OC in Figure 1. The activity

diagrams in Figures 5a-d are balanced on Al at 25 OC and have logasiO2 specified

by the lines labelled D, E, F, G and H in Figure 1. The activity diagrams in Figures

6a and b are balanced on Al with amorphous silica and quartz saturations,

respectively, at 100 OC. Figures 7a-d are balanced on Si at 25 OC and have A13+

concentrations constrained by values corresponding to lines labelled I, A, B, and C,

respectively, on Figure 1. The 100 OC diagrams shown in Figures 8a-c are

balanced on Si with Al constrained by pyrophyllite-amorphous silica, kaolinite-

pyrophyllite, and gibbsite saturations, respectively. Clinoptilolite is included in

these 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). 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
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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: mesolite is a stable zeolite at low activities of silica; the mesolite field

narrows and then disappears with increasing silica activity; and, clinoptilolite is

stable at high activities of silica and increases in size the higher the silica activity.

The effects of temperature can be seen by comparing Figure 5a 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 OC than at 25 0C.

The effects of variable Al activity at 25 OC can be observed in Figure 7.

Mesolite has the largest stability field at gibbsite saturation (Figure 7d).

Clinoptilolite is not stable at high Al activities corresponding to gibbsite saturation,

but appears with decreasing Al activity (Figures 7a-c). Its stability field

maximizes in size at an intermediate Al activity constrained by the coexistence of

amorphous silica and pyrophyllite (Figure 7b), and then becomes smaller with

further decrease in Al activity (Figure 7a). Note that circles representing Ca and

Na concentrations of J-13 well-water plot close to the join of mesolite, epistilbite

and clinoptilolite in Figures 7b and c. Again, effects of increasing the

temperature to 100 OC may be seen in Figure 8 which shows that the clinoptilolite

stability field decreases with increasing temperature and appears only at low Al"

activities.

In Figures 9a and b, the system Ca-Na-K-Al-Si is represented with

log(aK+)/(aH+) replacing0og(a3Na+)/(aH+) on the x-axis and albite replacing K-

feldspar as the saturation phase. Figure 9a is balanced on Al and amorphous



15

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 the zeolitized tuffaceous

beds of Calico Hills unit 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 Figures lOa-c, respectively. Each

activity diagram is related to that shown in Figure 7b in which Si is balanced and

Al activities are constrained by the pyrophyllite-amorphous silica (plus K-

feldspar) assemblage.

Figure 1Oa shows that with increasing atomic substitution of Na in

clinoptilolite, the clinoptilolite stability field narrows and is displaced to lower

calcium activities. Conversely, the clinoptilolite stability field widens for

clinoptilolites with higher Ca contents. Clinoptilolites more sodic than Nal. 56Cal.0

are no longer in equilibrium with J-13 well-water, suggesting that groundwater

with higher Na 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

lOb), which widens considerably with increasing atomic substitution of K for Ca in

clinoptilolite. Clinoptilolites less potassic than KO.5 Cal.74 would no longer be in
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equilibrium with J-13 well-water. Magnesium, too, replacing Ca in clinoptilolite

widens its stability field (Figure 10c). Clinoptilolites less magnesian than

Cal.7Mg 1.0 3 would not be in equilibrium with J-13 well-water, but this effect

could be compensated by increased atomic substitution of K into the zeolite.

Clinoptillolites less magnesian than Ca2. 5Mg 0 .23 do not coexist stably with Ca-

saponite under the conditions of the activity diagram shown in Figure 10c.

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 alterated volcanic glasses. Such

assemblages are commonly observed in vitric tuff samples from drill cores at

Yucca Mountain (Benson, 1976; White et al., 1980; Broxton et al., 1987) and from

surface desert pavement and outcrop locations (Blundy et al., 1988).

Clinoptilolite has a maximum stability field at some intermediate aluminium

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 (Figure 7b). Furthermore, since the composition of J-13

well-water appears to be approximately in equilibrium with respect to calcite, the

J-13 Ca2+/Na+ points plotted in Figures 5a, 7b and 7c suggest that the aluminum

activities lie between the values for kaolinite-pyrophyllite and pyrophyllite-

amorphous silica. Such aluminum activities also indicate that J-13 well-water

could be in equilibrium, with other zeolites represented on the activity diagrams,
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including epistilbite (Figure 5b) and mesolite (Figure 5c, 7b and 9b), particularly

when the stability field of Na-rich clinoptilolites is diminished (Figure 10a).

The clinoptilolite stability field decreases in size with increasing temperature

between 25 OC and 100 OC (Figures 6 and 8), and has disappeared by 200 OC. This

correlates with hydrothermal experiments (Boles, 1971; Knauss et al., 1985ab;

Hawkins et al., 1978) and observed geological occurrences of clinoptilolite (Hay,

1966; Hay and Sheppard, 1977). 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 smectite 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 and may be indicative of groundwater interactions, perhaps with

microcrystalline devitrified tuffs which produce relatively high concentrations of

dissolved Ca2+, Nat and HCO3- in fracture-flow water (White et al., 1980). The 25

OC 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, 1988).

The abundance of drusy quartz coating fractures there (Carlos, 1988) may depress

the silica activity below that necessary to crystallize clinoptilolite.

Diagenetic zone II, which characterizes the tuffaceous beds of Calico Hills unit,

represents extensive zeolitization of vitric tuffs to clinoptilolite-bearing

assemblages, and is promoted by saline groundwater and slightly elevated

temperatures (Smyth, 1982). Progressive hydration and dissolution reactions of
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the rhyolitic vitric tuffs increase the concentrations of SiO2, Na+, and ultimately K+

in groundwater (White et al., 1980) from which clinoptilolite-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 J-13 well-water compositions at

elevated temperatures and for 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 m11, while Zone IV is

represented by the breakdown of analcime to albite at greater depths. The Zone

II - Zone III boundary appears to be between 100 OC and 150 OC (Smyth, 1982),

which again is consistent with the absence or decreased stability field of

clinoptilolite in activity diagrams calculated at elevated temperatures. Adverse

effects of temperature on the clinoptilolite stability field also indicate the

vulnerability of calcic clinoptilolites to thermal decomposition in the vicinity of the

heat envelope surrounding stored radioactive waste at Yucca Mountain,

particularly if concentrations of dissolved Na were to increase, and Ca decrease, in

heated groundwater.

Several observed reactions suggested by phase assemblages in weathered

vitric tuffs (Benson, 1976; White et al., 1980; Blundy et al., 1988) 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, albite and clinoptilolite in Figures 5a 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 would account for the assemblage glass-opal-clay

silicates-authigenic K-felaspar forming on weathered vitric tuffs and outcrop and

in detritus forming desert pavement (Blundy et al., 1988). The assemblage of
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clinoptilolite-calcitce-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 in

diagenetically altered 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. 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 saline groundwater, the clinoptilolite stability

field diminishes appreciably between 25 OC and 100 OC, correlating with burial

diagenetic reactions but confirming doubts about the thermal stability of

clinoptilolite when it is in close proximity to buried radioactive waste.
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TABLE 1: MINERALS AND FORMULAS

Quartz

Amorphous silica

Gibbsite

Diaspora

Kaolinite

Pyrophyllite

Wollastonite

Grossular

Prehnite

Margarita

Ca-beidellite

Lawsonite

Ca-phillipsite

Scolecite

Epistilbite

Heulandite

Albite

Nepheline

Paragonite

Na-beidellite

Analcime

Natrolite

K-feldspar

Kalsilite

Muscovite

K-phillipsite

Mesolite

Clinoptilolite

Ca-saponite

Hematite

SiO2

SiO2

AI(OH)3

AlO(OH)

AI2Si 2OS(OH) 4

Al2Si4Oio(OH):

CaSiO3

Ca3Al 2Si3OI2

Ca:AJ2Si3Olo(OH)2

CaA~l4Si2Ojo(OH)2

Ca iesaAl2 (AI.3Si3..rOlo) (OH)2

CaAI2 Si 2O7(OH): 11H20

CaAI2SiS0 14. 5H20

CaAI2Si3O10.- 31120

CaAI2Si 6O16 .-5H 2 0

CaAISi-0 18 . 6H20
NaAISi 3OI

NaAISiO4

NaA12(AlSi3Ojo)(OH1) 2

Na.33AI 2(A1.33Si 3 .6 7010) (OH)2

NaAlSi2 Oe. 1120

Na2A12Si3O10 * 2H20

KAISi2O 8

KAISiO4

KAI:(A]51 30Ol)(OH) 2

K2A12Si5O14. 51120

Na.semCa.6s~7Ali~qSi 3 o01 j0 2.647H120

(Na.seKga&Cal.sMg 1 23 ) (AI,. 7 Fe.3)Si2g0 72 .221120

Ca.jf6sMgs(A1.33Si3.600j) (OH)3

Fe2 0 3

-



TABLE 2: REPRESENTATIVE CHEMICAL

COMPOSITIONS AND FORMULAE

OF CLINOPTILOLITE

SiO2

TiO2

A120 3

FeO 3

MgO

CaO

BaO

Na 2O

K 2 0

Total

Si

Ti

Al

Fe

Mg

Ca

Ba

Na

K

%K

%Na

Si/Al

[1]

62.78

0.28

12.33

1.41

1.99

3.10

0.13

0.63

1.67

84.32

Formulae

29

6.7

0.3

1.23

1.50

0.02

0.56

0.98

23

13

4.33

[21

65.5

0.02

13.3

0

0.86

5.19

0.17

0.21

85.2

calculated

29.2

0.01

6.98

0

0.57

2.48

0.00

0.15

0.12

4

4

4.18

[3]
68.6

0

12.4

0

0.07

3.59

1.13

3.00

88.8

for 72 oxygens

29.7

0

6.35

0

0.04

1.67

0.01

0.95

1.66

16

31

4.68

[41
68.1

0

12.2

0

0.09

1.11

0.03

2.84

4.20

88.5

29.8

0

6.28

0

0.06

0.52

0.01

2.41

2.35

44

45

4.75

11) Hemingway and Robie (1984): Thermodynamic data

[2] Topopah Spring Member fractures; Broxton et al. (1987)

[31 Tuff of Calico Hills, Eastern YM; Broxton et aL (1987)

[4] Taff of Calico Hills, western YM; Broxton et al. (1987)



TABLE 3:

ESTIMATED FREE ENERGIES AND ENTHALPIES

Na-phillipsite

K-phillipsite

Ca-phillipsita

Epistilbita

Heulandite

Clinoptiolite

AaG(298)(cal.)

-1,850,051.

-1,868,183.

-1,860,596.

-2,065,242.

-2,321,459.

-9,055,456.

AHf(298)(cal.)

-2,002,144.

-2,022,272.

-2,010,073.

-2,234,763.

-2.514,766.

-9,809,599.



TABLE 4: ESTIMATED FREE ENERGIES

FOR COMPOSITIONALLY VARIABLE

CLINOPTILOLITE

AGS(298)(cal.)

(Na565K.g 8Caj.gMgl.2s)

(AI. 7 Fe.s)Si2g07 2 * 22H2 0

Na-Ca substitution

Nal.seCal.o

Na 2 .BCao.s

Na5. 56

NaO.28Cal.64

Cal.67

K-Ca substitution

Ki.gaCal.o

K2.gsCao.s

K3.78CaO.1

Ko.gCal.7 4

Cal.gg

Ca-Mg substitution

Cao.yMg2 .0

Cal.7 Mgl.03

Ca2.UMgo.73

Ca2 .Mgo.2 3

Ca2.7 3

-9,055,456.

-9,028,215.

-9,000,973.

-8,973,732.

-9,063,084.

-9,070,711.

-9,064,389.

-9,073,322.

-9,080,468.

-9,051,168.

-9,046,702.

-9,049,080.

-9,057,112.

-9,059,596.

-9,063,736.

-9,065,640.



TABLE 5: CHEMICAL COMPOSITION

OF J-13 WELL WATER (mg/l)

[1] [2] [3] [4] [5] [6] [71

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 6.48 13 11.5 14 11

Mg 1.92 1.1 0.315 2.0 1.78 2.1 0.95

Sr 0.035 0.05 0.002

Al 0.012 0.999 1.64 0.02 0.03 0.01

Fe 0.006 0.01 0.04 0.004

SiO2 57.9 53 148 59 31.8? 6B 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

HCO3 125.3 178.8 61.0 120 143 120

S0 4 18.7 18.3 18.5 19 18.1 22

pH 7.6 7.27 8.97 7.5 8.9 7.1

[1] Delany (1985)

[21 J-13 reacted with TS tuff at 900C;

KnausJ et aL (1985)

131 J-13 reacted with TS tuff at 150°C;

Knauss et aL. (1985)

[4] Moore et aL (1986)

[51 Bish et aL. (1984)

161 Daniels et at. (1982)

[7] Daniels ct al. (1982), after J-13 water reacted with

TS tuff at 250C



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 H 20 system

balanced on Si (a) at 25 OC; (b) at 100 OC; and (c) at 200 OC and 15.5 bars.

Figure 3. Activity diagrams for the three-component Na-Al-Si plus H 2 0 system

balanced on Si (a) at 25 OC; and (b) at 100 OC

Figure 4. Activity diagrams for the three-component K-Al-Si plus H 2 0 system

balanced on Si (a) at 25 OC; and (b) at 100 OC

Figure 5. Activity diagrams for the Ca-Na-K-Al-Si plus H 2 0 system balanced on Al

at 25 OC for different silica activities (a) amorphous silica; (b) J-13 well-water; (c)

pyrophyllite-kaolinite; and (d) quartz and cristobalite (inset dashed lines).

Saturation phases also include K-feldspar, hematite and Ca-saponite.

Figure 6. Activity diagrams for the Ca-Na-K-Al-Si plus H 2 0 system balanced on Al

at 100 OC for different silica activities (a) amorphous silica; and (b) quartz.

Figure 7. Activity diagrams for the Ca-Na-K-Al-Si plus H 2 0 system balanced on Si

at 25 OC 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 H 2 0 system balanced on Si

at 100 OC for different aluminum activities (a) pyrophyllite-amorphous silica; (b)

kaolinite-pyrophyllite; and (c) gibbsite.

Figure 9. Activity diagrams based on K and Ca activities in the Ca-Na-K-Al-Si plus

H 2 0 system at 25 OC (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 (a) Ca-Na: (b) K-Ca; and (c) Ca-Mg. The calculated 25 OC stability

fields correspond to aluminum saturation by pyrophyllite plus amorphous silica

and are balanced on Si (Fig. 7b).
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Figure 6
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Figure 9
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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 23742
ACTiVITY DIAGRAMS FOR CLINOPTILOLITE: RELEVANCE TO ZEOLITIZED VITRIC
TUFFS AT YUCCA MOUNTAIN, NEVADA

BURNS, Roger G., and BOWERS, Teresa S.: Department of Earth, Atmospheric and
Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.

Clinoptilolite, e.g. (Nao.56Ko.gCal .SoMg1.23)(S129A1S.7Feo.3)072.22H20, occurs
as a secondary mineral In zeolitized vitric tufts and Is considered to be a prime candidate
for immobilizing certain soluble radionuclides (e.g. 135Cs, 90Sr) contained In fission
products to be stored in the proposed repository for high-level nuclear waste at Yucca
Mt. Clinoptilolites, occurring In the undersaturated zone above the water table there,
show regional variations of Na and Ca, which raise questions about the vulnerability of
the zeolites to further diagenetic reactions with groundwater. Therefore, equilibrium
activity diagrams were calculated for clinoptilolite solid-solutions In the seven
component system Na-K-Ca-Mg-Fe-AI-SI plus H 20, employing available
thermodynamic data for relevant oxide and aluminosilicate phases. Stability fields were
portrayed graphically on plots of log(aNa+/aH+) versus 1og(aCa2 +/aH 4) 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 SI1 2
activities than allowed for by the presence of quartz, thus accounting for coexistence of
clinoptilolite with opal CT in zeolltized vitric tuffs. The cllnoptilolite stability field
broadens with increasing ratio of Ca to Na. reaches a maximum size for intermediate
A13+ activities, and decreases at elevated temperatures. In the absence of analytical data
for vadose-zone water at Yucca Mt., the water composition of the nearest producing well
(J-13 at the adjacent Nuclear Test Site) was used as reference. The thermodynamic
calculations show that sodium bicarbonate-type J-13 well-water Is approximately In
equilibrium with calcite and several zeolites, including clinoptilolite. Decreasing Al3+
activities results in the association of cilnoptilolite with calcite and opal CT observed In
some zeolitized vitric tufts at Yucca Mt. This suggests that prolonged dlagenetic reactions
with groundwater depleted In Al and heated by the thermal envelope surrounding the
repository may eliminate sorptive clinoptilolite.
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Tuft B (Bishop Ash) Is a LREE enriched, corundum normative
calc-alkaline rhyolite, which crops out within the mudstones
of the Late Teritary Lake Tecopa basin, and Is present In the
fresh glass, zeolite, and K-tfkrdpar diagenetic facles of
Sheppard and Gude (1968). Because airfall tuff has a nearly
fixed chemical composition during deposition, lateral
elemental variation (31 elements) is used to deduce changing
geochemical processes and patterns.

Samples of fresh glass are enriched In F, Mo, W and Y, but
these elements are depleted In all samples of recrystallized
tuft. Two zones enriched In alkalis and depleted in U are
present In the altered tuff. An As + B trace element
association is found In a six sample zone where the most
anomalous samples containing alkali enrichment, U depletion
and high Cu + Ba concentrations exist. Anomalous Pb and U
flank this zone.

Zones of both As + B and alkali depletion flank corre-
sponding zones of high concentrations, suggesting potential
paths of fluid flow. Both trash glass and recrystallized
tuff facies locally contain high calcite + Mn concentrations.
Three fluid soufces are inferred: I) hot springs which added
high concentrations of B + As and associated elements, 2)
alkali enriched fluid, which might be associated with
hydrothermal fluids, and 3) carbonate-enriched groundwater
venting Into the lake as cold springs.

Lack of correlation between these chemical zones and the
diagentic mineral assemblages may preclude a direct relation
between the fluid and diagenetic phases. The Bishop Ash could
have been open to chemical exchange prior to diagenesis.
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CHEMICAL ZONATION WITHIN BISHOP ASH, PLEISTOCENE LAKE TECOPA,

INYO COUNTY, CALIFORNIA

0'HARA, Patrick F., Kaaterskill Exploration, 691 Robinson

Dr., Prescott, AZ 86303; MANLEY, Curtis R., KRINSLEY,

David, Dept. Geology, Arizona State Univ., Tempe, AZ 85287

Tuff B (Bishop Ash) is a LREE enriched, corundum normative

calc-alkaline rhyolite, which crops out within the mudstones of

the Late Teritary lake Tecopa basin, and is present in the fresh

glass, zeolite, and K-feldspar diagenetic facies of Sheppard and

Gude (1968). Because airfall tuff has a nearly fixed chemical

composition during deposition, lateral elemental variation (31

elements) is used to deduce changing geochemical processes and

patterns.

Samples of fresh glass are enriched in F, Mo, W and Y, but

these elements are depleted in all samples of recrystallized

tuff. Two zones enriched in alkalis and depleted in U are present

in the altered tuff. An As + B trace element association is found

in a six sample zone where the most anomalous samples containing

alkali enrichment, U depletion and high Cu + Ba concentrations

exist. Anomalous Pb and U flank this zone.

Zones of both As + B and alkali depletion flank correspond-

ing zones of high concentrations, suggesting potential paths of

fluid flow. Both fresh glass and recrystallized tuff facies

locally contain high calcite + Mn concentrations. Three fluid

sources are inferred: 1) hot springs which added high concentra-

tions of B + As and associated elements, 2) alkali enriched



fluid, which might be associated with hydrothermal fluids, and 3)
carbonate-enriched groundwater venting into the lake as cold
springs. -

Lack of correlation between these chemical zones and the
diagenetic mineral assemblages may preclude a direct relation be-
tween the fluid and diagenetic phases. The Bishop Ash could have
been open to chemical exchange prior to diagenesis.



INTRODUCTION

Pleistocene lake beds in Lake Tecopa formed as a result of

the damming of the ancestral Amargosa River. Surface flow in the

Amargosa River was a direct result of higher groundwater levels

and associated increase in groundwater flow. Either at the time

of lake sediment distribution or at some later date, rock-fluid

reactions have changed the chemistry and mineralogy of the lake

deposits. This study is a preliminary attempt to explain the

spacial distributions, timing and physiochemical processes asso-

ciated with these changes.

Lake sediments may have several sources; therefore, they

probably have a high degree of chemical variance. For this reason

it would be difficult to model chemical variation caused by

alteration. However, because felsic volcanic ash of fixed initial

chemical composition exists within the basin, these rocks can be

used to model chemical and mineralogical changes due to ground-

water discharge and alteration, hotspring alteration and diagen-

etic reactions.

PREVIOUS WORK

Field studies of Lake Tecopa (Map 1) have delineated the

areal distribution of lake sediments (Hillhouse, 1987) and the

zonation of diagenetic facies using mineral assembleges from

felsic ash beds (Sheppard and Gude, 1968; Sheppard, 1985).

Currently Roger Morrison, is mapping the distribution of sedi-

mentary rock units and tuffs within the lake beds in order to

generate a model of sedimentary facies within Lake Tecopa.



OBJECTIVES

The Bishop Ash is present in all diagenetic facies of

Sheppard and Gude (1968) and crops out throughout the Lake Tecopa

basin. Textural relationships indicate that the mineral

assemblages, which make up the diagenetic facies (Figure 1)

change progressively as discontinuous reactions from fresh glass

to zeolites and then from zeolites to potassium feldspar (Shep-

pard and Gude, 1968). Because a felsic ash airfall approximates a

fixed composition at the time of deposition, the Bishop Ash can

be used to model chemical change caused by rock fluid reactions

which occured after deposition. Therefore, initial hypotheses can

be generated which can be tested at a later date with more

precise methods.

In order to explain chemical variance within the Bishop Ash,

multi-element geochemical analyses and x-ray diffraction data are

used in conjunction with multivariate statistical analysis. This

data is then used to generate hypotheses concerning the geochemi-

cal processes of rock-fluid reactions within alkaline lake

deposits. The use of the SEM-EDS system allows petrographic

testing of the initial hypotheses and the determination of the

timing of each processes (textural analysis). Once all this

information is evaluated, an inclusive model can be generated

which summarizes rock-fluid reaction processes in alkaline lake

deposits.



GEOCHEMISTRY

Fifty-two elements were analysed for thirty-two samples of

Bishop Ash. Table I summarizes the elements analysed, detection

limits, extraction techniques and method of analysis. Thirty-one

of these elements were used in the statistical analyses. The

remaining elements were rejected because the samples were mostly

below detection limit or had extremely low variance. (Table 1).

Each variable was log1o normalized in order to compare skewness

between the arithmetic and log1o normalized data. The use of

either the arithmetic or log10 normalized variable was based upon

the data set that had a skewness value closer to zero.

PRELIMINARY STATISTICAL RESULTS

Initial factors (table 2) derived from the database suggest

that seven processes are responsible for changes in chemistry

within the Bishop Ash. Fresh samples are enriched in a lithophile

element suite containing high concentrations of Mo, W and Rb with

depleted concentrations in Ba. This data suggests that during

alteration Mo, W and Rb are leached out of the ash and that Ba is

added to the ash, preferentially partitioning into the new alter-

ation phases. Locally within the altered rocks alkali addition

occurs along with a weak tendency towards U depletion. A strong

B. As association is noted and high concentrations of this suite

is inferred to be associated with hydrothermal activity. The

presence of a "chert" in the Bishop Ash locally within the area

of B, As enrichment leads credence to this hypothesis. Because



the "chert" is fairly dirty (contaminated with many components)

it is unclear whether it is formed by replacement of ash by SiO2

(silicification), formed by silicification of sediments immed-

iately above the Bishop Ash, or is an exhalative rock which is

contaminated by an ash or sediment component. Further petro-

graphic and geochemical work is needed to test these possibili-

ties. Carbonate addition is present in many samples and is asso-

ciated with an increase in Mn. Detailed field and petrographic

studies will be needed to determine whether these carbonate

enriched rocks are formed by a precipitation type chemical

reaction within local beds by groundwater, as tuffa mounds or as

exhalative zones.
Two sets of associated elements are present within the

altered Bishop Ash, which may be related to mineral reactions

during alteration or diagenesis.

1. Fe, Ti concentrations

2. MgO, F, Li concentrations

ZONATION WITHIN THE BISHOP ASH (Figures 3 through 9)

Relative zonation of elemental associations is observed by

plotting the samples within the highest factor scores for each

elemental association on a map. Figure 1 is a map generated by

computer use of coordinates arbitrarily devised for this data

set. The east-west axis is exaggerated in order to enhance the

differences between samples. Figure 2 summarizes the original

data set's distribution. Fresh samples are located in the

northeast while all other samples are variably altered. Two zones



of alkali addition are present, while the southern zone is

associated with hydrothermal (B, As) activity. Comparison with

the diagenetic facies map (Figure 1) of Sheppard and Gude (1968)

indicates that many of these processes may have occurred before

diagenesis, while some may be related to diagenetic reactions.

Future petrographic work with SEM-EDS should help unravel the

timing of these events.



FACTOR ANALYSIS

Principle component and factor analysis are designed to

represent complex relationships between a large number of

variables, measured on a set of objects by similar relationships

among fewer variables. This reduction should make complex rela-

tionships more comprehensible. Various mathematical procedures

are performed to describe the objects in terms of a small number

of new variables. These new variables are linearly related to the

original measured variables by rotation in space and should

explain most of the sample variance in far fewer variables than

originally measured (Till, 1974).

R-mode factor analysis proceeds in four steps, namely:

1. Correlation matrix is computed

2. Factor extraction

3. Rotation

4. Factor scores computed (optional)

Once the correlation matrix is computed, principle

components analysis is used to estimate the initial factors.

Principle components analysis is a mathematical procedure which

calculates the number of eigenvectors and associated eigenvalues

which explain the largest percentage of variance in the database.

The first principle component is the combination of variables

which accounts for the largest amount of variance in the sample.

The second principle component accounts for the next largest

amount of variance and is uncorrelated with one another. It is

possible to compute as many principle components as there are



variables. If all principle components are used, each variable

can be exactly represented by them, but nothing has been gained

because there are as many factors (principle components) as

variables. When all factors are included in the solution, all the

variance of each variable is accounted for, and there is no

unique factor in the model. The proportion of variance accounted

for by the common factors (communality) is 1.0 for all variables

(Norusis, 1984).

In order to determine how many factors are needed to

represent the data, the percentage of total variance which is

explained by each factor must be examined. The procedure which is

used in this report for determining the number of useful factors

in the model is the "eigenvalue 1.0" technique. This model

suggests that only factors which account for variance greater

than 1.0 should be included, because factors with a variance less

than 1.0 are no better than a single variable (communality = 1.0

by definition).

Once the number of usable factors is chosen it is important

to determine how well the factor model describes the variances of

the original variables. First, the total percentage of variance

explained by the chosen factors is calculated. Because the

factors are uncorrelated the total percentage of variance, which

has been determined, is the sum of the variance explained by each

factor. Second, the percentage of variance of the original varia-

bles, which is explained by the factor model, is calculated and

is presented in table form as the communality of the variable.

Communalities can range from 0 to 1.0 with 0 indicating that all



the chosen factors explain none of the variance, and 1.0 indicat-

ing that all of the variance is explained by the chosen factors.

During state 2 (factor extraction) factor loadings are

generated for each of the chosen factors and all the original

variables. These loadings are difficult to analyse and interpret

because they are generally all quite high. In order to maximize

or minimize the loading of each variable within an individual

factor, the factors are mathematically rotated (varimax

rotation). The goal of rotation is to transform complicated

matrices into simpler matrices (stage 3). The rotation matrix is

then calculated and new loadings determined. It is in this format

that the data is used for interpreting geochemical processes.

Factor loadings of each variable are considered significant if

their values fall between 0.55 and 1.0. The closness of the value

of the coefficient to 1.0 (positive or negative) indicates the

relative degree of influence an element has in the factor.



TABLE 1
CHEMICAL ANALYSIS

BONDAR - Clegg;blenver, Colorado

ELEMENT

A1203
CaO
FE203
to1
K20
MgO
MnQ
NaVO
P205
S102
T102
Au
Sb
B
Ag
Ba
Br
Cd
Ce
Cs
Cr
Cu
Co
Eu
F
Hf
Lr
La
Lu
Li
Mo
Pb
NI
Rb
Sm
Sc
Se
Ag
Ta
Tn
Tb
Th
Sn
w
U
Yb
Zn
Zr
Sr
Nb
V

LOWER
DETECTION

0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
0.01 PCT
5 PPM
0.2 PPM
50 PPM
1 PPM
100 PPM
1 PPM
1 PPM
10 PPM
1 PPM
50 PPM
1 PPM
10 PPM
2 PPM
20 PPM
2 PPM
100 PPB
5 PPM
0.5 PPM
1 PPM
2 PPM
5 PPM
1 PPM
10 PPM
0.1 PPM
0.5 PPM
10 PPM
0.5 PPM
1 PPM
20 PPM
1 PPM
0.5 PPM
200 PPM
2 PPM
0.5 PPM
5 PPM
1 PPM
500 PPM
5 PPM
5 PPM
r n ar

LIMIT EXTRACTION

BORATE FUSION
BORATE FUSION
BORATE FUSION

BORATE FUSION
BORATE FUSION
BORATE FUSION
BORATE FUSION
BORATE FUSION
BORATE FUSION
BOARTE FUSION
NOT APPLICABLE
NOT APPLICABLE
MULT ACID TOT DIG
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
MULT ACID TOT DIG
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
MULT ACID TOT DIG
NOT APPLICABLE
NOT APPLICABLE
101 HYDROXIDE FUS
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
MULT ACID TOT DIG
NOT APPLICABLE
MULT ACID TOT DIG
MULT ACID TOT DIG
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
MULT ACID TOT DIG
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
NOT APPLICABLE
MULT ACID TOT DIG
NOT APPLICABLE

METHOD

PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
GRAVIANTRIC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
PLASMA EMISSION SPEC
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
D.C. PLASMA
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
D.C. PLASMA
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
D.C. PLASMA
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.

ION SPECIFIC ION
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
D.C. PLASMA
IND. NEUTRON ACTIV.
D.C. PLASMA
D.C. PLASMA
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
D.C. PLASMA
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
IND. NEUTRON ACTIV.
D.C. PLASMA
IND. NEUTRON ACTIV.
X-RAY FLOURESCENCE
X-RAY FLOURESCENCE% 1r% is 1S Ir ^ E% 4 % F.^ SI a I^ _



TABLE 2

PRELIMINARY RESULTS OF STATISTICAL ANALYSES OF BISHOP ASH SAMPLES

FACTOR ANALYSIS

FACTOR EIGENVALUE

1
2
3
4
5
6
7
8

8.99753
5.75474
3.45885
3.28152
2.10266
1.73358
1.62365
1.06045

PCT OF VAR

29.0
18.6
11.2
10.6
6.8
5.6
5.2
3.4

CUM PCT

29.0
47.6
58.7
69.3
76.1
81.7
86.9
90.4

VARIABLE

AL203
CAO
FE203
LOI
K20
MGO
MNO
NA20
P205
ST02
TT02
LB
LAS
LBA
LCE
CU
LF
LA
LLI
LMO
PB
NI
LRB
SM
TH
LW
U
LZN
SR
NB
LY

COMMUNALITY

.93758
.95609
.97706
.98011
.96308
.95873
.90565
.92039
.84802
.94326
.93632
.95217
.90764
.85746
.87833
.85993
.95300
.95259
.92472
.90581
.85928
.85065
.94059
.93140
.76246
.89476
.85786
.86382
.91479
.85710
.87236



ROTATED FACTOR

lll- FACTOR

MATRIX:

FACTOR
2

FACTOR
3

FACTOR
4

FACTOR
5

FACTOR
6

FACTOR FACTOR
7 8

AL203
CAO
-FE203
LOI
K20
MGO
MN0
NA20
P205
SIO2
TI02
LB
LAS
LBA
LCE
Cu
LF
LA
LLI
LMO
PB
NI
l n
So-.
TH
LW
U
LZN
SR
NB
LY

- .71
.88

.81
- .77

.56
.95

.74
.69

-. 56-. 61
.85

.72

.84

.88

.91
.88

.67

.80

.69

.85
.90

-.75

.88
.66

.70
-. 86

.61
-.67

.64
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FIGURE 1
Diagenetic facies boundaries for Bishop Ash (Sheppard and Gude, 1968).
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Magnetic stratigraphy of ash-flow sheets at Yucca Mountain, Nevada

C l.Schlinger
DePartoent of Geology and Geophysics, Urnversity of Utah, Salt Lak CiOP Utah, USA

ABSTRACT: Ash-flow sheets ame widely distributed in dic gcological record. both spatially and temporally. A variety of
cngintering studies of these volcanic rocks can take advantagc of borehole measurements of magnetic susceptibility for sttti-
graphic corclauion and control in faulted terrain. The magnetic 'sratigraphy' of ash-flow sheets is cspecially useful because
the cooling of ash-flow sheets has a profound impact on rock magnetization, which can be readily obscrved by measuremcnt of
magnetic susceptibility and remancrt magnetization. As pan of a larger study we have obtained magnetic susceptibility proriles
for portions of the Tiva Canyon and Topopash Spring Members of the Paintbrush Tuff using a hand-held susceptibility mctcr.
The results provide a calibration of susceptibility to known geology and underscore the feasibility of thc proposed boreholc
method- The susccptibility measurements were located spatially using an electronic theodolitc and elcetronic distance metcr.
Maxima and Minima in susceptibility measured along the profiles at Yucca Mountain. Nevada. are observed to be reliable stra-
tignaphic markcrs within the Tiva Canyon and Topopah Spring Members of the Paintbrush tuff. Thc minima and maxima exist
over the t km of section examined. Maxima in susceptibility correspond cither to magnetic Fe-oxide precipitates that nucleated
and gpew hi volcanic glass subsequent to eruption. or to an abundance of magnetic Fc-Ti oxide phenocrysts. Minima in sus-
ceptibility are indicative of: precipitates that grew too large to have high susceptibility; alteration of magnetic Fe-Ti oxide
phenocrysts (or precipitates) to wcakly magnetic or nonmagnetic phases: or an absence of magnetic minerals altogether. The
size and mineralogical variations of precipitated Fe-oxide in volcanic glass of outcrop samples, which have been established
using both the transmission clectron microscope and the petiographic microscope, arm consistent with variations in susceptibility
measured at the outcrop. Susceptibility variations in these rocks are readily detectable with borehole instrumentsu although
existing instrumcntation could benefit from improvements.

DtMRODUCTION

Magnetic susceptibility is a material property that has been
used in numcrous instances to outlinc geological variations
in outcrop and borehole environments. where petrologic or
mineralogic changes can be related to fluctuations in thc
amount. size and mineralogy of magnetic minerals. Often
the applications have been economic (Glenn and Nelson.
1979; Hood ct al.. 1979), however, a variety of other inves-
tigations have taken advantage of susceptibility measure-
ment (e.g., Hearst and Nelson. 1985; Rosenbaum and
Snyder. 1985: Thompson and Oldfield. 19S6; Balch et al.. in
press). In addition, engineering and geotechnical problems
commonly involve layered soil and rock materials that may
be suitable for study and characterization by means of mag-
netic susceptibility measurements. Examples of such lay-
ered media would be ash-flow tuffs at Yucca Mountain.
Nevada, in thc Basin and Range Province of die western
United States.

Yucca Mountain is the proposed site of a national nuclear
waste repository; consequently the region has been the
subject of numerous engineering and scientific investiga-
tions. Past, ongoing and future studies of this site can take
advantage of whatever strazigraphic and structural control
might be established there. The geology consists of
normal-faulted ash-flow tuff layers. or ash-Nlow sheets as
they ar known, which have been mapped and sampled at
the outcrop and by mcans of boreholes. For borehole sw-

dics, L'C identification of units and determining their lateral
extent a:;d strucurl disnupti by faulting can possibly be
accomplishtd by means of painstaking geochemical and
petrographic studies. However. in lieu of rapid methods for
geochemical and petrographic analyses, an easier. less-time-
consuming and Icss-expcnsive geophysical method is desir-
able. Even in situations where such a geophysical investiga-
tion cannot supplant otheritudies. the results of such a study
may be of use for unequivocal interpretation of data trom
analytical investigations.

Recent magnetic studies of volcanic glasses, including
samples from boreholes at Yucca Mountain (Schlinger et al.
19S8a 1988b), have shown that magnetic susceptibility vari-
ations i volcanic glasses are often a consequence of Fe-
oxide that nucleated and grew (precipitated) in volcanic
glass at high-temperatures, subsequent to eruption. These
results suggest that cooling history-depcndent variations
should exist in most ash-flow sheet. Furthermore. it is
known that the phenocryst content of ash-flow sheets varies
with stratigraphic position and this variation can also
infuence susceptibility. Early work on the magnetic proper-
ties of U.S. Geological Survey (U.S.GS.) drI core from
Yucca Mountain (Rosenbaum and Snyder. 1985: Rosenbaum
and Spengler. 1986; data also presented by Schlingcr et at.
198S) providcd good evidence for the cxistence of magncti-
zation (including susceptibility) variations. Typically the
spatial sampling interval for these studies was large. -on the
order of 3 meters which raised questions about relatively
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abrupt variations in susceptibility, which would not have
been detected with this relatively large measunement spac-
ing.

A high-spatial-resolution reconl of susceptibility variations
was deemed essential for studies of magnetic precipitates in
ash-now shcets, and u pat of ongoing research we mcas-
ured magnetic susceptibility along 5 profiles through
exposed sectiotns of the two most voluminous ash-flow
sheets of the Paintbrush Tuft at Yucca Mountain. The
profile data give us a good indication that quantitative and
qualitative variations in susceptibility, which are observed
moving vertically through the section, exist over a large
strike distance (Schlinger and Rosenbaum, 1988). At the
same time we have sought to understand the geological Ori.
gin and significance of these variations with position in the
section (Schlinger et al.. 1988a. manuscript in preparation).

In this paper the susceptibility data are prcsentcd and dis-
cussed. The vertical variations and the lateal continuity of
these variations, observed at the outcrop, offer convincing
evidence in favor of susceptibility measurements for assess-
ments of latezal extent and structure of ash-fow sheets,
especially where they are hidden in the subsurface and can
be accessed only by means of borcholes.

Spring Member. make up the majority of the thicknesst 0
the Paintbrush Tuft (about 100 tn and 300 in. respectivtrA
In the vicinity of Yucca Mountain the volcanic layers V
sub-horizontal in attitude. with dips typically lcss than 1S
(Scot and Castellanos 1984).

SUSCEPTBILITY MEASUREMENTS

During the Fall of 1987 we gained access to Yucc Moun.
tain through Bucatu of Land Ma'.c;ne nt propcrty. Mag.
netic susccptibility w.is mcast lcd at the outcrop. along
profiles that took us up and down the wt4 ll1nk of Yucq
MounwLin, through the section exposed there. Mesturenents
were obtained along 5 distinct profiles. These profiks wer
spaced nonuniformly over approximately S km (betwec,
VARM Mile' and VABM 'Iron' on the U.S.G.S. 7.5 minute
quadrangle map 'Busted Butte, Nevada'). Due to a Lick of
outcrop exposure, detailed sampling of susceptibility with
measurement spacings as small as -10 cm was restricted to
the lower par of the rova Canyon Membcr. the top of the
Topopaah Spring M.ember, and the intervening Bedded Tuft
We used an EDA K-2 hand-held susceptibility mcter for our
work. This meter h a resolution of 105 c.gs. dimension.
less Gaussian units.

The magnetic so*

rive profiles is shot
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Miocene-aged volcanic rocs of the Paintbrush Tuff are
exposed at Yucca Mountain, a volcanic plateau in Nye
County. Nevada (Figure 1). The geology of the area has
been discussed by Lipman et al. (1966). Byers et al. (1976),
and Christiansen et aL (1977). Lithologic descriptions of the
outcrop at Yucca Mountain have been given by Scott et al.
(1983). Scott and Castellanos (1984) discusscd the litholo-
gies as encountered in U.S.G.S. borcholes, and a geological
map of the area has been published by Scott and Bonk
(1994). The source of the Paintbrush Tuff is believed to
have been the Claim Canyon cauldron (outline shown on
Figure 1). Two compositionally-zoned compound-cooling
ash-flow tuffs, the Tiva Canyon Member and the Topopah

In order to spatially loce. the susceptibility measnie.
merts, selected measurement points along these 5 profiles
were periodically surveyed using an electronic theodolite
with an electronic distance meter. This surveying effort wag
designed uo maintain both absolute and relative positioning
(tied to USGS brass cap bench mark and VABM control
points, and surveyed neutron-log and watcr-table borehole
locations). The locations of measurements made between
the surveyed points were linearly interpolated. In anticipa.
tion of this, efforts were made during the course of the sur.
vey to obtain equal spacing of measurements between sur.
veyed measurement points. All measurements points were
assigned an x-y-z location in the Nevada State Plane Coordi.
nate system. The 5 profile locations in this coordinate sys.
tcm are given in Figure 2.

a.10

I . Ifl
I -

11.6-) Wo'0o

I

IA6 2 --- '.-
a - ~-.- .

i s , - -~~~~~. : - - -

1.41

7.4

5.J1 5.57S "s 11si1 Ixso 3sial

Figure 2. Location map for magnetic susceptibility profiks
at Yucca Mountain. The location of U.S.G.S. drill bole
USW GU-3 is indicated. All distances (northings and cast-
ings) are in units of 10 fecet. The hwizontal scale on this
map is exaggerated by a factor of 10, relative to the vertical
scale.

Figure 1. Location map for Yucca Mountain, Nevada. The
approximate lateral extent of the Paintbrush Tuft is indicated
by the solid line. After Rosenbaunm (1986).
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thickness of
:spcs.livcly).

layers arc
.ss than I5

The mnagntie susceptibility (c.g.) a outcrop along these
rive profiles is shownl in Figure 3. The lowest susceptibili-
lies o3epond to measurement in Ihe pumice-rich unit of

the Deddcd Tuff (bt on profiks in Figure 3) which lics
below thc Tiva Canyon Member and above ihe Topopah
Spring Mecmber. Near the base (labeled bW. for basal ZOne.
on profiles in Figure 3) of the Tiva Canyon Member there is

a horizon that lus the highest susceptibility within the
mcmbcr. A similar susceptibility maximum is found near

dhe lop of the Topopah SPring Member, within a thin black
vitrophyro (ie.. a staturn thatt Is largely glass. tormed by
highaemperature welding of what wts once mostly glass
fragmcnts and pumice) that is on the order of a meter or kss
in thickness. This maximum is labeled c. for caprock. on
profiles in Figure 3. Wherever the susceptibility ot the
columnar zone ot the Tiva Canyon Member was measured.
it was uniformly about 2x 10-. This zone is a thick basal
vitrophyre and is labeled as in Figure 3. Note tha the sus-
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ceptibility maXima and minima can be observed, in both a
quantitative and qualitative sense, on each of the 5 profiles.
which sample gm two members of the Paintbrush Tuft over
a strike distance of S km. There is some structure in die
nanow sutceptibility peaks on these profiles tdat needs to be
explaineJ. The relatively broad nature of the peak labeled
c* on Profile I is a result of a lateral movement along the

side of Yucca Mountain during susceptibility sampling
(necessitated by intermittcnt outcrop exposure). Since die
sheets have some Lilt we ended up with a duplicate measure-
ment of the high susceptibility horizon at a different eeka-
tion after a lateral move. A similar lateral move accounts
for the apparent structure in the peak labeled 'c on Profile

DISCUSSION

Interpretation of susceptibility maxima and minima

The origins of the magnetic susceptibility variations that can
be seen in the outcrop profiles shown in Figure 3 deserve
somc attention. The susceptibility maximum near the top of
the Topopah Spring Member ('c in Figure 3) is indicative
of a large modal abundance of what appears to be
ttanomagnctiate phenocrysu (Figure 4). Above and below

this paticular imag one can see long thin crystals of cubic
Fe-oxide (magnetiteaghemite) that nucleated on a yet
longer microcrysa ot what is probably a pyroxenc.
agggegate resides in a matrix of volcanic glass,

Figure 4. Reflected light photomiciograph of a titanomag-
netite phenocryst in a sample with high magnetic suscepti-
bility from near the top of the Topopah Spring Member.

this horizon. which is a thin black vitrophye te tmitanomag-
netite has been altered to Fe-Ti oxide intergrowths that are
oikly weakly magnetic. Incipient alteration is evident as
light colored regions in this crystal. which presumably am
martite (hematite after magnetite). The susceptibility max-
imurn at the base of the Tava Canyon Member ('ba' in
Figure 3) exists due to the presence of magnetic Fe-oxide
precipitates within volcanic glass, which nucleated and grew
at high-temperature subsequent to emplacement of this
member (Schlinger et AL., 19S8a. manuscript in preparation).
At die level of this maximum these precipitates are only a
few hundred Angsitrom long. High susceptibilities at this
crystal size arc a consequence of superparamagnetic
behavior of single domains. Above this horizon the suwcp-
tibilfty drops abruptly, which reflects the fact that the precip-
itates grew too large to have high susceptibility; instead they
carry intense rmancnt magnetization. A representative
transmission electron microscope image of representative
remanence-carrying precipitates is shown in Figure S. In

Figure 5. Transmission electron microscope image of precip.
italed Fe-oxide microcrystals in glass from the basal vitro.
phyrc (columnar zone) of the Tiva Canyon Member.

The low susceptibility of the Bedded Tuft ('bt in Figure
3) is indicative of an absence or precipitates and an absence
of phenocrystic titanomagnetil We have not had an oppor-
tunity to explore other less-pronounced susceptibility vans.
tions at other stratigraphic levels that also might prove use
ful as marker horizons.

Application to borehole susceptibility investigations

From our observations of susceptibility variations with veni.
cal position in ash-flow sheets, it is clear that distinctive and
laterally-persistent susceptibility marker horizons exist is
ash-flow sheets of the Paintbrush tuft. This is bocause Fe-
oxide mineralogy, amounts, and grain size vary so markly
in ash-llow sheets of this tuft. This is probably true for
other ash-flow sheets as well. Since magnetic susceptibility
is a physical property that is easily measured in die
borehole, it can be useful for assessments of lateral vanta
Lions in the subsurface. which may come about due to fault-
ins, inhomogencous deposition, or alteration of these ash-
flow sheets. Past geological investigations at Yucca Moun-
tain have in numncrous instances focussed on borchokcs =an
drill core. With these new results on susceptibility varis-
tions in hand. the application of borehole susceptibility
measurements to questions of lateral cxtent and the subsur-
racm structur of these sheets at this site can be explored.

Assessing Lee lateral extent of a given ash-flow shect in a
limited geographic area may be relatively straightforward.
since one is not especially concerned with tha position in
space where a unit is found, provided that it exists. This is
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tions ai deposition mus be ake into consideration. Tmdl-

unrally. fatlIt tagnuation has been used (or strati-
graphic condition of ash-now Ctuffs (Hldreth and Mahood
1915). However. iis application requires he as Of
numaus oriened smnpies. due to dircional dlispersio of
remanent magnetc moments, Ad magnetometers for
mea ng theme remanent men Additionally. Wie

mensa t magnetizati May be used for correlation. the
b nprcion of the relevant dais is subject *o a number of

asumptions that may be difficult O justify (for example,
tha a given sheet is normally or revrsely mngnetized
throughout). Plastic deforMation during cooling (RoSe-
hurn. 1986) and =econic roion(s) can further complicate
the interpretation of rnanent magnedtzation directional dat.
Asstssing lateral extent using magnetic susceptibility cirt
cumfvents most of these problem simply because suxepd.
bilisy is a ncalar quantity that depends on petrologic histry
alone.

Deernnining whether or not faulting has occurred in these
ash-low sheets is a much different problem. tn this case
absolute poitions of susceptibility naxima or minima in
spie. combined with any information on attitude (strike and
dip). mut be quantilled in order lo delimit stuctural discon-
tiluices. Futhemorne. Since ash-flow sheets drap over
pr-cmtason topography, structral interpretation will hope-
fully be constined by independent stranpaphic informa-
dion which might be eablished with drill cuttings or drill
coe Additionally, other geophysical information, such as a
semic relection proile. acquired in a manner appropriate
for volcanic lithologies (which has often Maven to be a
problem with an elusive answer) may be of ue.

Funaly. frno geological mapping of ash-low shets it is
known that sheet thicknesses vary laterally. and this wil
produce lateral variations that rfiect cooling history. lbese
will probably be matnifested as quantitative and qualitative
variations in susceptibility maxima and minima due to msag.
anei precipitates, which must be taken into account during
the interpretation proce.

For magnetic susceptibility logging of formations such as
the Paintbrush Tuff. a number t borihole 8uceptibility
mets are commercially available The continuous record
of a susceptibility log nakes it especially attractive (versus
the disctete and non-uniform smpling obtained in this study
of outcrop). General characteristics of all re: relatively thin
diameter sodes (40 mm so 50 mm): sensing over a distance
vertical distance of 20 cm to 40 cm; advertised resolutions
of -5 so 20x 10e c gs. units. These onde geometries do
not favor faithful resolution of thin -5 to 10 cm-thick
Sayer of relatively low or high susceptibility material (eg.,
the high susceptibility layer at the base of the Ilva Canyon
Member). To alleviate this problem, sensing coils could be
shorened. however with other parameters remaining fixed
this cannot be done without some Ioss of sensitivity (I&T.
HImElIinen. Personal communication. 1938).

Thu. it as that borehole susceptibility meters could
b nfim an me modifications that would improve their
re s so thin layers, which in the case of the rwa

Canyon Member, nd possibly other lithologies elsewhe %
turn out la be diagnostic marker horizons. Othewise. one
ruis the risk of taking a short-spatial-walength high-
amplitude sigal nd naring it out rowad s longer
wavelengths and smaller amplitudes. In this cs signals of.
interest may be hidden manst less eay interpreable or
less corematable features in the overanl borehole suseptcp il.

ity sWrd. In other geological enviroiments, Iluding vol.
cte sing thin diagostick k s light be chmaner.
iaxd by low sisceptililites: faithful response to thin layers
seems essential. An dditoal umprovement would be ther-
mal stabilization of the imde, since temperature drift
degrades the resolution of the Instrument However, one cm
make efforts to characterie drift effects. measure lempera-
ture in the sonde, and apply a correction (e.g., Batch et tL.
in press).

Within the Paintbrush TUff we have found that tie sus-
ceptibility maxima may be indicative of eithe relatively
coarse-pained Fe-TI oxide phenocrysts (the hn virophyre
above the caprock of the Topopah Spring Member) or rela-
tively inc-pained Fe-oxide precipitates in the basal zone of
the Ttvr Canyon Mermber). These maximn , similar in
appearance to one mother ('c' and 'bz' in Figure 3). could
in all likelihood be distinguished frm one another by
measuring susceptibility at two (or mnor) frequencies. This
would lake advantage of the ct that the susceptibility of
tiny supciparamagnetic crystals (the precipitates in glass at
the bae of the Tiva Canyon Member) probably has a
diffcrent frequency dependence than that of coarse-paIed
Fe-rl oxide phericrysts (Thompson and Oldfield. 1986).
Variable-frequency susceptibility meters ae available for
laboratory work, however. o my knowledge this option has
not been incorporated into existing borehole instrumentation.

While borehole measurcments of magnetic susceptibility
at Yua Mountain rmain at this time only a futurc objec-
live, we find that a geological calibration can be obtainet by
means of outcrop measurements were no outcrop lable,
the calibration could be made using continuomu drill cose. or
possibly with cuttings.

CONCLUSIONS

- Over a strike distance of a km at Yucca Mountain, the
Tiva Canyon and Topopah Spring members and the Bedded
Tuff have a marked lateral uniformity in measured values of
magnetic susceptibility. even though the thickess and
outcrop ppearance of the units may vary from place lo
place. Furthermore. the vmations in susceptibility with
vertical position in the geolgic column persist laterally.
* Spatial variations in physal properties, ce., magnetic
properties, can often be underto in terms of the geologi-
cal history of a given Formation. This investigation of
outcrop susceptibility has demonstrated the existence of
magnetic maer horizons in ash-flow shee which can be
understood in terms of Fe-TI oxid mineralogy anl grain
size, In the cse of the ash-flow eets of the Paintbrash
Tuff, grain size and mineraogical viatuos, acquired
mostly subsequent so emplacement. define the marker
horzons that we a A suitable calibration of physical pro-
perty variations so minealogy and petology is essential
before measurements of magnetic properties in borholes
Can be interpreted in a constrained manner.
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NO 23744
CESIUM UPTAKE BY CUINOPTILOUTE CRYSTALS: IMPUCATIONS TO THE
IMMOBILIZATION OF RADIONUCULDES STORED AT YUCCA MOUNTAIN, NEVADA
WOOD, Valerie J., HUBBARD, Mary S., and BURNS, Roger G.: Dept. of Earth, Atmos. and

Planet. Scd., 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 clinoptilollte and
mordenite. These zeolites are assumed to be capable of immobilizing dissolved, long-
lived radionuclides (e.g. 137Cs and 135Cs) 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 bicarbonate-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 (1M, 0.01M and 0.001M, 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 compositlonally
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. % Cs2O for 1M 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 %
Cs2O for 0.001M CsCI + NaHCO3. We conclude that clinoptilolite crystals dominated by
large surface areas of (010) faces, either lining fractures or cemented In zeolitized
vitric tuft, may be Inefficient at mobilizing radiogenic Cs In NaHCO3-bearing fracture-
flow groundwater when it permeates leaking fission products stored at Yucca Mtn.
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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 .

6 Si30 Al6O 72 .24H 2 0 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
1 37Cs (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 IM 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 NaCI. Changing the sodium salt from chloride to S042- or

N0 3 - 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,A1)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(1) 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(l)

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(l) 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(l) site located in channel

A is coordinated by two framework oxygens and five water molecules,

giving for the coordination polyhedron an average M(1)-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(l) and M(4) positions, W(2)

associated with M(1) and M(3) cations, W(1) 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+, HCO3 - and Cl- 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 +,

S0 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 HCO 3 -- 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 1000C (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

(Na,K)6Si30Al6O7 2.24H20 and Ca4Si28 Al8O72 .24H2O

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 crystals 1-2 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 clinoptilolite, 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 ranged

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 IM NaCl or IM NaHCO3 . Initially 1M CsCl solutions

were used, followed by progressively lower dilutions of 0.O1M, 0.OO1M or

0.OOO1M CsCl (without or with IM 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 NaCI 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 NaCl-loaded and CaC12 -loaded Succor Creek and Hector

clinoptilolites with IM CsCl (or 0.01M CsCl?) 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 [0101 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 CsCl

concentration from 1M to -0.5M. Thereafter, continued reactions in

stoppered flasks with IM CsCl 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 IM to 0.OOO1M. 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 CsCl

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 CsCl 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% Cs2O. This high Cs content is comparable

to values obtained by Ames (1960, 1961) for the Hector clinoptilolite

reacted at 250 C with 0.2M CsCI alone (23.3 wt% Cs2O, compared with

18.75 wt% Cs2 O for reactions with 0.01M CsCl) (c.f. -12.34 wt% Cs2 O for

reactions with 0.O1M CsCI 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 O to 3 wt%

Cs2 O in 30 day reactions with 1M CsCl and 0.O1M CsCl, respectively.



Presence of NaCI

Cesium-exchange reactions of (010)-mounted clinoptilolite crystals with

solutions containing IM NaCi and different concentrations of CsCl are

summarized in Figure 5. Again, the Cs content of the zeolite decreases with

CsCI dilution. Moreover, the presence of NaCI also decreases the uptake of

Cs into clinoptilolite compared to NaCl-free solutions. Our data for

reactions with IM NaCl plus 0.01M CsCl, for example, provided -7 wt %

Cs2O in clinoptilolite, whereas -12 wt% Cs2 O 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% Cs2O

to -10.3 wt.% in reactions with 0.01M CsCl in the absence and presence,

respectively, of IM NaCl. He also reported -7.5 wt% Cs2O in the Hector

clinoptilolite after reactions with 0.01M 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 250 C reactions of the Hector clinopilolite reacted with 0.2M CsCl and

either IM NaCl or 2M NaCI (-8 wt% Cs2O relative to -23 wt% Cs2O 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 0.01M CsCl and 0.1M CsCl in the

presence of IM NaCl.

[Reactions of heulandite with 1M NaCl and different CsCl

concentrations are confusing? Cs uptake in Figure 6 decreases in

the order 0.1M CsCI > 1M CsCl > 0.01M 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 CsCI in the presence of IM NaHCO3.. Results summarized in Figure 7

show that the Cs2 O concentrations in the Succor Creek clinoptilolite not

only decrease appreciably between IM CsCI and 0.001M CsCI in the

presence of NaHCO3 , but also are exchanged into the zeolite in significantly

lower concentrations than NaCl-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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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 altemative 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 our review of DOE's Environmental Assessment and the NRC's Draft Generic Technical
Position on the Disturbed Zone, we found 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 dissolutionfalteration of the rock mass. Thus, the choice of a.generic fixed-distance
disturbed-zone boundary by DOE and NRC is at best simplification of reality or a nonconservative error in
judgment to obtain the greatest possible ground-water travel times for satisfying regulatory requirements
(see Appendix D).

Based on this tack by DOE and NRC and our concerns on the reasonableness of this approach
to satisfying several key licensing criteria, we have chosen the subject of the disturbed zone for further
investigation and evaluation. The issues addressed In this section briefly stated 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 form fluid-rock Interaction.

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
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movement in fractures and fissures and dissolution/alteration which will be induced by the heat from theentombed high-level nuclear waste canisters.

The appendix of this section contains abstracts of papers presented at professional meetings andother technical documents that are offshoots of our efforts. A list of these papers and technicaldocuments precedes the appendix.
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Disturbed Zone

ISSUES:

How is the extent of the disturbed zone 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:

Preliminary 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 were
completed. Computer codes (CHILLER and SOLVEQ) were 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 was completed as part of the quality
assurance guidelines.

FINDINGS:

As boiling of vadose-zone water proceeds, the pH of the residual solution Increases due primarily
to degassing of CO 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 boiling 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.

ADDITIONAL WORK REQUIRED:

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

* Calculations should proceed to dryness (all liquid water converted to vapor).
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* Investigation of the reaction of condensed water vapor with repository host rock (Topopah
Springs tuft).

* 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 are currently under development by Dr. M. H. Reed and colleagues at the Department of
Geological Sciences, University of Oregon. Preliminary calculations thus far have involved Rainier Mesa
vadose water and Topopah Springs welded tuft for open and closed systems (see published abstract by
Reed and Spycher in Appendix D-l).

Principal Investigator:

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

ISSUES:

Will dissolution of the host rock impact the postclosure integrity of the repository with respect to
release of radionuclides to the accessible environment?

How significant will dissolution 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)?

Will the zone of dissolution significantly extend the disturbed zone as defined by the U.S. Nuclear
Regulatory Commission?

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 tuft 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 currentequilibrium'
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 analysis of sampled waters during experiments analyzed.

Kinetic experiments in the hydrothermal mixed-flow reactor would 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 sit-
uation 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:

To date, the existing program has been preliminary and exploratory with the main purpose of
demonstrating that the phenomenon of mass transport and mineral alteration/dissolution in a thermal
gradient can be a significant factor in the safety of a repository at Yucca Mountain (see published abstract
by Newcomb and Rimstidt in Appendix D-ll).

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.

Should the disturbed-zone boundary take into account the multiphase fluid effects and
accompanying mineral alteration/dissolution effects?

OBJECTIVES OF ACTIVITY:

We are attempting to evaluate the scientific reasonableness of the disturbed zone definition, and
thus the boundary, on the basis of published data in the open literature, and by obtaining and utilizing
public domain 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 review was written of the NRC's draft generic technical position on the disturbed zone (see
Appendix D-ll). Three draft technical progress reports on the disturbed zone were generated (see
Appendix D-IV). A preliminary annotated bibliography of references concerning the disturbed zone was
prepared. Many hydrogeologic and geochemical software modeling packages (programs) were
requested and a few were obtained and evaluated (see Progress Report, Appendix D-V):

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

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

E03/6 (geochemical, DOE-LLNL): requested, but not obtained.

SAGUARO (hydrogeological, DOE-SNL): requested, but not obtained.

NORIA (hydrogeological, DOE-SNL): requested, but not obtained.

PETROS (hydrogeological, DOE-SNL): requested, but not obtained.

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

FINDINGS:

The existing working definition of the disturbed zone (NRC) 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)
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conditions (thermal gradients). However, from a more fundamental standpoint, the basic hydrogeologic
and geochernical 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:

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 their contractors needs to be reviewed and tested
in terms of assumptions employed, data utilized, and situations modeled.

RECOMMENDED PROGRAM:

The recommended program has three parts and is similar to that described above:

- Review and evaluation of published technical literature, including that by DOE and their
contractors, and the U.S. Nuclear Regulatory Commission (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's
program regarding the disturbed zone.

EXISTING PROGRAM:

The existing program Is essentially similar to the recommended program, except that beginning in
July, 1987 there were no funds specifically designated for computer work; thus this aspect of the
program is suffering.

Principal Investigators:

Drs. D. L. Shettel, Jr. and C. L. Johnson, of MAI.
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Appendix D

Disturbed Zone Program

List of Appendices

D-I Reed, M. H. and Spycher, N. F., 1988, Chemical modeling of boiling, condensation, fluid-fluid
mixing and water rock reaction using programs (CHILLER and SOLVEQ: Abstract presented at
196th American Chemical Society Meeting, Los Angeles, Califomia.

D-ll Newcomb, W. D., and Rimstidt, J. D., 1988, An experiment to simulate mass transport near the
Yucca Mountain High Level Radioactive Waste Repository: Geological Society of America
Annual Meeting, Poster Session, Abstract.

D-111 Review and recommendations: draft generic technical position: interpretation and Identification of
the extent of the disturbed zone in the high-level waste rule, by M. Gordon, NRC.

D-IV Draft technical position on determination of dissolution reactions and kinetics for the proposed
Yucca Mountain high-level nuclear waste repository.

Progress report on a technical position on the disturbed zone.

Draft technical position on the determination of the disturbed zone at Yucca Mountain proposed
high-level nuclear waste repository.

D-V Progress report: computer codes and anticipated modeling during intensive review of the
disturbed zone.
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Appendix D-l

Reed, M. H. and Spycher, N. F., 1988, Chemical modeling of boiling, condensation, fluid-fluid mixing
and water rock reaction using programs (CHILLER and SOLVEQ

Abstract presented at 196th American Chemical Society Meeting, Los Angeles, California.
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GEOC

2. CHEMICAL MODELING OF AOILINC, CONDENSATION, FLUID-LUID UItSNC AND
VWATUE-RO3C REACTION USING PROGRAMS CIIIZR AND SOLVEQ. HArk H. Reed and

Nicolas F. Spycher. Department at Geological Sciences. University - Orf on Eugene.
OIL 97A03

In geothermal systems. vaters boil at depth. precipitating ore sulfide and
carbonate minerals; boiled gases. Including 14g. condenso near the surface where
they are oxidized, producing sulfuric acid vaters that alter host rocks to clays.
or back-react ith boiled waters to precipitate As, Sb and Au. This exaMple
Illustrates the type of complex natural chemical system that SOLVEQ and QIILL=R
model by computing: rh assemblage; CoMpoSitioU3 of the aqueous phase and Sas
phase, treating CO I0 O CH end It S gases as non-ideal mixtures of ral& gases;
Compositions of *olid solutions (Ldeil or non-Ideal); Distribution of heat among
phascs. Key computational capabilities that make this possible include: An internal
enthalpy balance equation that Is solved simultaneously vith the chemical mas
balance and mass action equations; Arbitrary selection of redox couples to provide
for calculations over the entire range of natural oxygen fugaeitles; Za-aelectLon
of the phase assemblage during the Iterative solution process.



Appendix D-11

Newcomb, W. D., and Rimstidt, J. D., 1988, An experiment to simulate mass transport near the
Yucca Mountain High Level Radioactive Waste Repository

Geological Society of America Annual Meeting, Poster Session, Abstract.
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Review and recommendations: draft generic technical position: interpretation and Identification of the
extent of the disturbed zone in the high-level waste rule, by M. Gordon, NRC.
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1.0 BACKGROUND:

The NRC Draft Generic Technical Position (Gordon, et

al., 1986) on the Disturbed Zone Concept (DGTP) is intended

to establish a clarified definition of the inner boundary

from which ground-water travel times from High-Level Nuclear

Waste (HLW) repositories to the accessible environment are

determined. The DGTP restricts the definition of the "dis-

turbed zone" to include only that region where the intrinsic

properties of the rockmass (i.e., permeability and effective

oorosity) are changed as a result of HLW emplacement, admit-

ting that a definition which includes completely the zone of

increased temperatures and associated fluid buoyancy effects

might include portions of the accessible environment. The

motivation for this re-definition of the disturbed zone is

the recognized difficulty in using pre-waste-emplacement

rockmass properties to predict post-waste-emplacement condi-

tions in the region of intrinsic property changes. In con-

trast, the effects of fluid property changes that are demon-

strably not coupled to the intrinsic properties of the rock-

mass can be modeled using well developed assessment methods.

2.0 DRAFT GENERIC TECHNICAL POSITION:

The revised disturbed zone definition proposed by NRC

establishes the inner boundary from which ground-water tra-

vel time is determined, thereby simplifying by omission the

effects of the creation of the repository and the heat gen-

erated by the waste. Credit towards the 1,000 year pre-

waste-emplacement travel time is not considered within the

disturbed zone, because of the potential difficulty

(46FR35280, 35281, July 8, 1981) in assessing the physical

and chemical processes contributing towards waste isolation

within that region. Consequently, in order to avoid the

potential uncertainties of the characterization process, the



disturbed zone was established as the inner boundary from

which travel-time calculations are to be made for demonstra-

ting compliance with 10CFR60.113(a)(2).

The DGTP indicates clearly:

"...that the disturbed zone may be considered to be 1)
defined by the zone of substantial thermo- hydro-
chemical- mechanical changes in intrinsic permeabi-
lity and effective porosity caused by underground
facility construction or by HLW heat generation and
2) should at least include the portion of the host
rock directly adjacent to the underground facility in
order that a proper measure of the quality of the
geologic setting far from the buried waste may be
obtained through application of the groundwater trav-
el time criterion."

and:

"...a disturbed zone of 5 diameters for circular open-
ings, 5 opening heights for noncircular openings, or
50 meters, whichever is largest, from any under-
ground opening, excluding surface shafts and bore-
holes, may be the minimum appropriate distance for
use in calculations of compliance with the pre-
waste-emplacement groundwater travel time criterion
(10 CPR 60.113 (a)(2))." "The disturbed zone at a
given site may, however, extend further than this
distance depending on the site and design character-
istics." "The extent of the disturbed zone should
be calculated by DOE on a site-specific basis."
(Gordon, et al., 1986, page 17).

Further, Gordon, et al. (1986) state that the site spe-

cific analyses should account for: anomalous geologic situ-

ations; effects of the heterogeneous geologic system; the

magnitude of the likely qround-water flux (implying vadose

and saturated zone flux); the magnitude of areal thermal

loading of the repository: geochemical and hydrogeochemical

characteristics of the site; and changes in the configura-

tion of the facility through time. (Gordon, et al., 1986,

page 17).
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3.0 GENERAL REVIEW AND COMMENTS:

We find the DGTP on the disturbed zone conceptually

valid with respect to its recognition that near-field pro-

cesses will change intrinsic properties of permeability and

porosity in an indeterminate manner. However, the DGTP

clearly excludes thermal effects on fluids as part of the

definition of the disturbed zone, stating that these will be

treated durinq assessment of compliance with the overall

system standard (10CFR60.112). We assume that this excep-

tion also includes phase changes in fluids, and these are

anticipated to be of significant impact in the Yucca Moun-

tain vadose environment. Phase changes in fluids and asso-

ciated moisture redistribution as the result of the phase

changes should be explicitly addressed within the technical

position, because such changes will occur in the vadose zone

and will constitute the disturbed zone as originally

defined.

We believe, however, that even with the simplifying ex-

clusion of fluid responses to thermal effects, the objective

"...establishment of generic and easily evaluated guidance

on the disturbed zone is desirable in order to allow for the

demonstration of compliance with the groundwater travel time

criterion (10CFR60.113(a)(2)) consistent with NRC's intent

in the criterion..." (Gordon, page 16) will not be realized

without additional guidance and specific (if arbitrary)

definitions of the word substantial. Even with such a defi-

nition, considerable additional characterization effort will

be required to confidently judge the thermochemical impact

on the rock properties within the thermal envelope produced

by the waste at the Yucca Mountain site.

Before the DGTP definition of the disturbed zone can be

applied to the Yucca Mountain site, the thermal history

envelopes for the site need to be accurately established.
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Figure 1 is a "site-specific' thermal envelope model deve-

loped for Yucca Mountain for 14.2 W/m2 spent fuel (SF)

with a repository midplane at 390 m (Braithwaite and Nimick,

1984, page 10).* Commercial high-level waste (CHLW), not

considered in this example, would produce even higher peak

temperatures in a shorter time frame given identical initial

thermal loadings. Based on the EA (DOE, 1986) the average

depth to the repository horizon will likely be between 250

and 300 m below land surface (see Figure 6-19, EA 10-6-248),

rather than the assumed 390 m.

We have added to Figure 1 (which depicts the maximum

overburden scenario) the position of the repository zone and

the range in position of the basal vitrophyre of the Topopah

Spring Member. Also, the relative ranges in position of the

landsurface and water table with respect to the repository

horizon have been indicated. It is important to note that

the figure at best represents uncertain approximations in

terms of accurately determined thermal envelopes and rela-

tive positions of the important features such as land sur-

face, water table, and basal vitrophyre. The thermal envel-

opes neglect the effects of convective transport of heat via

vapor and water transport in fractures, as well as the more

complex issue of possible heat sinks and sources triggered

* It should be noted that the source document for these
thermal envelope studies (Svalstad, 1984) is not refer-
encable, i.e. Sandia National Laboratory (SNL) has not
reviewed it for external distribution. Details of
parameter estimation, boundary conditions, and key
assumptions used in constructing the predicted Yucca
Mountain thermal envelopes, all of which constitute
baseline information for mineral stability studies,
must therefore be considered speculative.
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by endothermic and exothermic mineral alteration reactions

that may occur due to the thermal envelope and migrating

steam and hot water. We emphasize that no site-specific,

referencable predictions of convective heat flow are avail-

able for Yucca Mountain; a highly preliminary study by

Lawrence Berkeley Laboratory (LBL) is being reviewed by

Sandia National Laboratory (SNL) at the time of this writing

(September, 1986), and is not available for external review

or comment.

Our objective in presenting Figure 1 is to lend pers-

pective to the problem of establishing the boundary of the

disturbed zone as proposed by the DGTP definition. We anti-

cipate at least a 300 C rise in temperature down to the

water table in some areas, and major thermal impact on the

basal vitrophyre, with temperatures up to 800 C or more.

In some areas, it seems likely that 40 to 500 C tempera-

tures will occur at or near land surface if convective heat

transport occurs and CHLW constitutes a supplementary waste-

form.

4.0 FACTORS AFFECTING THE COMPLEXITY OF DETERMINING THE
"DISTURBED ZONE" BOUNDARY AT YUCCA MOUNTAIN:

4.1 Zeolite Stability:

a. Bish and Semarge (1982) state that clinoptilolite and

mordenite are not stable over 80-100° C in Yucca

Mountain tuffs. Iijima and Utada (1971) have stud-

ied the Niigata Oil Field in Japan which contains

buried authigenic facies through zeolite-metamorphic

facies mineral associations. Temperatures at the

top of the mordenite and clinoptilolite zone are 41-

490 C, and at the analcime-albite transition, they

are 120-1240 C. The alkali clinoptilolite stabil-
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ity zone appears to range from 55-91° C and the

calcite-clinoptilolite appears to be stable at

84910 C. If for argument's sake, we ignore the

aqueous chemistry (not necessarily a conservative

approach), zeolite stability for at least

clinoptilolite might be safely placed as Bish and

Semarge (1982) did, that is between 80-100° C.

The term stability, however, needs to be defined as

mineral stability does not reflect the loss of

adsorbed water.

b. It has been shown by various students of zeolites that

Na and K concentrations in the aqueous media greatly

affect the zeolite temperature stability field by

reducing the stability of the zeolite below calcula-

ted and/or observed zeolite stability temperatures.

c. Zeolite stability may be viewed as its endothermic

reaction temperature, which liberates water; and its

exothermic reaction temperature which condenses its

structure and causes mineral transformation. In the

light of Differential Thermal Analysis (DTA) analy-

ses on clinoptilolite, it is reasonable to presume

that temperatures above its formational temperature

will yield endothermic water loss. Whether or not

this loss of water is accompanied by cation escape

(from the super-cage) is unknown, as there is a pau-

city of data on this subject.

d. The transformation of clinoptilolite to analcime has

been studied by Boles and Wise (1977) and Boles

(1977). They report the reaction of deep-sea cli-

noptilolite to analcime as follows:
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4.4 Na' + Clinoptilolite * 6.8 analcime + 3K+ + 0.3

Ca++ + 0.4 Mg++ + 15.6 SiO2 + 13.2 H20

where: clinoptilolite composition is:

2.40 3. O 0.30 0g.40 6.80 29.20 72 2

analcime composition is:

NaAlSi3O3 H20

In addition to pressure and temperature controls,

the above reaction would be dependent upon sodium

and to a lesser extent other cation and water acti-

vities. Gieskes (1976, Table 1) cited in Boles

(1977) indicates that sediments sharing the clinop-

tilolite to analcime reaction have pore fluids with

molar Na/K ratios of about 160; whereas clinoptilo-

lite-bearing sediments show average molar Na/K

ratios of about 60. Consequently, the presence of

analcime may be due to high Na/K ratios.

If vadose water evolved from mineral dehydration (such

as smectites) were to tend towards relatively high

Na/K ratios the transformation of clinoptilolite to

analcime might occur even though the temperature

regime of the zone(s) of transformation might be

below the 1200 C Stage 4 (Iijima and Utada, 1971).

This reaction would (on the basis of Boles, 1977,

calculation above) evolve significant quantities of

water and SiO2 and could also be responsible for a

significant change in overall porosity and/or perme-

ability.

4.2 Smectite Stability:

a. Smectites contain both adsorbed water (as interlayer

water between lattice sheets) and high-temperature

8



water (as OH) which is an essential portion of

the crystal lattice structure. Dehydration curves

for montmorillonite are S-shaped. Variations are

dependent upon Na, H, and Ca - montmorillonite

structures with Na more stable* than Ca. Adsorbed

water loss is usually indicated below 150-2000 C

with a flattening of the curve between this and

3000 C where high-temperature water is generally

evolved and structural transformation is indicated.

Any temperatures above formational ambient tempera-

ture should provide adsorbed water loss until curve

flattening temperatures are reached at 150-3000 C.

This water loss may be accompanied by cation-loss

where the cations are in exchange interlayer sites.

Na-bentonites may swell to 8-10 times their original

volume upon hydration: comparable volumetric

decreases accompany dehydration. Thus, in fluctua-

ting temperature regimes, smectites may act as water

(and cation) pumps adsorbing and releasing these

constituents depending upon temperature fluctua-

tions.

Since the smectites can accomodate more adsorbed water

than the zeolites, and are apparently more sensitive

to temperature changes (under 800 C), loss of

adsorbed water and cations can be responsible for

producing fluids which may lower the effective zeo-

lite stability temperatures. Additionally, porosi-

ty, permeability, and hydrofracturing effects may be

greatly enhanced by changes in the hydration-struc-

ture of the smectite minerals.

b. Perry and Hower (1972) have developed a four stage

model for dehydration in deeply buried pelitic sedi-

ments based upon smectite and mixed-layered clay

9



associations. Above 80° C (1972, figure 7) they

show significant changes in clay stability and min-

eral associations. These changes may also be some-

what dependent upon aqueous chemistry and burial

pressure.

c. Jackson (1956, page 266, figure 5-3) shows a Differen-

tial Thermal Analysis (DTA) curve for montmorillon-

ite from 0 to 1,0000 C. There are two major endo-

thermic peaks between 0-2400 C and 550-700 0 C

indicating water loss. The first peak has a rapid

water loss from 0-250 C, a significant water loss

from 25 to 1000 C and thereafter a sharper decline

to about 1600 C which is the maximum of the peak.

This indicates that there is a significant water

loss immediately upon heating. The rate of water

loss upon heating at low temperatures (from 0-1000

C) will be partially dependent upon isomorphous sub-

stitution in the octahedral layer of the montmoril-

lonite (as indicated by Jackson, 1956, page 295).

Consequently, the thermal behavior of the smectites

at Yucca Mountain will be in part a function of

their composition; therefore, detailed field data

are required prior to attempting to determine the

implications of dehydration due to repository heat-

ing.

d. Porrenga (1967) has found that for montmorillonites

there is a tendency for Ca and Na in montmorillonite

to be replaced by Mg. This exchange of Mg for Na

and Ca is extremely important with respect to the

evolution of vadose water chemistry and therefore on

zeolite stability at elevated temperatures.
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4.3 Temperature Rise as a Consequence of Authigenic
Reactions:

"Surdam and Boles (1977) calculated that the hydration

of andesine to laumontite in a sandstone with density of 2.3

g/cc, to 40% andesine, and an initial temperature of 600 C

at 1.5 km of burial would raise the temperature of the rock

by 400 C if the heat of the reaction is conserved."

(Boles, 1977b). Boles (1977(b), page 129), states that

"Zeolitization of volcanic glass should also evolve heat."

Consequently, authigenic reactions, which might take

place within the disturbed zone as a consequence of reposi-

tory heating, may also be influenced by the heat-of-reaction

produced during diagenetic hydration and this heat evolved

may be outside as well as inside the defined disturbed zone

boundary.

If this is a factor to be considered, then the tempera-

ture distribution envelope for a proposed repository must

not only take into account the repository heating, but also,

heat evolved due to authigenic reactions which may be beyond

the near-field. The heat of reaction temperatures as postu-

lated by Surdam and Boles (1977) are almost as significant

as the repository heating itself if those reactions proceed

in a demonstrably rapid fashion.

4.4 Volcanic Glass Hydration:

a. Friedman, et al., (1966) have determined the rate of

obsidian (rhyolitic glass) hydration in terrigenous

environments exposed to humidity and ground water.

Rates determined are not intrinsic and are based up-

on Fick's Law of Diffusion with experimental evid-

ence derived at 1000 C. During the diagenetic
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transformation of obsidian to perlite (hydrated

glass) the rates are approximately five times faster

at 1000 C than at 700 C, and about one order of

magnitude faster at 700 C than at 300 C. Conse-

quently, the hydration rate has been shown to be

temperature dependent. Perlite further hydrates to

transition metal oxyhydroxides, zeolites, and smec-

tites. The rates of formation of this phase of

authigenics is unknown. Other significant control-

ling parameters relating to the hydration of glass

are the alkalinity of both the glass and surrounding

fluids, bonding chemistry of the glass, initial

water (HOH and OH) composition of the glass, among

other parameters (which are less significant).

Although it has been shown that diffusivities of

glass are related to its viscosity which is a func-

tion of the original state of polymerization of the

melt (Scholze, 1966; Stolper, 1982) it has also been

documented that hydration rates are dependent upon

the activity of dissolved alkali metals in the envi-

ronment. Consequently, glass hydration becomes an

effective and rapid mass transition process during

elevated temperatures in the presence of high con-

centrations of dissolved alkali metals.

Hydration proceeds along any exposed glass surfaces,

causing increases in volume. Many of the glasses

respond to volume increases by tensile fracturing,

geometrically providing additional surfaces for

hydration. The resultant configuration of the

alteration mass is a reticulate pattern of intercon-

nected fractures with expandable and exchangeable

authigenic mineral fracture coatings and fillings.

Glass vesicles previously segregated from the expos-
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ed environment are either filled with authigenic

minerals or are associated with fracture surfaces.

The permeability is significantly increased even

when total porosity changes are negligible due to

the relatively small effective porosity of the frac-

tures.

At Yucca Mountain, a vitrophyre is present between 45

and 113 meters below the repository horizon and

partly within the 50 meter minimum disturbed zone.

Temperature elevation above geothermal-ambience in

the presence of high humidity will provide adequate

conditions to promote glass hydration. Under these

conditions 'significant amounts of water" might be

construed as 80-100% humidity (not necessarily a

situation of liquid saturation).

b. The diffusion mechanism of water entering glass and

other solids is poorly understood in fractured

media. Although, diffusion appears to follow Pick's

Law, when single surfaces are present, it appears

that it is anomalous in behavior in fractured media

(Anacker and Kopelman, 1984). Consequently, rates

of diffusion require empirical observations

especially when these reactions may affect obtaining

accurate disturbed zone boundaries.

4.5 Temperature Distribution at the Vitrophyre:

In accordance with Figure 1 (Braithwaite and Nimick,

1984, figure 2), on which we have superimposed the vitro-

phyre (from information presented in the EA, DOE/RW-0073)

the following temperature distribution for a 57 kW/acre

spent fuel loading is anticipated:
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Location 250 years 1,000 years 10,000 years

Top of Vitrophyre 670 C 830 C 700 C

Btm. of Vitrophyre 540 C 780 C 670 C

The depth of the Braithwaite and Nimick (1984) repository is

390 m below surface, which is possibly some 70 m deeper than

indicated as an average in the EA. Consequently, tempera-

tures shown are possibly a bit higher than they should be

for the "average" repository horizon.

4.6 Summary of Concern:

The anticipated temperature distribution over time for

a 57 kW/acre loading raises the temperature for the vitro-

phyre from the ambient 250 C to 830 C in 1,000 years of

exposure, an increase of 580 C. This should, on the basis

of heat conduction alone, raise the reaction rate of the

vitrophyre glass about 25 fold (from about 8 microns squared

to 200 microns squared per thousand years for exposed sur-

faces). If the hydration reaction is seeded by the reposi-

tory temperature, then it is feasible for the hydration

reaction itself to release heat thereby further raising the

temperatures in the vitrophyre and surrounding zeolite

zones.

We expect that on the basis of repository heating

alone, there should be sufficient reactivity to cause signi-

ficant permeability increases within the vitrophyre. This

is especialy true when considering only a few fracture flow

paths would be required to provide a "most likely pathway"

for transit between the repository horizon and the water

table. "Most likely' in this sense is defined in a similar

manner as Browning (1985) has done.
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Of further concern are the elevated temperature effects

upon smectites and clinoptilolite with respect to dehydra-

ting these authigenic mineral components and providing

sodium-enriched waters to the system. This condition could

be responsible for:

1. Elevating the rate of glass hydration.

2. Reducing the effective-temperature for clinoptilolite
stability.

3. Thereby providing additional pore and fracture fluids
for reactions.

Knauss, et al., (1985, Tables 1 and 2) show a significant

increase in dissolved alkali metals in water reacted with

crushed tuff during a short term experiment (an increase of

sodium of about 25% at 900 C in less than 80 days). At

this temperature, which is about 70 C higher than the cal-

culated maximum vitrophyre temperature at 1,000 years (fig.

1) what would the increase be for sodium in 250 to 1,000

years? And how might this contribute towards driving var-

ious reactions whose ultimate result would be a significant

increase in permeability?

In addition to the dissolved alkali metals, Knauss, et

al. (1985) show a decrease in pH which would aid in promot-

ing dissolution of glass and other silicate minerals.

5.0 SILICA DISSOLUTION (Appendix B):

It is stated in the DGTP (Appendix B, page 15, para-

graph 2) that generic calculations presented in Appendix B

indicate that silica dissolution and resultant porosity in-

crease are not expected to be significant beyond the mechan-

ically "disturbed zone.' It is also recognized that the

distance to the edge of the thermochemically 'disturbed
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zone" is strongly dependent on the thermal loading of the

repository and the ground-water flux in the host rock. The

following paragraphs offer specific comments on the

treatment of silica dissolution in the thermochemically

"disturbed zone" presented in Appendix B of the DGTP.

5.1 Heat Transfer Model:

Codell's analysis of silica dissolution is intended to

address 'typical to conservative' conditions expected near

HLW repositories. However, the assumption that convective

heat transfer by flowing ground water is negligible (DGTP,

1986, page B2) is certainly not conservative in our opinion,

and the basis for this assumption is contained in an unpub-

lished memorandum. The statement that effects of phase

changes are expected to be negligible (DGTP, paqe B2) should

be supported by mineralogical data.

Two errors in the thermal data are noted: on page B3

the units for heat capacity of rock, Co, which should be

J/(m3 oC) are incorrectly given as J(m3 oC). On page

B8, the geothermal gradient, which is on the order of 200

C to 300 C per 1,000 m (Turcotte and Schubert, 1982), is

incorrectly given as "on the order of" 50 C per 1,000 m

and neglected on this basis.

5.2 Transport Model:

The transport model is unconvincing, because of: the

choice of a conceptual model based on total silica in the

rock rather than a surface area to fluid mass ratio; the

exclusion of convective heat transport, although convective

solute transport is treated explictly; the exclusion of geo-

thermal gradient from the analysis! and the exclusion of

kinetic effects. The rate of silica dissolution is fast on
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a geologic time scale, but should be considered on the time

scale ( 1,000 years) of the heating of a repository and

vicinity. An important aspect that effects silica kinetics

is the solid-surface area to fluid mass ratio. nigher sur-

face areas to fluid mass ratio yield faster dissolution

rates, and therefore, a quicker approach to equilibrium.

This ratio varies widely for different porosity models.

Dissolution rates of silica are also affected by flow

velocity. Faster moving water has less time to equilibrate

with rock and less material is dissolved. Thus, marked dif-

ferences in dissolution rates of silica would be expected

between matrix flow and fracture flow, if fracture flow

velocities are relatively high.

The inclusion of kinetic effects will result in a

smaller amount of silica dissolution than the equilibrium

model. However, the distribution of the dissolution sites

may be somewhat different. Codell's model indicates "that

silica dissolution is greatest where the temperature gradi-

ent is steepest." (Codell, 1986, page B9). Areas of the

repository with the steepest temperature gradients are like-

ly to have the shortest residence time for aqueous fluids

and thus little resulting dissolution. The maximum amount

of dissolution may ensue when the thermal envelope around

the repository is fully developed and the fluid has the

longest residence time to approach equilibrium with the

rock. This could be in a halo of saturated fractures beyond

the zone of vaporization of water. Dissolution will then be

maximized in the hottest areas.

-In summary, other porosity models need to be consider-

ed, and kinetic affects of silica dissolution' need to be

considered if flow rates are expected to be significant.
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A sign error is present in Table B2; the b-coefficient

for quartz should be -2.028 x 10-3 (Rimstidt and Barnes,

1980).

6.0 SUMMARY:

The disturbed zone as defined by NRC is that zone which

responds to repository thermal and construction activities

by producing substantial (significant) changes in intrinsic

permeability and effective porosity. The terms 'substan-

tial" and "significant" require clarification as they are

subjective.

The DGTP has stated the NRC objective:

... establishment of generic and easily evaluated gui-
dance on the disturbed zone is desirable in order to
allow for the demonstration of compliance with the
groundwater travel time criterion (1OCFR60.113(a)(2))
consistent with NRC's intent in the criterion..."
(Gordon, et al., page 16).

In our opinion, before site characterization, highly complex

sites such as Yucca Mountain do not yield to confident

determination of the disturbed zone boundary as attested to

by our preceeding discussions of possible distribution of

thermochemical and physical effects. Closely associated

with these discussed effects are the fluid phase changes and

heat and moisture redistributions, which are more complex

than bouyancy effects. These interrelated complexities are

reasonable to anticipate considering the strength of the HLW

heat source and the associated disruption of the ambient

thermal regime. There are at least three alternative

approaches in dealing with the determination of the

disturbed zone:

1. NRC could stand by the original definition of the dis-
turbed zone.
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2. NRC could proceed with the proposed draft generic
technical position.

3. NRC could restrict the boundary of the disturbed zone
to arbitrary but stated distances.

The ramifications of these alternatives briefly are as fol-

lows when viewed from the Yucca Mountain Site perspective:

1. The original NRC definition precludes confident pre-
site characterization determination of the disturbed
zone and therefore travel time.

2. The proposed draft generic Position appears to also
preclude confident pre-site-characterization deter-
mination of the "disturbed zone" boundary and there-
fore travel time.

3. The arbitrary distance boundary approach allows for
pre-site characterization travel distances to be
established. However, the intent of confident
determination of the travel-time objective may not
be realized due to the other uncertainties with res-
pect to fracture and matrix flow conditions prior to
in-depth site characterization.

In our opinion, the Yucca Mountain site provides a use-

ful test of the NRC generic position on the disturbed zone.

After careful consideration of site-specific conditions, we

have come to the conclusion that the DGTP does not simplify

the determination of an inner boundary from which travel-

time calculations begin. The complexity of the site and the

qeneral absence of experience and data in such fractured

rock environments in the vadose zone combine to greatly

reduce the general level of confidence in "modeled" condi-

tions. Such are presently based on sparse field data and

limited knowledge of physical and chemical processes.

We have also noted that, should the disturbed zone

boundary be established through an arbitrary distance cri-

terion, site complexities and processes uncertainties still
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do not lend themselves to confident travel-time determina-

tions. In summary, we think that considerably better site

characterization results than currently exist will be

necessary before a confident pre-waste-emplacement travel-

time estimate can be realized.
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I-

Draft Technical Position on Determination of Dissolution
Reactions and Kinetics for the Proposed Yucca Mountain
High-Level Nuclear Waste Repository.

1.0 Purpose:

This document presents site-specific objectives and

approaches for determining the extent of dissolution reac-

tions and kinetic effects in welded and nonwelded tuffs of

and adjacent to the repository horizon of Yucca Mountain in

supoort of licensing requirements.

2.n Requlatory Framework:

The Nuclear Waste Policy Act of 1982 (NWPA, 1983, Pub-

lic Law 97-425) requires the Department of Energy (DOE) to

establish guidelines for the recommendation of sites for

nuclear waste repositories (high-level waste and spent fuel)

in geologic formations, select sites, perform site-charac-

terization studies, construct and operate approved reposi-

tories for the disposal of nuclear waste, and close and

decommission such repositories. The Environmental Protec-

tion Agency (EPA) has the responsibility for developing

standards for offsite release limits of radionuclides to the

environment. The Nuclear Regulatory Commission (NRC) is

responsible for establishing technical procedures and cri-

teria that will apply in approving or disapproving applica-

tions for licenses and authorizations for construction of

high-level nuclear waste repositories and for closure and

decommissioning of such repositories.

Under the multiple barrier concept for isolation of

high-level nuclear waste in a permanently closed repository,

the qeologic setting of Yucca Mountain, as well as the eng-



ineered barrier system and the shafts, boreholes, and their

seals, should have the capacity to retard the transport of

long-term and short-lived radionuclides, and thus assure

that releases of radioactive material to the accessible

environment conform to established EPA standards (NRC: 10

CFR60.112 - Overall system performance objective for the

geologic repository after permanent closure).

The postclosure technical guidelines for dissolution

(section 960.4-2-6) consist of one qualifying condition, one

favorable condition, one potentially adverse condition, and

one disqualifying condition.

Section 960.4-2-6 Dissolution.

(a) Qualifying condition. The site shall be located
such that any subsurface rock dissolution will
not be likely to lead to radionuclide releases
greater than those allowable under the require-
ments specified in section 960.4-1. In predic-
ting the likelihood of dissolution within the
geoloqic setting at a site, the DOE will con-
sider the evidence of dissolution within that
setting during the Quaternary Period, including
the locations and characteristics of dissolution
fronts or other dissolution features, if identi-
fied.

(b) Favorable Condition. No evidence that the host
rock within the site was subject to significant
dissolution during the Quaternary Period.

(c) Potentially Adverse Condition. Evidence of dissol-
ution within the geologic setting--such as brec-
cia pipes, dissolution cavities, significant vol-
umetric reduction of the host rock or surrounding
strata, or any structural collapse-- such that a
hydraulic interconnection leading to a loss of
waste isolation could occur.

(d) Disqualifying Condition. The site shall be dis-
qualified if it is likely that, during the first
10,000 years after closure, active dissolution,
as predicted on the basis of the geologic
record, would result in a loss of waste isola-
tion."

2



Section 960.4-1 referred to above is the qualifying

condition for the system guideline:

Section 960.4-1 Svstem Guideline.

(a) Qualifying Condition. The geologic setting at the
site shall allow for the physical separation of
radioactive waste from the accessible environ-
ment after closure in accordance with the
requirements of 40CFR Part 191, Subpart B,
implemented by the provisions of 1OCFR Part 60.
The geologic setting at the site will allow for
the use of engineered barriers to ensure compli-
ance with the requirements of 40CFR Part 191 and
10CFR Part 60..."

Section 121 of NWPA directs the EPA to "promulgate gen-

erally applicable standards for the protection of the gener-

al environment from offsite releases from radioactive mat-

erials in repositories" and the EPA has published high-level

radioactive wastes standards (5OCFR38066). Section. 121 fur-

ther specifies that the NRC regulations "shall not be incon-

sistent with any comparable standards promulgated by [EPA]."

Published NRC rules which established procedures and tech-

nical criteria for disposal of high-level radioactive waste

in a geologic repository by DOE are 1OCFR Part 60, 46FR

13980, and 48FR 28204.

The applicable section of the proposed EPA rules (40CFR

Part 191, Subpart B - Environmental Standards for Disposal),

Section 13, sets forth containment requirements. It speci-

fies that disposal systems for high-level and transuranic

wastes shall be designed to provide reasonable expectation

that 10,000 years after disposal: (a) 'reasonably forsee-

able releases of the waste to the accessible environment are

projected to be less than quantities calculated according to

Table 1 (Appendix A)"(Table 1: Release Limits for Contain-

ment Requirements; units: curies/1,000 MTHM for various

radionuclides]; (b) "very likely release of waste to the
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accessible environment are projected to be less than 10

times the quantities calculated according to Table 1."

Applicable definitions are: Accessible environment:

includes the atmosphere, land surfaces, surface water,

oceans, and parts of the lithosphere that are more than 10

km in any direction from the original location of radioact-

ive waste in- the disposal system (NRC has proposed reducing

distance to 5 km); reasonably foreseeable releases: releas-

es of radioactive waste to the accessible environment that

are estimated to have more than one chance in 100 of occur-

ring within 10,000 years; very unlikely releases: releases

of radioactive waste to the accessible environment that are

estimated to have between one chance in 100 and one chance

in 10,000 of occurring within 10,000 years; disposal: iso-

lation of radioactive waste with no intention of recovery;

and disposal system: any combination of engineered and nat-

ural barriers that contain radioactive waste after disposal.

3.0 Dissolution Issue:

The Yucca Mountain site has been recommended as one of

three sites for characterization in accordance with the Nuc-

lear Waste Policy Act of 1982 (NWPA, 1983) and the Environ-

mental Assessment utilizing the DOE siting guidelines (1OCFR

Part 96n) was the basis for that nomination.

The DOE objective for evaluating dissolution is to

ensure that dissolution processes will not adversely affect

the nuclear waste isolation capabilities of the Yucca Moun-

tain site. The primary concern is that dissolution of the

host rock will compromise the waste isolation capabilities

of the site by creating new pathways for radionuclide migra-

tion to the accessible environment. However, the evaluation

of dissolution processes is based on the evidence of dissol-
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ution in the qeologic setting of the Yucca Mountain site

durinq the Quaternary Period. The DOE considers the ques-

tion of dissolution to be of no concern at Yucca Mountain

because: (1) no evidence of dissolution (breccia pipes or

solution cavities) have been found to date, and (2) rock

types present are "considered insoluble."

The manner in which the dissolution guidelines are

phrased render them more appropriate for preclosure reposi-

tory considerations than postclosure. Postclosure dissolu-

tion guidelines must consider the effects of repository

emplacement on potential dissolution processes. Therefore,

the issue of dissolution has been inadequately treated in

the Environmental Assessment of Yucca Mountain by DOE due

to:

1. uncertainty in the enhancement of existing pathways for
radionuclide transport to the accessible environment
by dissolution versus the creation of new pathways;

2. the uncertainty of utilizing the geologic past as a bas-
is for evaluating a perturbation to the environment,
namely the emplacement of a nuclear waste repository,
that apparently has not occurred at any time in the
qeologic past, including the Quaternary Period;

3. the extremely simplistic and incorrect notion of consid-
ering silicate rocks, volcanic qlass, and minerals
insoluble;

4. a poor understanding of the metastability of volcanic
glasses and authigenic minerals;

5. a poor understanding of the kinetics of dissolution of
volcanic glass and associated minerals;

6. the uncertainty of future physical and geochemical con-
ditions at the site due to emplacement of nuclear
waste; and
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7. the uncertainty of applying equilibrium (isothermal)
relationships to processes (dissolution reactions and
kinetics) that are more likely irreversible (nonequil-
ibrium).

These uncertainties have been ignored in the site- sel-

ection process and form a series of basic concerns with res-

pect to licensing issues. These issues are now best addres-

sed during the site-characterization process.

4.0 Statement of Position:

It is the position of the State of Nevada that evalua-

tion of dissolution must be based on a combination of labor-

atorv experiments, in situ field observations, and theoret-

ical modeling which establish the present extent of dissolu-

tion and possible range of future dissolution for a given

loading of nuclear waste in the repository. Equilibrium and

kinetic constants for dissolution reactions, as well as the

extent of nonequilibrium processes, can be obtained during

site characterization through a site-characterization pro-

qram strategy which:

1. Characterizes vadose-zone hydrology including climatic-
ally induced changes, specifically fluid flux rates in
fractures (lateral and depth extent of interconnectiv-
ity, aperture width, roughness, and filling mineral
distribution) versus matrix;

2. Characterizes vadose-zone hydrogeochemistry: pH, Eh,
concentrations of dissolved cations, anions, including
organics, colloids, and particulates; and depth varia-
tion;

3. Characterizes the chemistries and physicochemical stab-
ilities of the solid phases: volcanic glass, authigen-
ic minerals, and mineral products of devitrification;
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as a function of temperature, aqueous fluid pressure,
aqueous fluid composition (including organics), pH,
and Rh;

4. Characterizes the stabilities of artificial materials
(shot-crete, stainless steel, soft steel of roof bolts
and meshinq, and epoxies used to coat and cement roof
bolts, etc.) with respect to the thermal and geochem-
ical regimes expected during the first 10,000 years of
repository existence;

5. Characterizes the kinetics of volcanic glass dissolu-
tion/hydration/dehydration reactions and dissolution
of authiqenic minerals, such as clays and zeolites;

6. Characterizes the equilibrium (isothermal) dissolution
of natural mineral and artificial phases separately
and as a system for the expected variations in temper-
ature, and fluid compositions represented by the range
(yet to be determined) of vadose-zone hydrogeochemical
analyses to condensed steam under: (a) closed system
conditions (static, no flow), and (b) open system con-
ditions with flow rates representative of convective
fluid flow rates after repository emplacement;

7. Evaluates uncertainties in thermodynamic data used in
equilibrium geochemical modeling of dissolution reac-
tions to obtain conservative estimates of the effects
of such processes;

8. Characterizes rocks and minerals for microscopic dissol-
ution features and textures (although large-scale dis-
solution structures, such as breccia pipes and solu-
tion cavities, have not been found to date, megascopic
features should be preceded by microscopic dissolution
textures);

9. Determines the extent of nonequilibrium (polythermal)
dissolution and the rates of reaction of natural min-
erals present at Yucca Mountain and artificial materi-
als separately and in combination as a system in
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experiments scaled to "expected" temperature gradients
due to repository emplacement for: (a) closed system
(no flow) and (b) open system conditions for -represen-
tative convective fluid flow rates;

10. Characterizes the post-emplacement concentration grad-
ient of aqueous species in vadose-zone fluids for
expected temperature gradients imposed by nuclear
waste heating;

11. Determines the importance of thermodiffusion versus
convective fluid flow at various stages in the ther-
mal evolution of the repository (Soret coefficients
must be known for aqueous species in order to eval-
uate thermodiffusion);

12. Characterizes effective matrix porosity and permeabil-
ity changes of volcanic rocks due to equilibrium and
nonequilibrium processes;

13. Characterizes effective fracture permeability and
transmissivity changes due to equilibrium and non-
equilibrium processes affecting volcanic glass, min-
eral products of devitrification, and authigenic
fracture-coating minerals; and

14. Characterizes heat and mass transfer (dissolution/pre-
cipitation reactions) expected by convective circula-
tion of aqueous vapor and liquid resulting from nuc-
lear waste emplacement;

Achievement of these objectives may allow bounding

estimates to he placed on the extent of dissolution result-

ing from repository emplacement and its effects on overall

repository performance release limits of radionuclides to

the accessible environment.
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PROGRESS REPORT ON A TECHNICAL POSITION
ON THE DISTURBED ZONE

Background

The potential importance of the hydrothermal effects in the vadose zone of Yucca Mountain due
to waste-generated temperatures which exceed the boiling temperature of water is generally

unrecognized. Our analysis indicates marked increases in both vapor and liquid-phase flow should be
expected due to the strong thermal envelope generated by the waste. In the fractured-rock environmcnt,
the complexity of heat and mass-transfer processes and associated solution-mineral reactions will be
greatly increased by the multiphase liquid and vapor-flow environment.

The DOE definition of the disturbed zone to date continues to ignore the presence and
importance of mulliphase fluid transport. Their current definition is not as defined and intended in 10 CFR
60.2 (46FR35280, 35281, July 8, 1981). Instead of a mechanically disturbed zone of the current DOE
definition (measured as extending several meters from the repository horizon) hydrothermal effects may
extend many tens of meters downward towards the water table and upward towards the land surface.

The disturbed zone continues to be one important focus of review activities. We find that the
zone of difficult-to-understand (and characterize) processes (46FR35280, 35281, July 8, 1981) has been
equated conceptually, in a draft technical position by the NRC, to the zone of intrinsic property changes
(Gordon. at al., 1986). The central concept of a zone of intrinsic property changes also appears in most,
if not all, DOE-sponsored literature that requires a disturbed-zone definition (Langkopf, 1987 and DOE,
1988, Section 8.3.5.12.5, for example). However, even if there were no intrinsic property changes,
heat-driven changes in the hydrologic system al Yucca Mountain can reasonably be expected to be
profound (and extraordinarily complex from a modeling perspective). The argument that lluid-buoyancy
effects can be modeled with "well developed assessment methods' (Gordon, 1986, p. 6) is not applicable
to poorly-characterized, subvertical-fracture networks where countercurrent flows of water vapor and
liquid water may occur in a partially-saturated environment. These hydrothermal processes can be
reasonably expected to occur within 100 years of the beginning of repository loading based on simple
calculations using DOE's physical-property values.

Basic Data

Ranges and preferred values for hydrogeologic parameters at Yucca Mountain are summarized
by Langkopf (1987, Appendix D). The following data are pertinent to our discussion:

1. Mean and standard deviation of the saturation data for the Topopah Spring welded unit:
65%, Is - 19%

2. Porosity of Topopah Spring matrix: 0.11

3. Residual saturation of Topopah Spring matrix: 0.08

4. Porosity of Topopah Spring fractures: 18 x 10-5 , derived from (1) apertures reported by

Langkopf (1987) refers to unpublished modeling studios by J. Gauthier and R. R. Peters communicated to
Langkopt in a 1986 internal memorandum (SANDIA). In the modeling study, water redistribution was considered
from the repository midline to balow the repository . Their reported findings support our scenario of total waler
expulsion in 100 years as vapor. However, their model assumes the matrix would sorb the displaced moisture.
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Peters, et al. (1984) and (2) the assumption that 40 fractures/m3 reported by Scott, et
al. (1983) are all vertical.

5. Residual saturation of Topopah Spring fractures: 0.0395

The fracture porosity in the rock mass above and below the repository horizon is a very important
parameter, yet very uncertain. Fracture porosity is the receiving volume into which water vapor, mobilized
during repository heating, will be driven into and condensed. Two approaches have been used to calcu-
late fracture porosity. Sinnock, at al. (1984) used bulk-saturated hydraulic-conductivity values from wells
J-13 (Thordarson, 1983) and H-1 (Barr, 1984) to obtain effective hydraulic aperture via the cubic law.
Peters, et al. (1984) measured the permeability of a planar fracture in a single piece of core (sample G4-
2F) from the Topopah Spring welded unit, and used the cubic law to obtain an estimate of its effective hy-
draulic aperture. Both groups of authors use a fracture density of 40 fractures per cubic meter in the
Topopah Spring welded unit (Scott, et al., 1983) to calculate effective porosity as the product of fracture
density and aperture. The field-scale approach yields order-of-magnitude larger estimates of fracture po-
rosily, but both methods suffer from a limited understanding of actual aperture geometry and the degree
to which adjoining fracture surfaces are in contact.

Multiplying the porosity of the Topopah Spring welded unit matrix (0.11) by its mean saturation
(65%), we obtain 0.0715; seven percent (by volume) of the rockmass is water. Langkopf (1987, p. 68)
indicates that, with an initial areal power density (APD) of 57 kw/acre, the 1000C isotherm will reach its
maximum extent 10 m below the centerline of the waste package 90 years after waste emplacement.
Actually, water will boil at 950C under the ambient atmospheric pressure of 85 kPa at the repository
horizon (Weeks, 1987), so the zone of vaporization will extend beyond 10 m from the centerline.
Therefore, the zone of vaporization can be conservatively estimated to be 20 meters (65.6 ft) thick.

The CD-SCP (DOE, 1988, p. 6-227) indicates some uncertainty as to the area available and the
area needed for the proposed repository at Yucca Mountain. We have selected an area of 2,000 acres
for our calculations. A simple volume calculation yields a conservative estimate of the volume of liquid
water within the 95°C isotherm during the first 100 years of repository operation:

2,000 Acres x 65.6 Ft. x 0.0715 , 9,381 Acre-Feet

Possible Worst Case Scenario

The matrix water will entirely vaporize within the 950C thermal envelope and, as water vapor,
migrate away from the 950C isotherm along the most permeable fracture networks. Most, if not all, of the
9,000 plus acre-feet of matrix water will condense on the walls of the cooler fractures beyond the 950C
isotherm. This condensation could continue until any given fracture is saturated. Perhaps roughly
one-half of the vapor would condense to free water above the repository thermal envelope, assuming that
fracture permeability is approximately equal above and below the repository thermal envelope. Gravity
drainage of condensate in the regions both above and below the repository would occur in the fracture
networks on a very large scale. Some condensate trapped above the 950C thermal envelope could be
recycled from vapor to liquid phases many times before draining through the repository horizon. The hot
repository zone would likely be continuously penetrated by some returning condensate flow along highly
permeable fractures which, in turn, might establish steam explosions and increasingly corrosive fluids in
the envelope of hot rock surrounding the repository. An extensive envelope of fracture (and perhaps ma-
trix) saturation totally surrounding the repository horizon seems likely. Recharge flux would also accumu-
late in the upper zone of saturation as long as the 950C isotherm existed (assuming that porosity exists to
accept the accumulating recharge flux). Upon cooling of the thermal envelope to below 950C, the reposi-
tory horizon would eventually be effectively penetrated by the saturation front, and additional fracture flow
from the repository horizon to the underlying units would occur.
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Significance of Worst-Case Scenario

Licensing criteria would not be met with the above scenario. The disturbed zone could extend
upward to near the land surface, which is by definition the accessible environment, and down to the water
table. Pro-emplacement ground-water travel time in the saturated zone would be less than the required
1,000 year if the edge of the disturbed zone is at the water table. All Iravel-time estimates established in
the saturated zone are substantially less than 1,000 years.

The presence of extensive fracture saturation above and below the repository from condensing
water vapor Insures fracture flow and associated rapid travel times to the saturated zone. The inva-
sion of the repository horizon by fracture-flow water during a coot down to below 950C suggests canister
contact with water early in the history of required repository performance. The main attraction of the va-
dose zone in an arid environment is its presumed dry nature -- the absence of moisture for fracture
flow Is the postulated waste-isolation attribute. If the thermal envelope changes the environment to
one of widespread fracture flow, the postulated waste-isolation attribute of the hydrogeologic environment
at Yucca Mountain is lost.

There remains important uncertainties associated with establishing a confident analysis of dis-
turbed-zone behavior. In I[ie preceding scenario, fracture porosity and permeability are key physical
properties that are poorly known. In addition, the rate of vapor production/migration in the thermal
envelope is uncertain. Configuration of the thermal 950C envelope, mineral solution, and mineral dissolu-
tion rates are also uncertain. Laboratory experiments in conjunction with a much stronger field database
would permit a more confident analysis of the extents and rates of development of the hydrothermal
effects of the repository.

Progress Summary

Based on a high probability of strong hydrothermal (heat-pipe) effects occurring as the waste
heats the surrounding rock matrix to boiling temperature, including a zone of vaporization and upper and
lower zones of condensation that could extend upward to land surface and downward to the zone of satu-
ration, we believe that the DOE and NRC have failed to recognize the probable ramifications of the dis-
turbed zone at the Yucca Mountain site. Physical and chemical changes within the zones of vaporization
and condensation will be difficult to characterize and accurately predict extents, durations, as well as their
effects on intrinsic properties. There is no valid or rational basis for restricting the disturbed-zone defini-
lion to some region of intrinsic property changes in the vadose zone.
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Draft Technical Position on the Determination of the
Disturbed Zone at Yucca Mountain Proposed Sigh-Level
Nuclear Waste Repository.

1.0 Purpose:

The technical position of the State of Nevada on the

determination of the disturbed zone boundary is presented as

an element of site selection and with the cognizance that

licensing issues are dependent upon appropriate site-selec-

tion procedures. This document interprets and identifies

the "disturbed zone" as it applies to Yucca Mountain and NRC

regulations (1OCFR Part 60).

2.0 Regulatory Framework:

The Nuclear Waste Policy Act of 1982 (Public Law 97-

425) confers responsibility to EPA for developing applicable

standards for protection of the environment from off site

releases of radionuclides (Section 121): to the NRC for

issuing technical requirements and criteria that will apply

in approvinq or disapproving applications for licenses and

authorization to construct high-level radioactive waste

repositories (Section 121), and for closure and decommis-

sioning of such repositories; and to the DOE for issuing

qeneral guidelines for site selection and site characteriza-

tion, and for construction and operation of the waste dis-

posal facility in accordance with NRC regulations (Section

121).



The NRC has established performance objectives for

high-level radioactive waste repositories including perfor-

mance criteria for both the geologic and engineered barrier

systems (1OCFR Part 60, Subpart E-Technical Criteria).

Within this section, the travel time criteria is stated:

"The geoloqic repository shall be located so that the
pre-waste-emplacement groundwater travel time along
the fastest path of-i-kely radionuclide travel from
the disturbed zone to the accessible environment
shall be at least 1000 years or such other travel
time as may be approved or specified by the Commis-
sion." (10CFR60.113(a)(2)).

The "disturbed zone" cited in (10CFR Part 60.113(a)(2))

within the travel time criterion has been defined as:

"That portion of the controlled area the physical or
chemical properties of which have changed as a result
of underground facility construction or as a result
of heat generated by the emplaced radioactive waste
such that the resultant change of properties may have
a significant effect on the performance of the geolo-
qic rePository." (1OCFR Part 60.2).

Chu, et al. (1983) have suggested that the "disturbed zone"

definition requires additional clarification by NRC; and

Gordon, et al (NRC) have developed the Draft Generic Tech-

nical Position (DGTP) for the Disturbed Zone (1986). Based

on extensive comments received by NRC, a revised NRC Generic

Technical Position on the Disturbed Zone is anticipated.

3.0 Disturbed Zone Issue:

The disturbed zone, as defined by NRC (1OCFR Part 60)

is a concept intended to establish a definition of the inner

boundary from which ground-water travel times from High-

Level Nuclear Waste (HIW) Repositories to the accessible

environment are determined.
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Credit towards the 1,000 year pre-waste-emplacement

travel time objective is not considered within the "distur-

bed zone" because of the potential difficulty in assessing

the phvsical and chemical processes contributing towards

waste isolation within that reqion. NRC (Gordon, et al.,

1986) state that site-specific analyses for determination of

the extent of the "disturbed zone" should account for: ano-

malous geologic situations; effects of the heterogeneous

geoloqic system; the magnitude of the likely ground-water

flux (implying vadose and saturated zone flux); the magni-

tude of areal thermal loadinq of the repository; geochemical

and hydroqeochemical characteristics of the site; and

chanqes in the configuration of the facility through time.

(DGTP, paqe 17).

However, Gordon, et al. (1986) clearly exclude the

thermal effects of bouvancy on fluids as part of the defini-

tion of the disturbed zone by stating that this will be

treated during assessment of compliance with the overall

system performance (1OCFR Part 6n.112). We assume that this

exception also includes phase changes in fluids, and we

anticipate these to be of significant impact in the Yucca

Mountain vadose environment. Therefore, the State of

Nevada's position on the "disturbed zone" explicitly add-

resses phase changes in fluids and associated moisture

redistribution as the result of the fluid-phase changes.

4.0 Statement of Position:

It is the position of the State of -Nevada that the

existing NRC definition of the disturbed zone is appro-

priate:

"That portion of the controlled area the physical or
chemical properties of which have changed as a result
of underground facility construction or as a result
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of heat generated by the emplaced radioactive waste
such that the resultant change of properties may have
a significant effect on the performance of the geolo-
gic repository." (1OCFR60.2).

Following the above NRC regulation, the "disturbed zone"

boundary within the vadose zone of Yucca Mountain may be

considered to be:

1) Defined by the maximum extent of thermally-induced

fluid (gas and liauid) migrations: and

2) Defined by that part of the thermal envelope within

which, changes in the:

a) Abundant* mineral and/or volcanic glass dehydration

or hydration states are 10% or greater than the

intrinsic values (as non-structural water - deter-

mined as water of hydration evolved from ambient

temperature to 100'C, inclusive; and

b) Mineral and/or volcanic glass volume changes exceed

the yield point of any mineral, glass or whole rock

so that tensile failure occurs and results in an

increase in intrinsic permeability, effective poro-

sity, and/or a loss of structural strength.

The maximum extent of fluid migration is determined as

a function of the maximum extent of 100*C isotherm during

the first 1,000 vears after waste emplacement, effective

fracture porosity within the host rock, total quantity of

vadose water (including evolved mineral water) and accumula-

* Abundant indicates greater than 5 percent for clays and
greater than 10 percent for zeolites and volcanic
glass.
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ted recharge flux. Thermal effects due to hydration reac-

tions should be added to that heat generated by the radioac-

tive waste.

The disturbed zone calculations require laboratory and

in situ data acquisition. They will not be considered valid

if solely derived from theoretical model studies unsupported

or inadequately supported by site-specific data, including

fracture network conductivity and effective porosity, frac-

ture and rock matrix water contents, recharge flux, and dis-

tribution and concentrations of minerals and volcanic glass

which may be hydrated or dehydrated.

5.0 Discussion:

The concept of the disturbed zone was proposed by NRC

(1OCFR Part 60) as a volume boundary which constitutes the

division of highly disturbed host rock due to waste emplace-

ment that is difficult to characterize from host rock which

approaches geothermally ambient temperatures and contains

metastable and stable mineral and volcanic glass assemblages

whose behavior may be modeled or predicted with reasonable

confidence. The determination of the location of the dis-

turbed zone boundary is imperative to the proper calculation

of travel times, since travel-time calculations commence at

the disturbed zone boundary and continue through to the edge

of the accessible environment.

The imposition of the proposed repository at Yucca

Mountain upon a regional geothermal gradient in the tuffa-

ceous rock mass superposes a thermal regime and radionuclide

inventory which abruptly modifies the natural environmental

settinq. To date, the boundary between the disturbed zone

and the apparently less affected and easier to characterize

environment has been determined by arbitrary definitions

5



promulgated by changes in intrinsic porosity and permeabi-

lity, suppositions of mineral stability, such as for clinop-

tilolite, and technological achievements for approximating

kinetic and thermodynamic data into idealized and generic

models in addition to the 50 m zone of physically disturbed

rock caused by mining.

The DOE has viewed the Yucca Mountain mineral associa-

tions as being non-reactive quasi-stable phases under the

time and temperatures anticipated during the repository

life. These information are treated as conservative esti-

mates: vet, due to limitations in laboratory techniques,

thermodynamic variables assumed to control mineral equili-

bria are limited in their ability to predict the real world

(in situ) reactions. Gibb's free energy values, as are used

in geochemical models for pure mineral end-members, do not

normally have the precision or accuracy required to deter-

mine mineral association stabilities in the natural environ-

ment. Furthermore, to facilitate modeling, only the end-

members of minerals that typically form solid-solution

series in nature are considered (such as feldspar, clays,

and zeolites). This simplification is thus only an approxi-

mation of reality. Consequently, the underlying context for

creatinq the concept of the disturbed zone is valid, how-

ever, it is problematic due to the inability to treat its

boundary on a site-specific, activity-stability basis.

The thermal envelope produced by the repository is

dynamic in its geometric configuration, because heating and

cooling events are produced by the thermal load decay rates.

Since there is apparent debate on the density and size of

the canister load, little of significance bas been offered

with respect to a precise thermal envelope for the Yucca

Mountain site and consequently, peak loading temperatures of

the host rock are yet to be reported as a function of both

convection and conduction. It seems inappropriate then, to
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establish a generic distance from the repository center line

to the edge of the disturbed zone (50 meters) as a minimum

distance requirement. Likewise, it seems premature to est-

ablish fixed temperature requirements for the determination

of the "disturbed zone' boundary.

There are no radionuclide waste repositories which can

offer analog environments for comparison. A presumably rea-

sonable natural analog to the proposed repository system is

the hydrothermal alteration of an environment where most of

the chemical components can be treated as mobile and reac-

tive variables. In these natural systems, phyllosilicates,

aluminosilicates, and tectosilicates tend to be zoned in

monomineraloqic bands concentric to the zone of hydrothermal

fluid introduction. These, attest to systems with very few

immobile variables. In the hydrothermal systems, rapidly

circulating fluids (as per fracture flow) often increase the

temperature locally in prominent paths of fluid transport.

Steiner (1968) has observed for Wairakei, New Zealand, that

in alteration zones juxtaposed to fissures, a new mineral

assemblage is produced adjacent to the pathways of circula-

ting fluids; however, the mineral phases of the general rock

series tend to conform to the general trend which is depen-

dent upon the geothermal gradient of the system. In this

natural system, a disturbed zone boundary has a strong geo-

metric dependence on fluid phase paths of transport, thermal

convection and conduction, and whole-rock petrology (such as

mineral associations, grain boundaries, and pore and frac-

ture densities). Although there may be differences in the

peak temperatures of hvdrothermal analogs and the Yucca

Mountain proposed repository, dynamic fluids may produce

strikinq similarities in the dynamic-fractal-thermal envel-

opes developed in both situations. Thus, a zonation of min-

eral assemblages is expected for Yucca Mountain as represen-

ted by intensive variables of temperature and pressure, and
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extensive variables such as the mass of fluid, abundances of

aqueous solutes, minerals, and glasses. In this context,

the most important pathways extending from the repository

toward the accessible environments represent, in part or in

whole, the fluid migration perturbations surrounding the

more general thermal envelope and hence, the disturbed zone

boundary as a consequence of fluid movement. In the Topopah

Spring Member of the Paintbrush Tuff, near-field reactions

should be similar to reactions expected at the zones of

fluid perturbation.

Zones of fluid (gas and liquid phases) transport (most

likely by fractures) are uniquely complex in their potential

behavior due to:

1. Flevated temperatures above geothermal ambience resul-
tinq in faster reaction rates;

2. Neoformation of qels and solid phases;

3. Hydration and dehydration reactions uptaking and yield-
inq water of crystallization, respectively:

4. Exchange of cation and anion species resulting in a
change in aqueous geochemistry and aluminosilicate and
phvllosilicate exchangeable supercage dimensions;

5. Dissolution of stable and metastable phases providing
divalent, monovalent, and complex ions into solution;
and

6. Providing thermal-chemical-mechanical stresses on the
whole rock, mineral and qlass phases resulting in ten-
sile failure aiding transport and reducing whole-rock
stability.

The State of Nevada views the fracture and joint sys-

tems of Yucca Mountain as potential and likely paths of

transport, and as potential perturbations of disturbed zone

in areas of fluid phase change, and as zonations which are

geochemically and physically too complex to characterize.

8



These zones of fractures and faults should be consider-

ed the prominent paths of transport and have the capability

of transporting radionuclide species both in solution and as

vapor from the repository to the accessible environment.

Important vapor transport is accomplished at 100*C or great-

er, provides outer zones of condensation and fluid convec-

tion above the repository, and zones of condensation and

transport towards the accessible environment below the repo-

sitory. Vapor phase escape to the atmosphere above the

repository may be sufficient to be taken seriously with res-

pect to licensing criteria.

5.2 Anticipated Diaqenetic Events:

5.2.1 Phvllosilicates:

The dominant clay minerals present in the tuffs of

Yucca Mountain are montmorillonite - beidellite (10 to 20

Angstrom spacing) and dioctahedral beidellite interstrati-

fied with illite. The beidellites are sodium enriched but

mav be more calcic high in the Yucca Mountain stratigraphy.

Sodium montmorillonites have swelling pressures ranging from

105 to 107 dyne/cm2 which varies with the water to

clay ratios, and basal spacing may vary significantly with

very minor chanqes in temperature and humidity. Minor heat-

ing of the clay minerals resulting in concommitant collapse

of the basal spacing could release significant quantities of

water and result in opening of fractures. Additionally,

loss of mineral water could be accompanied by a loss in sod-

ium to the aqueous system. Clay minerals are commonly in

abundance as fracture lining and fillings and as fillings

between volcanic glass shards. Swelling of these minerals

could either be responsible for fracturing of the surround-

ing rock, sealing small fractures or closing the diffusion

pathways between the fracture walls and pores in the tuff.

9



Any sodium-enriched aqueous fluids evolved from the

sodium-montmorillonite dehydration could be responsible for

a lowering of the stability temperature of clinoptilolite,

thereby reducing the sorption capability of that zeolite.

Ililte interstratification increases with increasing press-

ure and temperature thereby reducing the base-exchange capa-

city of the clay and providing water and sodium to the aque-

ous system.

5.2.2 Aluminosilicates:

The dominant zeolites associated with the repository

horizon are clinoptilolite and mordenite. Clinoptilolites

are in a continuous solid-solution series with heulandite (A

and B), analcite and albite. The introduction of Cs as an

exchange ion coming from the nuclear waste will result in a

loss in mineral water in clinoptilolite. Similar ion

exchange accompanies changes in the hydration state of the

zeolite supercage. Temperature elevations smaller than are

required to transform clinoptilolite to analcime also result

in water loss to the extent that continuous heating to about

3500C results in a continuous water loss until the dehy-

drated phase is reached. Water loss both from clay and zeo-

lites can be important relative to qlass hydration and aque-

ous geochemistrv. As the alkalic ion concentration in the

vadose aqueous system is increased, the rates of glass

hydration are increased and the stability of clinoptilolite

is decreased. Base exchange (sorption) in clinoptilolite as

a means for radionuclide retardation depends upon existing

ionic activity in the supercage sites and the composition of

the aqueous phases. As these parameters are affected by

phvsico-chemical reactions within the disturbed zone the

sorption characteristics of the zeolite becomes variable and

difficult to determine.
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5.2.3. Volcanic Glass:

Obsidian and its intermediate hydration product perlite

are unstable, brittle components in abundance above and

below the repository horizon. These glasses have the poten-

tial to be affected by both autocatalytic hydration (hydra-

tion accompanied by base exchange) and dissolution. Boles

(1977) states:

"The rise in temperature assocated with increasing bur-
ial depth may undergo perturbations from hydration
reactions involving zeolites. Surdam and Boles
(1977) calculated that the hydration of andesine to
laumontite in a sandstone with density 1.3 g/cc, 40%
andesine, and an initial temperature of 60*C at 1.5
km of burial would raise the temperature of the rock
by 40"C if the heat of the reaction is conserved.
Zeolitization of volcanic glass should also evolve
heat." (Boles, 1977, page 129).

The effects of the loss of heat during the hydration reac-

tion on the repository thermal envelope has not been assess-

ed for Yucca Mountain even though the vitrophyre just below

the repository may be subjected to significant hydration

effects especially in the light of thermal increases above

the geothermal norm. The hydration of glass involves a

increase in volume and results in glass fracturing providing

additional reactive surface and paths of fracture intercon-

nectivity.

5.2.4 Tectosilicates:

As a consequence of hiqher rates of dissolution, evolu-

tion of mineral water and cations, and increases in environ-

mental temperature, the aqueous system within the vadose

zone could potentially contain sufficient components requir-

ed for opal precipitation. This could be partially respon-

sible for fracture sealing (inhibiting fracture flow). In

addition, fracture coatings might be responsible for a red-
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uction in diffusion pore space thus inhibiting the circula-

tion of fluids in the rock matrix and increasing the trans-

port of fluids by fracture flow.

5.2.5 Other Reactions:

Pore fluid chemistry is an important control on mineral

reactions in volcanic tuff environments. High CO2 press-

ures might favor clay-carbonate assemblages over clinoptilo-

lite-mordenite-analcite assemblages. Changes in the pH and

Eh values for the aqueous system will also change the acti-

vity of mineral and glass species and will promote either

the retardation of radionuclides or their transport to the

accessible environment. Effective porosity and permeability

changes provide for the transfer of ions between reaction

sites and provide variations in the mixing of aqueous fluids

by matrix diffusion and fracture flow.

The whole rock and vadose aqueous system should be con-

sidered as an interrelated suite of minerals, glass and

aqueous phase(s) which are subjected to geologically rapid

thermal and chemical changes resulting in a dynamic shift in

equilibrium (thermodynamically irreversible processes). The

"disturbed zone" concept provides a volume within the geolo-

qic system where complex interactions and reactions occur-

rinq as a consequence of irreversible thermodynamic process-

es induced by thermal loading, associated fluid migration,

and mechanical effects of repository construction, do not

require comprehensive and accurate characterization. This

is a reasonable and conservative approach as there is com-

pelling evidence that the "disturbed zone" is probably too

complex to obtain the required characterization to meet

licensing criteria.
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Progress report: computer codes and anticipated modeling during intensive review of the disturbed zone.
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Mifflin & Associates, Inc.
2700 East Sunset Road, Suite B13 Document No. MY87O422b

Las Vegas, Nevada 89120
(702) 798-0402, (702) 798-3026

PROGRESS REPORT: Computer Codes and Anticipated Modeling During
Intensive Review of the Disturbed Zone.

Computer software that will benefit the disturbed zone intensive

review falls into two general categories, Le, programs that simulate mass and

energy transport, and those that simulate geochemical reactions. Geochemical

reaction models can be further subdivided into reaction path models and mass

transfer models. Coupling of a geochemical reaction simulator with a

multiphase flow and energy transport code is clearly beyond the state-of-the-art

at present (1987), and is considered unlikely to occur during site

characterization. It is therefore necessary to model geochemical and transport

phenomena as uncoupled processes, using professional judgement to guide

feedback between the necessarily separate modeling activities.

In anticipation of the need for review and recalculation of the thermal

envelope and host-rock dissolution effects at Yucca Mountain, a number of

numerical simulators were added to Mifflin & Associates' code library. These

codes will allow for independent assessment of strongly heat-driven flow in

partially saturated fractured porous media, consideration of possible reaction

paths and mass transfers, and investigation of the significance of highly

uncertain parameters and boundary conditions. To our knowledge, only four

computer codes presently in existence might solve the problem of heat-driven



mass and energy transport in partially-saturated porous media. As outlined

below, we either have or expect to have "official' versions of all four of these

codes during 1987. There is a much greater variety of geochemical codes from

which to choose; we have chosen two that are able to perform all necessary

aqueous speciation modeling functions and are able to describe quantitatively

the effects of onging geochemical reactions.

The following codes are expected to form the basis of in-house modeling

efforts:

TOUGH, by Karsten Pruess of Lawrence Berkeley Laboratory, is a three-

dimensional finite-difference program that takes into account most of the

physical effects which are important in multi-phase fluid and heat flow.

Based on discussions with Pruess, this program is an appropriate tool for

studying an environment characterized by gravity drainage of a mixture

of recharge and condensate in discrete vertical fractures. The TOUGH

code and user's manual were received on March 30, 1987.

NORIA, a finite element computer program for analyzing water, vapor, air, and

energy transport in porous media, is expected to be released by Sandia

in the near future. NORIA can solve the same types of problems that are

solved by TOUGH, but includes Knudsen diffusion and nonlinear binary

diffusion. The present status of NORIA is that Sandia has not forwarded

it to Argonne's National Energy Software Center, and a DOE mandate

requires this formality prior to release of any code. Based on discussions

with NORIA'S author, Nathan Bixler, and his supervisor, Dave Gartling,

we expect that NORIA will be available to us within a few weeks of this

writing (April 1987). We have arranged for release of PETROS, a one-
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dimensinal finite-difference code that solves exactly the same set of
equations as NORIA, following disucssions with G. Ron Hadley of
Sandia. To complete the transport code picture, Bryan Travis of Los
Alamos has indicated that he will send us a copy of WAFE, although the
code is being revised to run "much faster" and the documentation is still
incomplete.

PHREEQE, by Parkhurst, Thorstenson,and Plummer of the U.S. Geological
Survey, is a mass transfer code capable of sumulating a variety on
solution-mineral reactions including evaporation and mixing. Johnson
and Shettel of MAI both have extensive experience with PHREEQE, and
have found it to be relatively efficient and easy to apply compared to
other available reaction-path simulators such as EQ3/6. Extreme
evaporation will be handled using a modified Pitzer approach that will be
set up as a subroutine in PHREEQE. PHREEQE and the Pitzer routine
are in our library now (April 1987).

The EQ3/EQ6 software package by Dr. Thomas Wolery of Lawrence Livermore
National Laboratory, is a reaction-path model that is presently
undergoing extensive revision. Available versions are EQ3.301 5U1 9 of
April 9, 1981, and EQ6.3015U93 of March 28, 1981. Since both
programs are expected to be superceded in May of 1987 by greatly
improved versions, we do not anticipate immediate application of the
EQ3/EQ6 package to Yucca Mountain geochemical issues. However,

since the new EQ3 will incorporate the Pitzer approach to computing
activity coefficients in high-ionic-strength waters, and EQ6 will handle
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dissolution and precipitation kinetics, these codes will be incorporated

into our review process as soon as they are available.

In summary, our collection of transport and geochemical model codes

will be adequate in the immediate future for a rigorous review of the predicted

thermal envelope and associated geochemical effects, subject to the major

hydrogeologic uncertainties at Yucca Mountain. In addition, some intercede

comparisons between functionally similar members of the transport and

reaction-code families can be expected during 1987.

REFERENCES:

Bixler, N. E., 1985, NORIA - A FINITE ELEMENT COMPUTER PROGRAM FOR
ANALYZING WATER . VAPOR. AIR. AND ENERGY TRANSPORT IN
POROUS MEDIA : Sandia National Laboratories, SAND84-2057.

Hadley, G. R., 1985, PETROS - A PROGRAM FOR CALCULATING TRANSPORT
OF HEAT. WATER. WATER VAPOR. AND AIR THROUGH A POROUS
MATERIAL: Sandia National Laboratories, SAND84-0878.

Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980, PHREEQE - A
COMPUTER PROGRAM FOR GEOCHEMICAL CALCULATIONS: U. S.
Geological Survey Water-Resources Investigations 80-96.

Pruess, K., 1987, TOUGH USERS GUIDE (DRAFT) : Lawrence Berkeley
Laboratory, LBL-20700.

Wolery, T. J., 1979, CALCULATION OF CHEMICAL EQUILIBRIUM BETWEEN
AQUEOUS SOLUTION AND MINERALS: THE EQ3/6 SOFTWARE
PACKAGE: Lawrence Livermore Laboratory, UCRL-52658.

4 MY870422b



Section E

Review of Technical Documents Program

. 77 -

MY89051 Id



Review of Technical Documents Program

Introduction

The Technical Review activity was review of selected technical documents in hydrogeologic and
related topical areas. Documents reviewed were generally by DOE and NRC (or their contractors), and
the open scientific literature. The activity also provided for State of Nevada requests 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
hydrogeologic investigations, including the following topical or issue areas: vadose-zone hydrogeology,
saturated-zone hydrogeology, hydrogechemistry, 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 reviews for 1987
and 1988 were DOE Environmental Assessment (EA) and Consultation Draft Site Characterization Plan,
Yucca Mountain Site (CD-SCP). The DOE prepared a draft EA (December, 1984) which received public
comments and was revised and published as a final EA (May, 1986).

The CD-SCP was released by DOE in January 1988. The CD-SCP is the key document with
respect to the manner in which the DOE intends to characterize the proposed Yucca Mountain repository.
This document, when considered In the context of existing information and the DOE perspectives
established in the EA, made it possible for the State of Nevada to judge the viability of the DOE program
with respect to each issue area. Each specific objective of the CD-SCP was judged from the following
criteria:

A. Existing database for Yucca Mountain and region
B. Issue and licensing requirements
C. General technical experience/general scientific literature
D. Technical Position of the State of Nevada

The objective of the review was to establish a State of Nevada response with respect to the
credibility and acceptability of the SCP for resolution of key technical Issues. In those site characteriza-
tion aspects where credibility or acceptability is absent, the State of Nevada concerns needed to be
established. and technically justified.

Reviews of the DEA and EA and several draft technical positions established by the NRC prompt-
ed the preparation of Technical Position Papers by MAI on behalf of the State of Nevada on the following:

1. Climate change
2. Disturbed Zone
3. Ground-water Travel Time
4. Dissolution
5. Vadose/Saturated zones.

The review section deals mainly with two major technical documents - the Environmental
Assessment: Yucca Mountain Site, Nevada Research and Development Area, Nevada, vols. I to IlIl
[DOE/RW-0073] (EA) and the Consultation Draft of the Site Characterization Plan : Yucca Mountain Site,
Nevada Research and Development Area, Nevada, January 1988 [DOE/RW-01601 (CD-SCP), both by
the U.S. Department of Energy. As indicated above other technical documents were reviewed. A list of
such documents is provided below.
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A. In reviewing the EA, MAI efforts focused on:

1. Identifying and documenting major scientific concerns raised by the EA which warrant
scrutiny on the basis of:

a. Data used;
b. Methodology used;
c. Results obtained;
d. Incompleteness or Inaccuracy in reported results; and
e. Incompleteness or inaccuracy in methodologies used.

2. Identifying and documenting any inconsistencies between scientific results reported in the EA
and the results reported in cited literature or open literature.

3. Identifying, documenting, and assessing the support (or lack thereof) within the EA for the
DOE nomination and recommendation decision.

4. Providing our expert judgment with respect to assumptions adopted and with respect to
whether or not a conservative analysis has been established.

B. In reviewing the CD-SCP, MAI efforts focused on hydrogeology and related activities in terms of:

1. Conceptual completeness and focus;
2. Appropriateness of methodology to accomplish stated objectives;
3. Availability of supportive technology; and
4. Probability of success and/or feasibility.

C. Other technical documents reviewed in addition to the EA and CD-SCP are:

1. Yucca Mountain USGS water-level data.

2. Proposal for new baseline data format for static and aquifer test water level data/Lehman &
Associates.

3. Smectite dehydration and stability: applications to radioactive waste isolation at Yucca
Mountain, Nevada (LA-i 1023-MS)/D. L. Bish, Los Alamos National Laboratory (LANL).

4. Draft generic technical position guidance for determination of anticipated processes and
events and unanticipated processes and events/U.S. Nuclear Regulatory Commission (NRC).

5. Performance assessment of radioactive waste repositories/ J. E. Campbell and R. M.
Cranwell, in Science, vol. 239, p. 1289 to 1392.

6. A preliminary comparison of mineral deposits In faults near Yucca Mountain, Nevada with
possible analogs (LA-11289-MS)I D. T. Vaniman, D. L. Bish, and S. Chipera, LANL.
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Appendix E

Review of Technical Documents Program

List of Appendices

E-l Technical review comments on the Environmental Assessment: Yucca Mountain Site, Nevada
Research and Development Area, Nevada, vols. I to Ill (DOE/RW-0073), DOE by MAI.

E-2 Review of: Consultation Draft of the Site Characterization Plan : Yucca Mountain Site, Nevada
Research and Development Area, Nevada, January 1988 (DOE/RW-0160), DOE by MAI.

E-3 Technical Meeting/Symposia Attended.
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Appendix E-l

Technical review comments on the Environmental Assessment: Yucca Mountain site, Nevada Research
and Development Area, Nevada, vols. I to III (DOE/RW-0073) by DOE.
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Review of Technical Documents

ISSUE:

The technical accuracy of the U. S. Department of Energy Environmental Assessment: Yucca
Mountain Site, Nevada Research and Development Area, Nevada : Nuclear Waste Policy Act (Section
112) (DOE/RW-0073), vols. I to III, 1986 (EA).

General Objectives:

Identify and document major scientific concerns raised by the EA which warrant scrutiny on the
basis of:

Data used;

Methodology used;

Results obtained;

Incompleteness or inaccuracy in reported results; and

Incompleteness or inaccuracy in methodologies used.

Identify and document any inconsistencies between scientific results reported in the EA and the
results reported in cited support literature or open literature.

Identify, document, and assess the support (or lack thereof) within the EA for the DOE nomination
and recommendation decision.

Provide our expert judgment with respect to assumptions adopted and with respect to whether or
not a conservative analysis has been established.

ACTIVITY SUMMARY:

All of the sections (Vadose Zone, Climate Change, Hydrogeology, Geochemistry, Mineralogy,
and the Disturbed Zone) of the final draft of the EA were reviewed taking into consideration certain
specific points such as: impact of a plenipluvial climate on repository performance, dissolution,
radionuclide retardation by authigenic minerals, the stability of the engineered-barrier system in a
chemically reactive ground water in the host rock and Ground-Water Travel Time (GWTT).

FINDINGS:

The following are general conclusions reached after reviewing the preemplacement EA. Excerpts
or (where possible) summaries of important sections of our review (important with regard to the
postclosure performance of the repository) of the EA are provided immediately after this section and
come under "Specific Findings."

We find that there is little scientific evidence available to confidently demonstrate long-term waste
isolation at the Yucca Mountain Site.

There is no site-specific data that indicates the lengthy travel times postulated for the vadose
zone. Basically the DOE postulates that matrix flow dominates and that recharge is distributed uniformly
and is limited by the rock matrix to transmit the flux. We think this Is unlikely given the highly fractured
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rock environment, the manner In which recharge probably occurs In time and space, and suggestive, but
unreported evidence of localized saturation within the vadose zone in the proposed repository area.
Therefore, we judge the DOE postulated hydrology of the vadose zone unlikely, and their assessments
nonconservative.

There is little evaluation or treatment of vapor-phase radionuclide migration in the vadose zone
via fracture networks to the land surface, the accessible environment. A conservative evaluation would
assume that gas-phase radionuclides migrate very rapidly to land surface if fracture networks are
unsaturated.

There is little appropriately developed evidence that Important sorption or retardation of the total
inventory of radionuclides will occur in the vadose zone. The DOE has placed heavy weight on the
concepts of matrix flow and associated retardation and sorption due to abundant authigenic minerals, low
flux rates of recharge, and very long travel times. None of these postulates can be demonstrated as valid
based on realistic scenarios of postclosure repository conditions and appropriate data bases. In the
absence of an appropriate data base, a conservative analysis should recognize the possibility of
important fracture flow, significantly larger flux rates, and the thermal envelope's impact on hydrated
authigenic minerals and moisture migration in liquid and vapor phases.

There is little fundamental understanding of most species of radionuclides with respect to
migration, sorption, and retardation in the anticipated environments of migration pathways. These
migration pathways must include the fracture pathways. We think it nonconservative to take important
sorption and retardation credit when an indepth review demonstrates the serious weakness of the
laboratory data available, and the absence of comparable radionuclide behaviors in natural hydrologic
environments.

We find that the vadose-zone environment is subject to marked changes in the hydrologic
regimen when the available paleoclimatic information is considered. If the extremely low modern flux
rates postulated by the DOE are in error, and larger flux rates are in fact present, major impact on the
hydrologic regimen of the vadose zone should be anticipated during a pluvial climate. The majority of
recharged flux would be by fracture flow, and we see no mechanism by which long-term retardation of
radionuclides could occur in the vadose zone.

We find that the Yucca Mountain Site has not been selected on the basis of conservative
scientific assessments of the environment and site-selection criteria, rather the selection is on postulated,
but unproven, conceptual arguments.

A number of conceptual models have been treated as scientifically supported fact. There has not
been a consistent effort to conservatively evaluate issues of the site selection in view of no data, sparse
data, inappropriate or questionably applicable data, unknown or uncertain physical and chemical
processes, highly idealized numerical models, etc.

We recognize no case of an overly conservative treatment of uncertain relationships in the EA.
We have recognized (and discussed) many cases of nonconservative treatment of issues in favor of
meeting site-selection criteria.

We recognize and discuss cases where the general scientific knowledge base has been
selectively visited, or ignored, to further the conceptual models favorable to site selection.

We recognize inconsistent and inappropriate use and interpretation of support document findings
to further conceptual models favorable to site selection.

We note that some potentially key site-specific data have been ignored in the preparation of the
EA and are as published in support documents.
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INTERPRETATION OF FINDINGS WITH RESPECT TO OBJECTIVES AND ISSUES:

The following are conclusions based on the above findings. In the *Specific Findings* section
which comes later in this report, findings and our comments or conclusions are treated together.

We believe, on the basis of the above observations, that the EA has fallen short of the scientific
objectivity desirable in repository site selection. On the basis of our more conservative evaluations of the
available data base and general scientific knowledge pertinent to the site performance Issues of Yucca
Mountain, we find the site highly complex and unlikely to be demonstrated to meet licensing criteria. We
find the required waste isolation at the Yucca Mountain Site unlikely to be confidently demonstrated
during characterization of the site.

Specific Findings:

Climate:

The EA theme is that great uncertainty exists in the analyses of effects of a change to plenipluvial
climate but that the available data indicate no significant Impact on repository performance. We believe
climate change to a plenipluvial climate (significantly more effective moisture for runoff and recharge)
creates repository performance issues of: 1) water-table position; 2) extent of perched water; 3) ground-
water travel time in the vadose zone; 4) recharge rates; and 5) in general the ability of the proposed
repository to isolate waste. Indepth treatments of these issues within the context of existing data have
been avoided in the EA.

We believe repository performance issues during a plenipluvial climate have not been
appropriately addressed in the EA nor resolved with respect to the existing paleohydrologic evidence in
the region. Available evidence indicates that recharge rates during a plenipluvial climate may greatly
exceed the transmissive capacity of the rock matrix, and hence fracture flow may constitute the majority

~ of the recharge flux in the vadose zone and zones of perched water could become extensive. If fracture
flow dominates, the ground-water travel time for majority of flux through the vadose zone would be very
rapid. In addition, perched zones of saturation, the site-specific position of regional saturation, and the
total flux rate of recharge to the thermal envelope all become serious and unresolved repository perfor-
mance issues.

Dissolution:

The EA's assessment of compliance with the qualifying condition for the dissolution guideline 10
CFR, Part 960.4-2-6 -("The site shall be located such that any subsurface rock dissolution will not be
likely to lead to radionuclide releases greater than those allowable under the requirements specified in
Section 960.4-1. (DOE, 1986, vol. 11, p. 6-253).) is based on evidence of dissolution in the geologic
setting of the site during the Quatemary Period. As there was no repository in these rocks during this
geologic time frame, the potential dissolution effects of placing a thermal source in the vadose zone that
is capable of generating steam are unknown.

The EA claims that the upotential host rock at Yucca Mountain has no dissolution features" and
that on the basis of the geologic record that uno dissolution is expected during the first 10,000 years after
repository closure or thereafter."

We find that the DOE has not provided convincing evidence that: 1) sufficient dissolution would
not lead to radionuclide releases greater than those specified in 10 CFR Part 960.4-1, and 2) hydraulic
interconnections leading to a loss of waste isolation would not occur because they may in fact already
exist.
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Further, a thermodynamically unstable mineral assemblage of silica polymorphs is present in the
host rock that may be subject to enhanced readjustment (dissolutionlprecipitation) under expected
repository conditions (elevated temperature, convective fluid flux, and above normal geothermal
temperature gradients).

Finally, we find that the geologic past at Yucca Mountain is not an adequate basis for evaluating a
postclosure technical guideline such as dissolution.

In closing, it appears that the DOE intended the dissolution guideline for those sites containing
highly soluble phases, such as halite, and thus treated dissolution in a cursory fashion at Yucca Mountain.
However, dissolution/alteration of metastable phases such as volcanic glass and silica polymorphs, zeo-
lites, and clays may be more important to the long-term performance of a nuclear-waste repository at
Yucca Mountain than previously thought.

Geochemistry:

The guideline for the Geochemistry Section of the EA contains five favorable conditions, three
potentially adverse conditions, and one disqualifying condition. A detailed treatment of each of the
conditions of the guideline will not be included in this 18-month report so as to avoid producing a
cumbersome volume. What this section contains are therefore excerpts/summaries of points reviewed in
the Geochemistry Section of MAI's "Technical Review Comments on the Environmental Assessment:
Yucca Mountain Site, Nevada Research and Development Area, Nevada (May 1986, vols. I, II, IlIl
[DOEJRW-0073), by DOE, July 1987."

Favorable Conditions:

Favorable Condition 1:

'The nature and rates of the geochemical processes operating within the geologic setting during
the Quatemary Period would, if continued into the future, not affect or would favorably affect the
ability of the geologic repository to isolate the waste during the next 100,000 years." (DOE, 1986,
vol. II. p. 6-174).

The EA indicates that this condition is present at Yucca Mountain because "sorptlve minerals
(zeolites) were present in the tuft at Yucca Mountain throughout the Quaternary time; they are still present
and are expected to contribute to isolation over the next 100,000 years." (DOE, 1986, vol. II, p. 6-169).

We lnd that the thermal envelope may seriously jeopardize the potential sorptive capacity of the
clays and zeolites. In addition, the thermal envelope may promote the evolution of mineral water affecting
mineral dissolution, glass hydration, and increasing effective permeability, thereby inhibiting the geologic
repository from isolating the waste during the next 100,000 years.

In summary, we find the conceptual arguments presented in the EA are poorly supported by
actual field and analytical data. Consequently, we find that a conservative assessment of the evidence
indicates that this favorable condition is not present at Yucca Mountain, as there is little evidence to
suggest that authigenics are responsible for sorption, and that these minerals will be stable under
imposed thermal conditions, within likely paths of transport of the vadose zone.

Favorable Condition 2:

"Geochemical conditions that promote the precipitation, diffusion into the rock matrix, or sorption
of radionuclides; inhibit the formation of particulates, colloids, inorganic complexes, or organic
complexes that increase the mobility of radionuclides; or inhibit the transport of radionuclides by
particulate, colloids, or complexes." (DOE. 1988, vol. II, p. 6-176).

The EA indicates that this condition is present at Yucca Mountain because: geochemical
properties are expected to promote matrix diffusion; zeolites along flow paths will sorb radionuclides;
organic complexes that would increase radionuclide mobility are not present; particulates and colloids
may be filtered by tuffs, thereby inhibiting transport.
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Many studies concerning waste-glass radiolysis conclude by exclaiming that acid and hydrogen-
peroxide production may radically change the vadose-water chemistry at the proximity of the canisters.
These chemically dramatic events, favoring colloid production, may be responsible for more than actinide-
colloidal formation to the extent that:

1. Other radionuclides may form colloids.

2. Acid attack on silicates may promote dissolution pathways associated with fracture systems
favoring fracture flow over matrix flow.

3. The induced high-oxidation potential may not be adequately reduced considering the paucity
of transition-metal complexes present (except for canister material itself).

4. The oxidation of canister stainless steel will provide iron and other transition-metal
oxyhydroxides, which tend towards colloidal behavior. These complexes may further the
colloidal complexation of radionuclides inhibiting authigenic-mineral sorption, and resulting in
a reduction of retardation.

In conclusion we do not find sufficient evidence to demonstrate that this condition is present at
Yucca Mountain.

Favorable Condition 3:

'Mineral assemblages that, when subjected to expected repository conditions, would remain
unaltered or would alter to mineral assemblages with equal or increased capability to retard
radionuclide transport." (DOE, 1986, vol. 11, p. 6-192).

The EA indicates that this condition Is present at Yucca Mountain because the radionuclide-
retardation capacity of tuffs Is not expected to degrade due to repository conditions.

We find that retardation capacity as a function of zeolite and clay stability has been inadequately
treated in the EA. We find that although volcanic glass likely alters to authigenic minerals with sorption
abilities, these minerals may not be stable in the vadose zone to the extent that sorption will have
significant capacity for radionuclide retardation. Furthermore, we find that the negative effects of
evolution of mineral water may provide increased access for radionuclide escape to the accessible
environment. Therefore, we do not find favorable condition 3 present at Yucca Mountain, because when
subjected to expected repository conditions, the zeolite/clay assemblage will have a diminished effect in
retardation of radionuclide transport, and the presence of these assemblages will likely promote
radionuclide escape by providing significant quantities of water of hydration to the system.

Favorable Condition 4:

"A combination of expected geochemical conditions and a volumetric flow rate of water in the host
rock that would allow less than 0.001 percent per year of the total radionuclide inventory in the
repository at 1,000 years to be dissolved." (DOE, 19b6, vol. II, p. 6-193).

The EA indicates that this condition is present at Yucca Mountain, because expected
geochemical conditions and vertical flux of less than 0.5 millimeter (0.02 inch) per year are expected to
limit release to less than 0.001 percent per year of total radionuclide inventory at 1,000 years after
permanent closure.

We note that the EA does not specifically deal with the reactions or release rates of radionuclides

which may occur in gaseous states in the vadose-zone repository environment (14C, 3 H, 1291). Gas-
phase radionuclides have a potentially short migration path and associated travel time to the accessible
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environment (land surface) above the repository through the fracture networks. Release of C-1 4, as CO2

may be critical as the sealed canisters fail. This aspect continues to be a serious deficiency of both the
DEA and EA.

In conclusion, we find that the geochemical setting of Yucca Mountain Is not likely to be benign,
but rather reactive with respect to waste glass and stainless steel. We find that the flux of vadose water
could, conservatively, be up to two orders of magnitude higher than reported in the EA, and we find,
therefore, that the waste glass may release considerably greater than 0.001 percent per year of the total
radionuclide inventory 1,000 years after permanent closure. Consequently, we do not find that favorable
condition 4 is present at Yucca Mountain.

Favorable Condition 5:

"Any combination of geochemical and physical retardation processes that would decrease the
predicted peak cumulative releases of radionuclides to the accessible environment by a factor of
10 as compared to those predicted on the basis of ground-water travel time without such
retardation." (DOE, 1986, vol. II, p. 6-198).

The EA indicates that this favorable condition is present at Yucca Mountain because chemical
adsorption, low flux, and matrix diffusion are expected to limit radionuclide release by at least a factor 10.

The diffusive retardation factor of 100, which the DOE recognizes, is better attributed to
Neretnieks (1980), who has not been offered the opportunity to study Yucca Mountain tuffs. Neretnieks
does indicate that for those rocks he studied, accessibility to the rock matrix (pores) is a major
determining factor with respect to the magnitude of the potential retardation. There is strong evidence
that there are significant differences between diffusion in granites and tuffs. Consequently, until the tuffs
at Yucca Mountain are appropriately characterized, it is premature to attribute matrix potential (diffusion)
during fracture flow as a mechanism of retardation. Further, if fracture flow is the prime mechanism for
radionuclide transport, matrix diffusion will be of minor importance with a diminished capacity in higher
velocity flow.

The calculation employed to make the determination that a factor of 11.4 decrease of the
cumulative radionuclide release can be attributed to geochemical retardation does not utilize
conservative values of flux nor travel times, and consequently does not arrive at conservative site-
specific results. The "representative path" from the disturbed zone to the water table which has the mean
travel time is not the fastest path and thus is not a conservative numerical evaluation.

As stated in the "Technical Review Comments of the Environmental Assessment: Yucca
Mountain Site,..., July 1987, we find that favorable condition 5 has not been demonstrated to be present
at Yucca Mountain, due to nonconservative assumptions made with respect to radionuclide-retardation
factors, potential sorptive-barrier behavior, vadose-zone flux, and travel-time calculations. Further, we
note that in order to obtain accurate travel-time estimates, there needs to be a reasonably defined
disturbed-zone boundary which presently has not been accomplished, and site-specific field data which
clearly demonstrates that fracture flow does not dominate.

Potentially Adverse Conditions:

Potentially Adverse Condition 1:

"Ground-water conditions in the host rock that could affect the solubility or the chemical reactivity
of the engineered-barrier system to the extent that the expected repository performance could be
compromised." (DOE, 1986, vol. II, p. 6-199).
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The EA Indicates that this condition is not present at Yucca Mountain because The stainless
steel waste disposal container and waste forms are not expected to show detrimental effects due to host-
rock water chemistry." (DOE, 1986, vol. 11, p. 6-170).

Contrary to DOE assumptions and postulates, there Is no site-specific evidence that ground-
water conditions in the vadose-zone host rock would not jeopardize the repository performance due to
the chemical reactivity of the vadose-zone components. General chemical evidence suggests that
undesirable effects with respect to oxidation could significantly limit the lifetime of the engineered-barrier
system. The reactivity of vadose-zone water therefore is a paramount issue, but it remains totally
unstudied at Yucca Mountain. Consequently, we find that potentially adverse condition I could
reasonably be present at Yucca Mountain. We therefore disagree with the EA conclusions and find the
condition present at Yucca Mountain.

Potentially Adverse Condition 2:

"Geochemical processes or conditions that could reduce the sorption of radionuclides or degrade
the rock strength." (DOE, 1986, vol. 11, p. 6-202).

The EA indicates that this condition is not present because sorptive zeolites are metastable, but
little reaction is expected in the next 100,000 years and because geochemical processes are too slow to
affect repository performance through the degradation of rock strength.

Potentially Adverse Condition 2 is directed towards potential changes of the sorption of
radionuclides presumably due to a loss or gain of potentially sorbing authigenic minerals and changes in
rock strength as a consequence of mineral reactions. The Dibble and Tiller (1981) publication has been
inadequately treated in the EA. The kinetic parameters involved in metastable authigenic-mineral
transformation towards thermodynamically more stable phases have not been addressed. Reaction rates
therefore, on a site-specific basis, given a repository thermal regime and completely uncharacterized
vadose-water chemistry, are not determinable. Yet, the EA arrives at certain expectations dealing with
reaction rates and related transformation times which appear to be totally unrelated to constructive
extrapolation of scientific data.

Consequently, we find that the timing of potential reactions are unknown; and the arguments
presented in the EA are totally unsupported.

An underlying assumption in the EA is that the only mode of rock-strength degradation would be
the transformation of metastable authigenics to a thermodynamically more stable mineral association;
however, we find that reactions such as the hydration of volcanic glass and accompanying volume
increases can produce significant changes in structural characteristics (and strength) of the host rock as
well as providing significant fracture pathways for radionuclide transport. Dissolution of metastable
minerals alters the existing mineral assemblages, rendering them less effective towards sorption. The EA
misconception that clinoptilolite must be transformed to an analcime or albite prior to loss of sorption
capacity is totally unfounded. Minor changes in the vadose-water chemistry and thermal regime can
cause major sorption stability effects.

There are sufficient information available to suggest that both rock strength and sorption capacity
could be jeopardized by the thermal load and associated geochemical processes that, in the conservative
view, may develop in the host rock of the repository block. Consequently, we find that adverse condition
2 is present at Yucca Mountain.

Potentially Adverse Condition 3:

"Pre-waste-emplacement ground-water conditions in the host-rock that are chemically oxidizing."
(DOE, 1986, vol. 11, p. 6-204).
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The EA indicates that this condition is present at Yucca Mountain because water is expected to
contain dissolved oxygen and be chemically oxidizing (DOE, 1986, vol. II, p. 8-170).

The EA recognizes (DOE, 1986, vol. II, p. 6-204 to 6-205) that:

1. The host rock is in the vadose zone and its pores are partially filled with air and water.
Consequently, water can have up to 8.1 ppm oxygen at 250C.

2. The austenitic stainless-steel waste container should develop a protective oxide film that
would limit further corrosion. Therefore, the oxidizing conditions may prolong the lifetime of
the waste container.

3. Solubility of spent fuel in an oxidizing environment is greater than in a reducing environment.
This could result in larger releases of radionuclides.

4. The lifetime of the zircaloy cladding may be adversely affected if uranium dioxide were to
become oxidized and cause stress rupture of the cladding.

5. These conditions could be altered after waste emplacement and are not expected to cause
serious problems with respect to the solubility or chemical reactivities of the engineered-
barrier system.

We agree with the EA that this condition is present at Yucca Mountain, and believe it may be a
more serious condition than is alluded to in the EA. We find no mention of radionuclide-colloid formation
due to oxidizing conditions which is a reaction that will tend to Inhibit sorption retardation. Further, we
underline the fact that the vadose water has not been characterized and that the degree to which these
waters are oxidizing is unknown. We believe a scenario of the condensation of water vapor in fractures
above the repository horizon, and eventual penetration of these waters by fracture flow to the repository
horizon as cooling occurs may set the stage for strongly oxidizing conditions.

We, too, conclude that this adverse condition is present at Yucca Mountain.

Hydrogeology:

Ground-water travel time (GWTT) appears to be the most crucial part of the hydrogeology and
ground-water sections of the EA with regard to: calculations on the time radionuclides would be released
to the accessible environment. Furthermore, the treatment of GWTT involves a discussion of vadose-
zone flux, vadose-zone travel time and saturated-zone travel time. This portion of the 18-month report
has therefore been devoted to it.

The GWTT analysis in the EA, is a probabilistic approach that attempts to account for variabilities
and (uncertainties?) in the key parameters used for calculating ground-water travel time. Unsaturated
(vadose) zone flux, unsaturated (vadose) zone travel time, and saturated-zone travel time are
considered separately in the EA and the following comments are structured accordingly.

Vadose (Unsaturated) Zone Flux:

A critical and highly uncertain parameter that Is of fundamental importance to ground-water
travel-time estimation is the flux of water through the vadose zone. Vadose zone flux at Yucca Mountain
has been estimated by two general approaches; the first approach uses a variety of indirect local field and
laboratory measurements to provide estimates of flux, while the second method involves extrapolation of
an empirical regional relationship between elevation, precipitation, and recharge to the local environment
at Yucca Mountain. Flux is considered in the EA to be distributed, that is, not locally concentrated in
space by structural features, slope, soil cover, etc., or in time by short-term precipitation events leading to
pulses of infiltration and percolation.
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Using thermal flux, properties of core and in-situ potential gradients, DOE finds that:

1) 10-7 to 0.2 mm per year of flux could be occurring in the matrix of the Topopah Spring welded
unit.

2) All preliminary field and laboratory estimates of moisture flux in the Topopah Spring unit are
less than 0.5 mm per year.

3) An upper bound of 0.5 mm per year is consistent with the available information.

Direct measurements of infiltration and recharge have not been made at Yucca Mountain (Montazer and
Wilson, 1984, pa. 37). Recent moisture profiles (Hammermeister, et al., 1984) indicate that topography
exerts a significant influence on localization of recharge; infiltration from summer storms seems to be
most pronounced beneath washes, as opposed to higher ground. Generalizations regarding the distribu-
tion of infiltration from winter storms, which seldom generate runoff, are not available. It should be clear
from the available data, however, that flux is not uniformly distributed in either time or space.

Calculation Based on Geothermal Gradient:

DOE has used measurements of subsurface temperature gradients to estimate moisture flux in
the unsaturated zone at Yucca Mountain. Sass and Lachenbruch (1982, p. 24) calculated a downward
vertical flux of 9 mm per year in both the saturated and vadose zones. These authors emphasize,
however, that results from Yucca Mountain are inconclusive since only one of the 50 wells studied was
completed in the manner required of a confident analysis of the thermal effects of natural ground-water
flow (Sass and Lachenbruch, 1982, p. 25). The statement in the EA that "..all preliminary field and
laboratory estimates are less than 0.5 millimeter" (DOE, 1986, p. 6-151) is, then, a misrepresentation.

In a referenceable letter to D. L. Veith of DOE/Nevada Operations, W. W. Wilson of the USGS
(1985) details the rationale for using 0.5 mm/yr. as a reasonable and conservative' value of flux beneath
the repository horizon at the primary repository area. Geothermal data from USW UZ-1 have been used
by Montazer, et al., (1985) to estimate the quantity of water in vapor form that is migrating vertically in the
Topopah Spring welded unit. The analysis based on an analytical solution for vertical steady flow of
ground water and heat through an isotopic, homogeneous, and fully saturated porous medium
(Bredehoeft and Papadopulos, 1965). The interpretation by Montazer, et al. (1985) and Wilson (1985)
that temperature profiles are generally convex upward between 91 m and 305 m is open to question;
table 1 and figure 12 of Montazer, et al. (1985) reveal that the geothermal gradient can also be interpreted
as piecewise linear. The interval from 40 m to 128 m shows a uniform geothermal gradient of 31.45 0C
per km, and the interval from 128 to 368 m shows a lesser, uniform gradient of 17.50°C/km. Linear
regression on temperature-depth data from Montazer, et al. (1985, table 1) results in regression

coefficients (r2) values of 0.99 and 1.00, respectively, for the shallow and deep intervals (Figure 1).
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Sass and Lachenbruch (1982, figure 5) present a geothermal profile from well TWi at Rainier
Mesa that is similar in shape to that presented by Montazer, et al. (1985) for well USW UZ-1 at Yucca
Mountain (Figure 2). The fact that the profile at Yucca Mountain resembles that from an area where
seasonal flows from fractures into a tunnel network provides direct evidence of active recharge (Henne,
1982) casts doubt on the utility of the geothermal-gradient-convexity approach to unsaturated-zone flux
estimation.

Calculation Based on Properties of Core:

Wilson (1985, p. 2) cites Weeks and Wilson (1984) for an estimated moisture flux of 0.003 to 0.2
mm/yr. in the matrix of the Topopah Spring welded unit. Moisture-characteristic curves relating
saturation and moisture tension were developed from results of mercury-injection tests on 19 core
samples of unsaturated tuff from test well USW H-1 (Weeks and Wilson, 1984, p. 1). Sixteen of these
samples were from the Topopah Spring unit. Relative hydraulic conductivity, defined as the ratio of
hydraulic conductivity at a given matrix saturation to that as complete matrix saturation, was estimated
from the moisture-characteristic curves (Weeks and Wilson, 1984, p. 12). Only seven of the sixteen
samples for the Topopah Spring unit were considered uanalyzable*, that is, their moisture-characterisitic
curves could be fit with an analytical expression that can then be integrated to give an equation for
relative permeability as a function of matrix saturations or moisture tension. One value of relative
permeability (sample 9) was discarded because "..the porosity of the total sample was much larger than
that of the small sample used in the porosimeter" (Weeks and Wilson, 1984, p. 13). Ambient unsaturated
hydraulic conductivity was obtained from relative hydraulic conductivity (Weeks and Wilson, 1984) and
saturated hydraulic conductivity measurements on core from test well UE25a#1 (Anderson, 1982) which
is located 2.0 km east of well USW H-1. One of Anderson's (12981) measurements was discarded
because of a visible fracture (Weeks and Wilson, 1984, p. 14). The resulting "effective* hydraulic
conductivity values were used with an assumed unit hydraulic gradient to obtain the reported 0.003 to
0.012 mm/yr. vertical water flux through the tuff matrix.

The most noteworthy point regarding flux estimation from core analysis is the systematic
exclusion of fractured samples from the analysis. In addition, there could be intentional bias in Weeks
and Wilson (1984) toward presentation of their data in a way that minimizes the computed vertical flux
through the Topopah Spring unit. For example, sample 8 (Weeks and Wilson, 1984, page 8) was
excluded from the calculation of geometric mean relative hydraulic conductivity for reasons quoted in the
last paragraph, but sample 9, for which the porosity difference between "small" and 'total' sample was
higher than sample 8 sample was higher than sample 8 by a factor of four, was includedi Furthermore,
the calculated geometric mean of the seven values of relative hydraulic conductivity that are considered
'valid' (Weeks and Wilson, 1984, page 13) include on very low value from the Paintbrush nonwelded unit.
Wilson(1985, page 2) is therefore in error when he cites Weeks and Wilson (1984) for a flux estimated in
the Topopah Spring welded unit: their treatment combines nonwelded Paintbrush data with selected
Topopah Spring data.

A major uncertainty in the Weeks and Wilson (1984) data is the effect of the air-foam method on
measured ambient water content on the core samples. If core samples were subjected to variable
amounts of drying during collection and analysis, hydraulic conductivities estimated from laboratory
studies would show greater scatter and a lesser magnitude than field values. The importance of wetting
or drying effects for this sample set are not known quantitatively.
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Examination of figures 4 through 22 In Weeks and Wilson (1984, p. 17 to 26) reveals three
reasonably distinct sets of moisture-characteristic curves from core samples from borehole USW H-i
(Figure 3). The upper (lithophysal?) portion of the Topopah Spring unit is very similar to the Paintbrush
nonwelded unit in terms of percent matrix saturation and the shape and position of the moisture-
characteristic curves. Matrix saturation in the upper zone of USW H-1 averages 0.50 ± 0.05. The middle
portion of the Topopah Spring unit also shows an internal consistency, with matrix saturation averaging
0.71 ± 0.10. Matrix saturation in the lower zone, which includes two samples from the Calico Hills
nonwelded unit, is 0.85 ± 0.07. It appears that a stratigraphic inhomogeneity is present in the Topopah
Spring unit; and significantly, there is no evidence of a discontinuity in the character of moisture-
characteristic curves across the upper and lower boundaries.

Weeks and Wilson (1984) have used geometric mean saturated hydraulic conductivities from
Anderson (1981) as a basis for computing "effective hydraulic conductivitles from the "relative' hydraulic
conductivities obtained in their own study. The geometric mean of a data set minimizes the effect of
extreme values; utilization of geometric mean hydraulic conductivity data is therefore not a conservative
approach in the present application.

Calculation Based on In-Situ Potential Gradients and Propertles of Core~

Montazer, et al., (1985) report "relatively constant' matric potential in the Topopah Spring welded
unit in the 400 to 800 foot depth interval of USW UZ-1. Based on an assumed unit hydraulic gradient,
Montazer, et al., (1985) use relative matrix hydraulic conductivities calculated by Peters, et al., (1984) to
estimate 0.1 to 0.5 mm/yr. flux through this interval.

It is evident from figures 7, 8, 9, of Montazer, et al., (1985) that there has been considerable drift
in the output from thermocouple psychrometers and heat-dissipation probes in USW UZ-1 over the two
year monitoring period, and several of the instrument stations have failed. Wetting trends, drying trends,
and reversals have occurred at individual stations. The interpretation by Montazer, et al., (1985) that
these data, when extrapolated, indicate "relatively constant" matrix potential that represent ambient
conditions is judged to be premature.

Rush, et al, (1984, p. 54) Indicate that a perched saturated zone is "probably" present in USW H-
1 in the depth interval 448 to 458 m; this is based on 45 minutes of airlift water production at flow rates of
1.3 to 1.6 liters/second (21 to 25 gpm) while the well was at a depth of 458 m (Rush, et al., 1983, p. 19).
This zone is in the lower portion of the Topopah Spring welded unit.

Similarly, drilling of USW Uz-1 was discontinued at 387 m because a 'large' volume of water was
encountered, and "the water level could not be lowered significantly." This may represent a naturally
occurring perched-water zone, although the water is reported to contain polymer identical to that used in
drilling USW G-1, 305 m to the southeast (Whitfield, 1985). However, no analyses of either the encoun-
tered water in UZ-1 or drilling water used at USW G-1 have been published.

Prior drilling activities in the vicinity of USW UZ-1 is reported to have introduced large quantities
of drilling fluids not the subsurface. Approximately 8,700,000 liters (2,300,000 gallons) of water-based
polymer drilling fluid were lost during drilling of USW G-1 (Whitfield, 1985) and cver 2,200,000 liters
(580,000 gallons) were lost during drilling of USW H-1 (Rush, et al., 1983, p. 20). Locating USW UZ-1 in
an area that was proximate to areas perturbed by prior drilling activities was an error in judgment in our
opinion.

The vadose-zone saturation encountered in H-1 and UZ-1 may be naturally occurring saturation
(perched water) or saturation caused by drilling fluid losses. As chemical analyses of fluid samples for
UZ-1 and H-1 (448-458 m zone) have yet to be published, we are not able to judge if the water is only
drilling fluid, mixtures of perched water and drilling fluid, or perched water. However, to be conservative,

- 95 - MY89051 I d



we assume that the fluid encountered Is perched water until proven otherwise. The DOE program has, to
date, ignored this evidence for perched water in the Topopah Spring Member immediately adjacent to the
repository block at approximately the repository-zone depth. Establishing the natural occurrence of
perched water is key to site characterization because is presence indicates fracture flow to the depth of
occurrence. Instead of following though with an assessment program of the vadose-zone saturation in
the area, the water-potential measurement experiment of USW UZ-1 was established. Unfortunately, this
effort has yielded so little useful water-potential data that the principal investigators (Montazer, et al.,
1985) have treated the widely scattered data as single-valued in terms of fluid-potential gradienti These
ambiguous results and the failure to study encountered saturation leaves the vadose-zone flux question
totally unresolved at this locality.

The Maxey-Eakin Recharge Method for Flux Estimation:

Another line of mevidence' cited by Wilson (1985) in support of the "conservative' upper-bound
flux of 0.5 mrrfyr. is a calculation based on the Maxey-Eakin method. In the Maxey-Eakin method, the
recharge to a ground-water basin is calculated from specific percentages of the precipitation which is
estimated to fall upon several elevation zones on the mountains surrounding that ground-water basin.
Without explanation from the original authors, "..the amount of water from the successive zones that
reach the ground-water reservoir is estimated as 0, 3, 7, 15, and 25 percent of the precipitation in the
respective zones (Maxey and Eakin, 1949, p. 40, cited in Watson, et al., 1976, p. 342).

The Maxey-Eakin method of estimating recharge has not demonstrated validity or utility for deter-
mining accurate rates of recharge for localized site-specific hydrogeologic environments such as Yucca
Mountain. The basic assumptions necessary for application of the method are: 1) recharge is
systematically related to mean annual precipitation, 2) higher percentages of recharge occur from
precipitations which falls at the higher altitudes (and usually in greater annual amounts), and 3) the
ground-water catchment basins can be delineated. The method also required two other assumptions
when originally developed: that the available ground-water discharge estimates were accurate and that
the flow systems are in equilibrium (recharge is equal to discharge).

A serious weakness of the Maxey-Eakin method for estimating recharge in a local setting is the
general absence of knowledge of the conditions under which recharge occurs, such as the roles varying
local hydrogeologic environments and climatic events may play in controlling recharge. It is also
undemonstrated that mean annual precipitation is the best parameter of climate from which to estimate
recharge. Through trial and error, percentages of mean annual precipitation by zonation have been
assumed to equal estimated discharge, and it has been assumed that the higher terrane precipitation is
more important and thus more heavily weighted with higher percentages of recharge resulting from the
precipitation. There are, however, no studies that have demonstrated unique recharge rates based on
percentages of precipitation, and therefore, the Maxey-Eakin recharge estimate derived for a relatively
small area like Yucca Mountain has no dependable validity.

In the general absence of knowledge of recharge processes and rates in site-specific
environments of the Great Basin, including those at Yucca Mountain, there is little reason to postulate or
justify a uniform flux rate in the vadose zone or to believe a method such as the Maxey-Eakin method
would accurately characterize the flux rates for travel-time purposes. It Is entirely possible, in the climate
that prevails at Yucca Mountain, that all recharge Is restricted to localized site specific hydrogeologic
conditions, such as wash areas underlain by alluvium and fractured rock. It is also possible that in the
more arid area, such as Yucca Mountain, much of the recharge may be closely related to "extreme event"
precipitation occurrences related to the arid climate. In other words, recharge at Yucca Mountain may be
highly localized in both time and space, and travel time estimates for the vadose zone should be so
structured to address these possibilities in order to meet the intent of the travel-time objective.
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Vadosa (Unyituratedl Zone Travel TlmeK:

Vadose-zone travel time estimates in the EA are based on the analysis by Sinnock, et al., (1986).
The analysis can be summarized as follows:

1. The disturbed zone was assumed to extend to a a position 560 meters (m) below the midplane of
the 45 m thick repository horizon.

2. The region between the disturbed zone and the water table was discretized into 963 vertical
prisms, each measuring 76.3 m square; each prism was divided into 3.105 m thick elements.

3. Recharge flux was assumed to be uniformly distributed in time and space; 0.6 mm/yr was
adopted as a baseline value.

4. A value of saturated matrix hydraulic conductivity for each element within a particular
hydrogeologic unit obtained by statistical sampling methods from a frequency distribution fitted to
the matrix hydraulic conductivity data for that particular unit.

5. The randomly selected value of hydraulic conductivity was compared with the value of flux; if the
flux value was less than 0.95 times the saturated matrix hydraulic conductivity, it was assumed
that the flow within that element was entirely in the porous rock matrix, and a value for matrix
effective porosity was then chosen by random sampling from the frequency distribution of porosity
values for the appropriate hydrogeologic unit.

6. Water particle velocity for each of the elements for which only matrix flow was assumed to occur
was calculated by dividing the flux value by the samples effective porosity, assuming a hydraulic
gradient equal to 1.0, then modified to account for partial saturation.

7. If the ratio of flux to the randomly sampled value of saturated matrix hydraulic conductivity was
equal to or greater than 0.95, it was assumed that fracture flow occurred for that quantity of flux in
excess of 0.95 times the saturated matrix hydraulic conductivity.

8. An effective porosity of 0.0001 was assumed for all fracture flow, and the velocity of flow in
fractures for each element was determined by dividing the calculated value for flux in the
fractures by 0.0001.

9. The shorter of matrix of fracture flow time was considered to be the "travel time' through any
individual element.

10. Ground-water travel time In each of the 963 vertical prisms was calculated as the sum of travel
times in all of the 3.06 m thick elements comprising the individual prisms.

11. The procedure was repeated ten times for each prism to provide a representation of the variation
in travel time due to the variation in hydraulic parameters.

The selection of a disturbed-zone boundary 40 m below the midplane of a 4 5 m thick envelope
containing the underground facilities (Sinnock, et al., 1986, p. 18) is essentially arbitrary. Although the
disqualifying condition addressed in the EA applies to pre-waste emplacement conditions, application of
the disqualifying condition to a particular site requires that the extent of the disturbed zone during the
1,000 years following waste emplacement be known. Until a quantitative evaluation of convective heat
transfer and associated mineral alterations is demonstrated, the approximate extent of the disturbed zone
will not be known.
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Discretization of the region between the repository horizon and the water table appears to have
been guided by convenience rather than a rational choice of element size based on a geostatistically valid

'k-' correlation length. Since the model does not allow for a nonuniform wetting front (fingering) In individual
prisms; this phenomenon is likely to occur on a scale much smaller than the 76.2 m horizontal grid size.
The assumed vertical correlation distance Is of critical importance in determining the travel time through a
vertical prism. This Is because the equivalent permeability of a vertical prism is defined by the harmonic
mean permeability of the Individual layers; the harmonic mean Is weighed toward the properties of the
least-permeable elements. The greater the number of elements, the greater the probability that a low
permeability, but not so low as to require fracture flow) will be assigned to one or more elements in the
prism. Sinnock, et al., (1986, p. 58) have concluded that the travel-time distribution is apparently most
sensitive to flux, correlation lengths, and spatial variations of saturated matric hydraulic conductivity.
Also, "...the sensitivity of the travel times to the correlation lengths suggests how prudent it is to perform a
carefully designed testing program for determining the correlation length of all key parameters influencing
flow velocities' (Sinnock, et al., 1986, p. 50). A key point is that "...neither the vertical correlation length
nor the horizontal correlation length has been determined for the hydrogeological units at Yucca
Mountain..." (Sinnock, et al., 1986, p. 15). Vertical correlation length was therefore considered a "free'
variable in simulations of unsaturated-zone travel time (Sinnock, et al., 1986, p. 15). If the vertical
correlation length is assumed to be at least as great as the thickness of each unit, travel times for approxi-
mately two percent of the prisms are less than 1,000 years, even with a flux of only 0.5 mm/yr (Sinnock,
et al., 196, p. 48 to 49). The EA states that:

"This approach yields higher, but probably physically unrealistic, estimates of the probability of
continuous fracture flow and rapid matrix flow than the (3.05 - meter) interval sampling method..."
(DOE, 1986, section 6.3.1.1, part 6.3.1.1.5, p. 6-150, paragraph 4, lines 11 to 13, and p. 6-162
first partial paragraph, lines 1 to 23),

ignoring evidence such as that presented by Spengler, et al., 1987, p. 25 and 27) that preferred
orientations of joints and type and percent of joint fillings in the Topopah Spring Member and the

~=~' tuffaceous beds of Calico Hills are nearly identical. Vertical correlation lengths may, therefore, be even
greater than individual unit thicknesses.

The baseline flux value used for travel-time calculations is 0.5 mm/yr, a value thought by Wilson
(1985) to be a -reasonable and conservative' upper bound flux for Yucca Mountain. Using a trial flux
value of 1.0 mrn/yr, Sinnock, et al., (1986, p. 52) found that a "substantial" proportion of flow paths have
travel time of less than 10,000 years. It Is emphasized that the nonconservative 3.05 m vertical
correlation length was obtained during adjustments of flux; results of simulations that incorporate
conservative vertical correlation lengths, and conservative flux rates have not been made available.
Given the extreme sensitivity of travel time to flux rate (Peters, et al., 1986, p. 30 to 33) and the very real
uncertainty in flux (discussed earlier in this review) we consider the range of flux values utilized in trial
calculations of travel time to be Incomplete.

Lognormal frequency distributions were fitted to available saturated matrix hydraulic conductivity
data from the hydrogeologic units at Yucca Mountain; these distributions were then randomly sampled
during each simulation to provide estimates of saturated matrix hydraulic conductivity for each block in
the discretized region. Fitting a set of data with a lognormal distribution has two effects; the influence of
extremely high values are minimized, and the logarithms take on the characteristics of a normally
distribute population. Sinnock, et al., (1985, p. 35) have made a conceptual error by fitting bimodal
distributions of saturated matrix hydraulic conductivity data from the Calico Hills vitric unit and Prow Pass
welded unit with lognormal distributions.

The assumptions that only matrix flow occurs when the flux rate is less than 0.95 times the
saturated matrix hydraulic conductivity is open to question. Skin effects on fractures and hysteresis in the
moisture-content dependent characteristics of the rockmass will cause fracture flow to dominate (over
matrix flow) earlier and more extensively than otherwise expected (see Montazer and Wilson, 1984, p. 25
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for a discussion of hysteresis). As recognized by Montazer and Wilson (1984, p. 25) a secondary hyster-
esis effect, due to air entrapment In matrix block s during wetting, would further promote fracture flow
during recharge events. Hysteresis and skin effects both escape mention In the EA, and the sensitivity of
the analysis to the assumed constant relationship between flux an saturated hydraulic conductivity is not
addressed.

The concept of relative permeability discussed at length by Weeks and Wilson (1984, p. 12 to 13)
appears to have been ignored in the treatment by Sinnock, et al., (1985) and subsequently in the EA. If
matrix hydraulic conductivities had been adjusted downward to account for the effects of partial
saturation, a proportional increase in fracture flow would result.

Flow velocity through fractures has been obtained from an assumed fracture porosity and an
assumed flux excess above the amount transmitted by the matrix. Hydraulic tests on fractured
specimens by Peters, et al., (1985, p. 54) indicate fracture apertures up to 67 microns in the Topopah
Spring welded unit and 31 microns in the zeolitized Calico Hills unit. Corresponding fracture hydraulic

conductivities are 3.78 x 1 3 and 7.9 x 104 rrns, respectively; under a unit hydraulic gradient water could
move from the repository horizon to the water table in fractures such as these in less than one weekl
Ogard, et al., (1983, p. 44) report fractures in the Topopah Spring welded unit with apertures exceeding
250 microns.

Saturated Zone Travel lime:

Basic data utilized by the DOE in the calculation of saturated zone travel time at Yucca Mountain
is as follows:

1. Potentiometric data from 32 drillholes in the vicinity of Yucca Mountain (DOE, 1986, vol. II,
section 6.3.2.2, part 6.3.1.1.5, p. 6-148, fig. 60-3).

2. Fracture effective porosities calculated by multiplying the fracture density from Scott, et al., (1983)
by the effective aperture (calculated from a relationship provided by Freeze and Cherry (1979, p.
74).

3. Saturated hydraulic conductivities from tests on wells UE-25b#1 (Lahoud, et al., 1984) and J-13
(Thordarson, 1983).

Sinnock, et al., (1986) are referred to as the source of fig. 56-3 in the EA (DOE, 1986, vol. 1I,
section 6.3.1.1, part 6.3.1.1.5, p. 6-148, fig. 6-3 caption); no similar figure appears in Sinnock, et al.,
(1985); Robison (1984) is not cited in Sinnock, et al., (19865). A similar figure does appear in Sinnock, et
al., (1985, p. 19). No summary of water-level fluctuations in individual boreholes is yet available in the
published literature. Although numerous wells are known to be equipped with pressure transducers and
data-logging devices.

Fracture effective porositles for the zone of saturation were computed from a theoretical
relationship between hydraulic conductivity of the fractured rock, fracture density, and fracture aperture
(Snow, 1968, as cited in Freeze and Cherry, 1979, p. 74). This relationship Is strictly applicable only to a
single set of planar joints with constant aperture. Orientation bias, due to the relative orientation of
fractures and the borehole, was accounted for through the relationship:

Fc - (sinA)f i Fm

where: F, - fractures per cubic meter.
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Fm - linear fracture frequency.

A - acute angle between the core axis and an Individual fracture set.

This procedure converts all fractures to a single hypothetical set normal to the core axis.

Unfortunately, this simplistic approach to the estimation of fracture parameters does not account
for contrasting properties of individual fracture sets, which are likely to differ in preferred orientation
roughness, hydraulic aperture, mineral content, etc. The SEM image of a fracture in the lower,
nonwelded portion of the Topopah Spring Member (Carlos, 1984, p. 32, fig. 31) illustrates how variable
the aperture and roughness of individual fractures are likely to be in the field environment. Analysis that
does not account for hydraulic properties of individual fracture sites, connectivities of the fracture sets,
and hydraulic significance of fracture intersections markedly increases the uncertainty for the analysis.

2
Results of hydraulic testing at well J-13 indicate that "850 m /day probably is a reasonable

maximum value for transmissivity (of the Topopah Spring Member)" (Thordarson, 1983, p. 49). Dividing
this transmissivity by the 308J5 m thickness of the tested interval yields a hydraulic conductivity of 2.75
m/day (1,000 rn/year). Examination of core recovery data from J-13 (Thordarson, 1983, p. 14) indicates
that highly fractured Intervals are quite localized, so the hydraulic conductivities of the producing intervals
are probably much higher than the average value given above. Recent work by Erickson and Galloway
(1984) has resulted in hydraulic conductivity estimates of between 59.56 rn/day (21.7 km/year) and 74.3
rn/day (27.1 km/yr) for fractured Intervals in the Bullfrog and Tram Members of the Crater Flat Tuff. These
values contrast sharply with the assumed hydraulic conductivity of 1.0 rn/day used in the EA for a
calculation of saturated-zone travel time in the indurated tufts.

ADDITIONAL WORK NEEDED:

Review of the DOE documents which establish site-characterization programs.

RECOMMENDED PROGRAM:

Objective:

Continue to track the DOE site-characterization program in key issue areas, where the database
and/or DOE approach is deficient.

EXISTING PROGRAM:

Review of the SCP and work plans.
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Appendix E-11

Review of: Consultation Draft of the Site Characterization Plan : Yucca Mountain Site, Nevada
Research and Development Area, Nevada

January 1988 (DOE/RW-01 60) by DOE, p. 2 to 28.
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Review of Technical Documents

ISSUE:

The technical accuracy of the U.S. Department of Energy Site Characterization Plan : Yucca
Mountain Site, Nevada Research and Development Area, Nevada: Consultation Draft : Nuclear Waste
Policy Act (Section 113) (DOE/RW-0160), vols. I to 8, 1988 (CD-SCP) for Yucca Mountain.

OBJECTIVES OF ACTIVITY:

Review the CD-SCP, especially its hydrogeologically related activity, in terms of: 1) conceptual com-
pleteness and focus; 2) appropriateness of methodology to accomplish stated objectives; 3) availability of
supportive technology; and 4) probability of success and/or feasibility.

ACTIVITY SUMMARY:

The following elements of the CD-SCP were reviewed In terms of the four points (2a, b, c, and d)
listed above:

Geohydrology Program
Geochemistry Program
Rock Characteristics Program
Climate Program
Thermal and Mechanical Rock Properties Program
Waste Package Program
Performance Assessment Program

The review was structured into three basic parts:

Overview Comments - which deals with general impressions;
Issue Resolution Comments - deals specifically with several of the most Important

hydrogeologic issues; and
Activity Reviews - (Appendix 1) which contains each individual's review of the technical

activities.

FINDINGS:

The following comments have been abstracted from the review of the CD-SCP by MAI:

OVERVIEW COMMENTS

GENERAL COMMENTS

The following objectives of the CD-SCP are stated In the Annotated Outline for Site
Characterization Plans (DOE, February 1987, p. xii to xiv):

"The purpose of the SCP is to provide a document In which the DOE:

Describes the site, design of a repository and engineered barriers appropriate to the
site, waste packages, emplacement environment, and performance analysis In sufficient
detail so that the planned site characterization program may be understood.
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* Identifies the uncertainties and limitations on site- and design-related information
developed during site screening, Including Issues that need further Investigation or for
which additional assurance is needed.

* DescrIbes the detailed programs for additional work, including performance
confirmation, to (1) resolve outstanding Issues, (2) reduce uncertainties in the data, and
(3) make site suitability findings relative to DOE siting guidelines, 10 CFR 960.

The SCP will provide a vehicle for early NRC, State, Indian tribal, and public Input on the DOE's
data-gathering and development work so as to avoid postponing Issues to the point where
modifications would involve major delays or disruptions in the program. Early review of the
DOE's site characterization plans as presented in the SCP will provide an opportunity for the
NRC to evaluate whether the DOE's proposed program is likely to generate data suitable to
support a license application." (OGR/B-5, p. xiii).

We find that the CD-SCP substantially, but not completely, meets the above first objective. We
find that it does not consistently meet the second and third objectives. It does not consistently
describe the detailed programs to: 1) resolve outstanding Issues; 2) reduce uncertainties in the data;
and 3) make site suitability findings relative to the DOE siting guidelines, 10 CFR 960.

We find that the CD-SCP does not entirely establish what is known about the Yucca Mountain
from site-exploration activities to date. Many if not most aspects and findings are freely and fully
discussed, but key findings, such as evidence of perched water within the vadose zone, and important
observations of gas-circulation gradients within the vadose zone, are omitted. These omitted
observations could prove to be the most fundamental findings to date with respect to the site's ability to
isolate waste.

We find also, with respect to the above point two objective, that a major Issue of fracture flow in
the vadose zone has been deemed so unimportant that the resolution activity is to be primarily laboratory
experiments. Therefore, we judge the CD-SCP fundamentally deficient with respect to resolving the
issue by reducing or eliminating the uncertainties about fracture flow in the vadose zone.

We find that, with respect to the above, the CD-SCP often fails to provide enough details in the
activity plans to confidently judge the plans.

The following questions are intended to be addressed by the SCP (DOE, OGRiB-5, February
1987):

* Have the important information needs and unresolved issues been identified?

* Does the SCP specifically address these information needs and present program plans to
obtain the needed information?

* Are the methods of testing and analysis proposed for the planned site characterization
program appropriate?

* Have alternative methods of testing and analysis been identified and evaluated, and has
an adequate basis been provided for the selection of the methods to be used?

* Will the data to be collected and the reliability of the collection methods and analysis be
of adequate quality to support site selection and a future license application?

* Have the testing plans been based on the performance requirements of the Mined
Geologic Disposal System (MGDS) components, and are the tests adequate to enable
evaluation of whether or not the MGDS components will perform as required?
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We recognize aspects where the CD-SCP Is seriously deficient In all of the above points of
question. We think that important negative answers can be given for the first live questions when aspects
of vadose-zone hydrology are considered. Point six, discussion of whether tests are adequate to enable
evaluation of the expected performance of the MGDS, Is not recognized In the CD-SCP. We assume that
such testing call upon characterizing a combination of dynamic thermal loading and unloading, multiphase
water transport, and dissolution processes based on in-situ geochemistry, all acting upon the engineered
barriers.

We find the CD-SCP, when judged by the data development/analyses activities, unlikely to create
a technical program that will establish viable databases to resolve or answer several of the important
issues. The basis for this statement can be further examined In Appendix I reviews. A summary of this
appendix reviews is shown in Table 1 (appendix reviews are not included In this report). Many activities
are poorly designed and/or focused with respect to available technology. Many others are not feasible
with respect to combinations of time, financial resources, and human and laboratory resources. Idealistic
approaches, with much modeling in the face of little or no data and marked uncertainties with respect to
processes operating, characterize the planned technical program. The CD-SCP Is very consistent in
calling upon numerical models (using existing, or newly developed, and/or to be developed codes) for the
resolution of the characterization issues created by the complexity of the site and the very limited
databases.

Our opinion is that the CD-SCP activities need to be carefully screened, focused, and modified
into feasible, well-coordinated activity programs that could be completed in five or six years. Each
program (investigation, study, and activity) needs the benefit of peer review by experts experienced in
both theory and field investigation.

Further, an appropriate SCP would clearly Identify and rank the most likely fatal flaws (issues) of
the geologic-barrier system of the site to prioritize and coordinate site characterization studies. This has
not been done; the CD-SCP generally fails to establish a vadose-zone fracture flowAravel time issue
resolution program that will work, and totally Ignores the need for a research program to establish the
impacts of the thermal envelope, and the associated extent of the disturbed zone with the induced
hydrothermal system. Such a disturbed system has major potential to impact waste isolation.

DISCLAIMER

We find the disclaimer printed on the back cover of each volume to be Inappropriate to the work
presented. It says that the report was prepared as an account of work sponsored by the United States
Government, but neither the U.S. Government nor the U.S. Department of Energy, nor employees make
any warranty, nor assumes legal liability or responsibility, etc. It also states that the views and opinions of
authors expressed herein do not necessarily state or reflect those of the United State Government nor an
agency thereof.

The DOE is clearly the author of the CD-SCP, as no authorship is shown other than the U.S.
DOE. If the above disclaimer were to be used In an appropriate manner, the majority of the CD-SCP
should be backed by specific authorships. Specific authors would be appropriate for the expert opinion
and judgment desirable in the planned activities of exploration and research. We find by omitting the
specific technical authorship, the DOE may have, perhaps Inadvertently, diminished the technical quality
of the CD-SCP. We suggest the DOE recognize the scientific and technical challenge of characterizing
Yucca Mountain, and appropriately indicate specific authorship on scientific and technical activities in the
SCP.

DOE GOALS

A very disquieting presentation characteristic of the CD-SCP Is the apparent perception that the
given site,Yucca Mountain, in terms of geologic-barrier performance, can be made better or worse, just as
an engineered system can be made better or worse by design changes. This conceptual approach has
flavored the DOE selection process (Draft Environmental Assessment and Environmental Assessment
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documents) and continues in the CD-SCP. Explicit examples occur throughout the CD-SCP discussions
and in tables, such as Table 8.3.1.5-1 on pages 8.3.1.5-4 and 5. This table, dealing with site performance
during a climate change, shows a column of initiating events or processes, and another correlating
column entitled "tentative goar, which gives the currently perceived extreme values that would be
acceptable. Such a ttle "tentative goal" would be appropriate for an engineered barrier where engineered
design determines performance. A natural system, the geologic barrier, can not be altered once the
site has been selected. There is no goal, therefore; there is only performance characterization.
Geologic and hydrogeologic aspects can only be characterized to varying degrees of accuracy as to how
they will perform in waste isolation. Therefore, If the DOE correctly perceived that its mission is to
characterize the site to establish If the repository should be built, the many "tentative goal' columns would
be better named "performance requirement"' or "tentative performance requirement." The term "goal" is
widely used in the CD-SCP, and should not be used for the SCP for uncontrollable geologic and
hydrologic aspects of the specific site. Performance goals are fine for engineered aspects.
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CD-SCP CONTENTS AND TECHNICAL REVIEW

The CD-SCP Is so massive and complex In terms of topical scope and objectives that the reader
is easily diverted from the true Intent of the document. The SCP Is the program of exploration and
research, both In the laboratory and In the field. Therefore, we have focused our review efforts not on
the very extensive organizational discussions and rationalizations, but on the descriptions of the programs
of exploration and research.

We believe that success or failure in reaching confident site characterization will depend heavily
on the SCP adopted by the DOE. We base this belief on the following: 1) the choice of a
repository-horizon environment that is totally unknown from a hydrogeologic perspective; 2) the ten years
of effort already expended on Nevada Test Site (NTS) and the Yucca Mountain characterization; and 3)
the continuing high degree of uncertainty with respect to many critical performance aspects of the site.
Therefore, the CD-SCP has been reviewed in anticipation of discovering the technical program the DOE
would mount to resolve the many issues and performance questions.

Activities are the technical and/or scientific efforts planned for site characterization. The CD-SCP
links activities, where there is a usually brief discussion of the planned objectives, methods, and
associated elements, to studies, generally composed of one or more activities, to investigations, which
are composed of studies, to programs. All have been organized and rationalized with respect to
characterization issues from the perspective of licensing requirements. The CD-SCP provides
reasonable planning discussions at these levels. However, the activities are a better measure of the
planned site characterization, and we give, in general, very low marks for the activities.

We have reviewed each activity (Appendix I summary is given in Table 1) In our topical areas of
responsibility because we recognize them as the only fundamental investigative activities in the CD-SCP.
These activities, when executed, must provide the information to deal definitively with all issues and have
the power to characterize the site. Unfortunately, we have found that many activitIes are only at the

~- conceptual stage at best, and would be better Judged when work plans and technical procedures
become available. In response to this very real problem, we were forced to review the activities from an
expert opinion mode, generally reading between the lines and judging the activity from several
perspectives.

Technical Review Criteria: The four criteria adopted In the activity reviews: 1) conceptual completeness
and focus; 2) appropriateness of methodology to accomplish stated objectives; 3) availability of supportive
technology; and 4) probability of success and/or feasibility, warrant brief discussion. There are, however,
no detailed work plans or technical procedures for each activity upon which we can base an in-depth
review. Our ability to review conceptual aspects of a given activity is, therefore, better than our ability to
review methodology, since the details of methodology are often not complete. Any activity, If It falls In
any of the four categories, falls to establIsh what Is required for site characterization and/or Issue
resolution. For example, one might find in a review that conceptual completeness or focus is rated low,
and the other three aspects much higher. This would indicate that in our opinion, the activity can be
performed in terms of methodology, available technology, and that there are the necessary resources for
feasible execution, but it will not likely answer the correct questions. Conversely, we also find many of the
activities more or less conceptually appropriate and focused, but unlikely to be successful because of
deficiencies in methodology, available technology, or the likely availability of resources (including time).

In the reviews of the activities we find that, out of a total of 190 Individual activities, we judge that
163 (about 86%) will not be successful In terms of the site characterization objectives (Table 1). When
analyzed by program, we find only in one program (Climate) where there can be some important progress
towards site characterization.
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Table 1. Summary of MAI Reviews of CD-SCP Activities

CD-SCP PROGRAM YES NO TOTAL REVIEWED

Geohydrology (8.3.1.2) 6(4) 51(47) 57(51)

Geochemistry (8.3.1.3) 4 33(29) 37(33)

Rock Characteristics (8.3.1.4) 1 5 6

Climate (8.3.1.5) 14(12) 15(14) 29(26)

Thermal and Mechanical Rock Properties (8.3.1.15) 2 2 4

Waste Package (8.3.4) 1 14(13) 15(14)

Performance Assessment (8.3.5)
a. Engineered BarrierSystem (8.3.5.10) 3 23 26

b. Total System (8.3.5.13) 0 30 30

Total (without duplication) 31(27) 173(163) 204(190)

The DOE has, or could have, at its disposal, the best scientific facilities and cadre of scientists in
the nation. Such resources have not been effectively tapped in the development of the CD-SCP. We
think it productive to offer the probable reasons for our review findings:

I. The site-selection and licensing criteria demand knowledge about natural systems that is
not normally established at the scales of consideration and the levels of confidence
required.

II. The DOE has selected an entirely undocumented and little studied hydrogeologic
environment for the repository at Yucca Mountain. There are few if any useful databases
from similar environments in the world, and there are no proven techniques of study with
respect to several key issues.

Ill. Fractured, and somewhat porous rock imposes a well-known but analytically intractable
degree of complexity to fluld-flow systems, as does the vadose-zone position of the
repository horizon. It Is known that conventional mathematical models and
established fleld-test procedures will not perform adequately In both the saturated
and vadose zones of the Yucca Mountain environment.

IV. The host-rock stability is uncertain due to its origin and composition when subjected to
the heat of the thermal envelope.

V. The primary (and possibly only) waste-Isolatlon attribute of the Yucca Mountain
site Is Its location In an arid climate. The mechanics and site-specific conditions of
recharge are unknown in these arid climates for most classes of terrane, including that
represented by Yucca Mountain.

The above factors relate to the thoroughness of the technical questions being asked, the very limited
preexisting knowledge, and the complexity of the site. The following, however, relate to the DOE
program:

VI. There is little evidence that the DOE has followed the expert advice offered by early
peer-review groups. The characterization program continues to be weak in the same
areas as the site-selection program (useful field studies lacking, useless models
dominating).
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VII. There Is little evidence of peer review In the development of the majority of the CD-SCP
activities. Only one program, climate change, seems to have had the benefit of
Independent peer review, and we judge half of the activities may succeed, which is a
major Improvement over all other programs.

VIII. There Is ample evidence that many activities have been conceived and written, or
perhaps rewritten, by authors with limited experience and training in the topical areas,
and that these activities have not been reviewed by experts.

Points six through eight disappoint us. They indicate one or a combination of the following: 1)
the DOE management has failed to recognize the complexity of the site (has not taken or used expert
advice appropriately); 2) the DOE management has made a determination that careful characterization is
not necessary, nor perhaps desirable; and/or 3) the DOE has failed to effectively develop and manage the
required scientific program to confidently select and characterize the site.
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PERFORMANCE ISSUES

The following sections are discussions and specific comments focused on selected performance
issues:

PERFORMANCE ISSUE 1.1

The ability of a mined repository to limit radionuclide releases to the accessible environment is
fundamentally dependent on geologic and hydrologic conditions at the site which, combined, establish the
degree of the geologic barrier a specific site offers. Intrinsic properties such as permeability provide one
general measure of site quality, while the chemistry of the rock-water system determines the mobility of
radionuclides as well as the necessary desirable designs for the waste packages. Key Issue I in the
Office of Geologic Repositories issues hierarchy relates to whether the mined geologic-disposal system at
Yucca Mountain 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
(CD-SCP, p. 8.2-2). Performance Issue 1.1, "Will the mined geologic disposal system meet the system
performance objective for limiting radionuclide releases to the accessible environment as required by 10
CFR 60.112 and 40 CFR 191.13?" (CD-SCP, p. 8.2-3), dictates information needs 1.1.1 through 1.1.5 of
section 8.3.5.13 of the CD-SCP, "Total System Performance":

Information Need (CD-SCP)

1.1.1 Site information needed to calculate releases to the accessible environment.
1.1.2 A set of potentially significant release scenario classes that address all events

and processes that may affect the geologic repository.
1.1.3 Calculational models for predicting releases to the accessible environment

attending realizations of the potentially significant release scenario classes.
1.1.4 Determination of the radionuclide releases to the accessible environment

associated with realizations of potentially significant release scenario classes.
1.1.5 Probabilistic estimates for the radionuclide releases to the accessible

environment considering all significant release scenarios.

Geochemistry

8.3.1.7 Overview of Rock Dissolution.....
8.3.1.7.1 Investigation: Rates of dissolution of crystalline and noncrystalline components in tuff.

Comments:

1. The use of the word "Investigation" in the title/header is misleading; no investigation is planned.

2. Previous comments (Mifflin & Associates, Inc.) regarding the dissolution section of the EA have
been ignored.

3. Specifically, considering the listed conclusions (p. 8.3.1.7-1) regarding dissolution in the EA,
restated in the CD-SCP: the second conclusion regarding mineral insolubility is decidedly
Incorrect and not based on any factual information of which we are aware.

The first part of the fourth conclusion, Insolubility of minerals comprising the host rock in and
around Yucca Mountain, is Incorrect as well; therefore the second part of the fourth conclusion,
"significant subsurface rock dissolution is not a credible process leading to radionuclide releases greater
than those allowable..." is incorrect information and contradicts current experiments (J. D. Rimstidt,
personal communication, 1988) that suggest important mass transport occurs under nonequilibrium
conditions (i.e., thermal gradients expected under repository conditions).
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8.3.1.7.1.1 ApplicatIon of Results

In general, there are no results when no Investigations were specifically conducted to consider
dissolution. The CD-SCP is Illogical when it applies speculative conclusions from the EA to this important
site-characterization issue. There are no results, only speculative and totally unsupported conclusions, to
address higher-level findings concerning dissolution.

The dissolution question affects favorable conditions 3, 4, and 7 (Table 8.3.5.17-1) and
potentially-adverse conditions (Table 8.3.5.17-2) 5, 7, 8, 10, and especially 23 (potential for future
perched water bodies that may saturate portions of the underground facility).

Scenarios to characterize potentially-adverse condition (PAC] 5 do not address changes in the
hydrologic conditions caused by the heat envelope generated by the repository after a few hundred years.

Scenarios regarding PAC 7 (ground-water geochemistry conditions that could increase solubility
or chemical reactivity of the engineered-barrier system) do not address the thermal regime imposed by
the waste repository, particularly the hydrochemical and mineralogical reactions that will accompany
vaporization and condensation in fractures.

No scenarios concerning PAC 10 (dissolutioning) will be characterized further by DOE because
their available information appears adequate to them. This is a serious flaw In the CD-SCP, since the
assumption that dissolution will not occur has no basis in fact.

Scenarios regarding PAC 23, the potential for existing or future perched-water bodies that might
saturate portions of the repository, do not include any that may result from actual storage of waste
canisters in the repository over the several hundred years of perturbing thermal influences. Only the
potential for perched-water bodies that may form under present [preclosure] conditions will be considered
by the DOE. This Is a serious shortcoming In DOE's site-characterization plans considering the

s-' amount of water vapor that will be driven from the rock matrix In the greater than 950C portion of
the thermal envelope.

If the DOE continues to assume that host rock and minerals are insoluble, then many other
CD-SCP activities are inappropriate, such as 8.3.1.3.2.2.1 (History of mineralogic and geochemical
alteration...); 8.3.1.3.2.2.2 (Smectite, zeolite, manganese minerals, glass dehydration and transformation);
8.3.1.3.3.2 (Kinetics and thermodynamics of mineral evolution); 8.3.4.2.4.1.1 (Rock-water Interactions at
elevated temperatures); 8.3.4.2.4.1.7 (Numerical analysis and modeling of rock-water interaction); and
8.3.4.2.4.4.2 (Repository horizon rock-water interaction). The CD-SOP dissolution program is totally
deficient. The aforementioned studies and activities need to be integrated into a dissolution program.

General Comments: Geochemistry Section

The following items represent our major concerns regarding the geochemistry program in the
CD-SCP. For specific comments, see the activity review sheets and the specific comment section of this
review.

1. The continued use of water from well J-13 as a reference water for all experimental work is not
justified. Most of the credit taken by DOE for ground-water travel time Is postulated to occur in
the vadose zone and therefore most of the retardation should also occur in the vadose zone.
Thus, obtaining chemical analyses of a vadose-zone water should be of the highest priority in the
CD-SCP. The range of vadose-waters compositions should be determined as quickly as
possible. As experiments and modeling employing J-13 water may have to be redone, it would
be judicious of DOE to suspend those activities utilizing J-13 water until the vadose-water
chemistry is characterized.
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2. Another serious problem Involves extrapolating laboratory sorption data (determination of Kd's

and retardation factors) to actual field conditions. Not enough importance Is being attached to
this subject. It Is extremely difficult to envisage how data from experiments employing crushed
tuff could be correlated to the field with any scientifically valid confidence. Crushing tuff
generates new surfaces with attendant high-surface energies and nonrepresentative sorption
characteristics. Furthermore, the mineralogy of the new rock surfaces from a modal standpoint is
not known and should not be assumed from modal mineralogy of a whole rock sample. This may
partially account for the unexplained scatter in previous experimental work and the differences
between crushed tuff and solid core experiments. Highest priority should be assigned to
validating the proposed experimental approach through field tests of sorption/retardation before
additional resources are wasted in this extensively practiced but totally unproven methodology.

3. A major concern is the undue emphasis placed on modeling before experimental methodology is
proven and meaningful field data are collected. Vast resources will apparently be directed to
modeling efforts before sufficient information is collected to justify modeling.

4. Samples to be utilized in activitles/studles are not clearly identified, nor are sample collection and
preservation techniques. Very little is known about the site to date because of sampling
difficulties.

5. Analytical methodology is not always indicated.

6. Technical procedures are not determined.

7. There are major inconsistencies in planned activities from one section to another.

8. Incomplete or wrong methodologies are used in many cases to obtain the desired information
(See Appendix I Specific comments).

General Comments: Issue 1.1 Resolution Strategy

1. DOE continues to assume that matrix flow predominates over fracture flow in the vadose zone
and that the matrix must be saturated for fracture flow to occur. No data exists to support these
assumptions; in fact, based on suction-head data for the various rock units, these tuft units are
most likely effectively saturated and therefore fracture flow should predominate.

2. DOE continues to assume that the percolation flux Is uniformly distributed in space and time.
This is highly speculative, not realistic nor conservative, and not supported by any data.

3. The dissolution scenarios (among others) have been ruled "not sufficiently credible to warrant
further consideration' (DOE, 1986) by a Opanel of experts. The same ruling was incredulously
rendered for the bedded and domed salt sites. This ruling was not made by an Independent
panel of scientifically and/or technically recognized qeochemists; but rather i was a DOE panel
with, apparently, very limited expertise In the main subject area.

4. The DOE should convene a panel of recognized practicing geochemists and charge these
experts with the tasks of evaluation of the rock-dissolution questions, particularly In light of the
thermal envelope and the water content of the repository-rock horizon. Then it needs to
follow the panel recommendations on appropriate rock-dissolution studies and add these to the
SCP, if appropriate.

5. Under "Performance Parameters for Scenario Class C-3 [Table 8.3.5.13-14., p. 8.3.5.13-63]
(changes in unsaturated zone rock hydrologic and geochemical properties)', no consideration is

- Ill - MY89051 1 d



given to the effect of waste emplacement In the repository. Specifically, those changes In
rock-water geochemistry and hydrologic properties surrounding the repository level that may
result in the formation of a perched-water body In the vadose zone above and below the
repository, such as permeability and porosity changes brought about by refluxing of vadose-zone
waters due to the thermal pulse of decaying waste.

6. Individual evaluation of topical scenarios for the purpose of eliminating scenarios with Insignificant
consequences may overlook the coupling that may occur between two or more processeslevents
that could produce significant consequences for the release of radionuclides to the accessible
environment. We think this has occurred: the DOE has omitted the most obvious scenario of
water vapor driven from the thermal envelope condensing In the cooler fractures that
surround the repository horizon and returning to the boiling zone by gravitational forces.

Summary Comments: Issue 1.1 Resolution Strategy

Probabilistic estimates of radionuclide releases to the accessible environment must be based on
sound, statistically valid, data and not on unproven DOE assumptions such as:

1. Matrix flow predominates in vadose zone;
2. percolation flux is areally and temporarily uniformly distributed; and
3. batch sorption experiments employing crushed tuff are representative of field conditions;
4. nor on statistically biased data such as were used by Sinnock, et al. (1986).

Until the aforementioned assumptions are proven by site characterization or changed to
conservative assumptions, and sound statistical and geostatistical techniques are employed to evaluate
data, the resolution of issues will continue to be flawed.
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PERFORMANCE ISSUE 1.3:

Important ospecial" sources of ground water that are in close proximity to a repository should be
well-characterized. Key Issue I in the Office of Geologic Repositories issues hierarchy relates to whether
the mined geologic-disposal system at Yucca Mountain 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 (CD-SCP, p. 8.2-2). Performance Issue 1.3, "Will the mined
geologic disposal system meet the requirements for the protection of special sources of ground water as
required by 40 CFR 191.16?" (CD-SCP, p. 8.2-3), dictates information needs 1.3.1 and 1.3.2 of section
8.3.5.15 of the CD-SCP, "Ground-water Protection".

Information Need (CD-SCP)

1.3.1 Determination whether any Class 1 or special sources of ground water exist at
Yucca Mountain, within the controlled area, or within 5 km of the controlled area
boundary

1.3.2 Determine for all special sources whether concentrations of waste products in the
ground water during the first 1,000 years after disposal could exceed the limits
established In40 CFR 191.16.

Section 191.16 of 40 CFR Part 191 was added to the final EPA rule to provide protection for those
individuals in the vicinity of a disposal system (FR 38072, September 19, 1985). The CD-SCP (p.
8.3.5.15-1) provides the following explanation of EPA water-source designations:

"An aquifer must meet several criteria to be designated as a special source. The first step in the
evaluation is to establish whether the aquifer is a Class I source as defined by the EPA Ground
Water Protection Strategy of 1984 (EPA, 1984). The conditions that must be met for designation
as a Class I source are (1) that the source is highly vulnerable to contamination because of the
hydrologic characteristics and (2) that the source is irreplaceable in that no reasonable alternative
is available to substantial populations or that the source is ecologically vital in that it provides
baseflow to a sensitive ecological system.

If an aquifer meets the criteria for a Class I source, the next step is to determine whether it
qualifies as a special source of ground water. 40 CFR 191.12 defines a special source of
groundwater as "those Class I ground waters identified In accordance with the agency's
Ground-Water Protection Strategy ... that: (1) are within the controlled area encompassing a
disposal system or less than 5 km beyond the controlled area (the controlled area is the actual
area chosen according to the 40 CFR 191.12 definition of the controlled area]; (2) are supplying
drinking water for thousands of persons as of the date that the [DOE] chooses a location within
that area for detailed characterization as a potential site for a disposal system (e.g., in
accordance with Section 11 2(b) (1 )(B) of the Nuclear Waste Policy Act); and (3) are irreplaceable
in that no reasonable alternative source of drinking water is available to that population."

A valley-fill aquifer, a tuft aquifer, and a carbonate aquifer are present at Yucca Mountain. DOE
states that only the valley-fill aquifer was serving a population of thousands of persons at the time that the
site was chosen for characterization (CD-SCP, Section 3.8). DOE also offers a preliminary determination
that no potential special sources of ground water are present at the site, below the site, within the
boundaries of the controlled area, or within 5 km of the controlled area boundary (CD-SCP, p. 8.3.5.15-6).
The hydrologic feasibility of developing the lower carbonate aquifer must consider the possibility of
interbasin diversion of baseflow to the Ash Meadows Springs (Section 8.3.1.9.2.). DOE also considers
that the Ash Meadows area is part of a different ground-water subbasin (Ash Meadows) from the Alkali
Flat-Furnace Creek Ranch ground-water subbasin, which contains Yucca Mountain (Section 3.6).
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The content of Section 8.3.1.9.2 (Investigation: Studies to provide the information required on
present and future value of energy, mineral, land, and ground-water resources) suggests that the
CD-SCP does not intend to refine the very poor understanding of the western margin of the Ash Meadows
flow system between Yucca Mountain and Ash Meadows. The projection of this boundary north of
Lathrop Wells is entirely speculative. DOE plans an analysis 1.3.1.1. (p. 8.3.5.15-7) to determine whether
any aquifers near the site meet the Class I or special-source criteria. This analysis consists of two
activities (1.3.1.1.1 and 1.3.1.1.2). These pull hydrologic data from other activities and demographic
information into an assessment.

Comments and DiscussIon

DOE prefers to ignore that the western extent of the Ash Meadows' ground-water flow system is
highly uncertain, as well as the carbonate aquifer's uncertain relations with the tuff aquifers of Yucca
Mountain and the valley-fill aquifer in Amargosa Valley.

Yucca Mountain overlies the fragmented western extent of a regional-carbonate aquifer
(Winograd and Thordarson, 1975), which discharges on the order of 17,000 acre-feet per year of
good-quality ground water near Ash Meadows. Structural relationships probably control the extent of the
carbonate aquifer in this area. Four major Mesozoic thrust faults that involve the subvolcanic rocks are
projected through the Yucca Mountain-Jackass Flats area by Wemicke (1988). From southeast to
northwest, these are the Clery-Spector Range Thrust, the Schwaub Peak-Mine Mountain (?) Thrust, an
equivalent of the back-facing Panama Thrust, and the Last Chance Thrust. These thrust sheets involve a
nearly complete Paleozoic section that is known to include major aquifers in the region. If, as Carr and
Monsen (1988) suggest, the breakaway zone for the Fluorspar Canyon Fault is west of Yucca Mountain
and faults at Yucca Mountain are genetically related to the Crater Flat graben system, then Paleozoic
carbonates could underlie the entire Yucca Mountain-Jackass Flats area. In the absence of
large-magnitude Cenozoic extension, the Tertiary section would be expected to be underlain by an
allochthonous wedge corresponding to rocks between the Marble Canyon and White Top Thrusts, and
equivalents. The Cottonwood Mountains, southern Funeral Mountains, southern Bare Mountain, and
Mine Mountain (NTS) offer the best exposures of tectonic elements that could be structurally analogous to
those beneath Yucca Mountain. In the Grapevine Mountains, the same structural level of the fold and
thrust belt Is exposed, but Cenozoic rotation and extensional overprinting have confused relations among
pre-Tertiary units there somewhat more than in the other listed areas.

The Mesozoic fold and thrust belt that may underlie Yucca Mountain consists of several discrete
thrust sheets with stratigraphic throws of up to 5 km and the full spectrum of brittle through ductile
behavior. A key question is whether extensional crustal thinning has removed Paleozoic carbonates from
beneath Yucca Mountain, and it the Silurian dolomite in UE25-p#1 is part of the laterally continuous
carbonate aquifers which discharges at Ash Meadows. The northwest strike of prethrust normal faults in
the Spring Mountains region Indicates that hydraulic relations In and beneath the thrust sheets between
Yucca Mountain and the northern Specter Range-Ash Meadows area should be explored. Because of
the water-resource potential of the regional-carbonate aquifer, an understanding of flow paths within it is
needed to resolve performance Issue 1.3. The carbonate aquifer serves as a water supply for NTS
activities and supports the unique and endangered ecology of the Ash Meadows area, including the
Devil's Hole part of Death Valley National Monument. In addition, the major spring areas In Death Valley
National Monument are the principal water supply for the Furnace Creek area and may be part of the
carbonate-aquifer system.

The available evidence indicates that:

1. The alluvial aquifer is Class 1.

2. The tuff aquifer is Class 1 because it is a prime recharge source to the alluvial aquifer.
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3. The carbonate aquifers that discharge at Ash Meadows and at Death Valley are Class 1.

'No see that the Ospecial source designation can only be confidently resolved by determining the
flow-system relationships and boundary conditions between the three aquifers known to exist In the
vicinity of the controlled area. The CD-SCP has no data collection activities that will produce a definitive
database and it therefore offers no useful plan to resolve the ground-water protection "special source"
issues.
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PERFORMANCE ISSUE 1.6

The statutory requirement for evaluation of ground-water travel time (GWTr) presupposes a need
for understanding the geometry and geologic controls on ground-water flow. Key Issue I in the Office of
Geologic Repositories issues hierarchy relates to whether the mined geologic-disposal system at Yucca
Mountain 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 (CD-SCP, p.
8.2-2.). Performance issue 1.6, 'Will the site meet the performance objective for prewaste-emplacement
ground-water travel time as required by 10 CFR 60.113" (CD-SCP, p. 8.2-5), dictates Informatlon needs
1.6.1 through 1.6.5 of section 8.3.5.12 of the CD-SCP, "Ground-water Travel Time":

Information Need (CD-SCP)

1.6.1 Site information and design concepts needed to identify the fastest path of
likely radlonuclide travel and to calculate the ground-water travel time along
that path.

1.6.2 Calculatlonal models to predict ground-water travel times between the
disturbed zone and the accessible environment.

1.6.3 Identification of the paths of likely radlonucilde travel from the disturbed
zone to the accessible environment and Identification of the fastest path.

1.6.4 Determination of the prewaste-emplacement ground-water travel time along
the fastest path of likely radlonuclide travel from the disturbed zone to the
accessible environment.

1.6.5 Boundary of the disturbed zone.

The success of several investigations in the geochemistry program will depend on recognition of
ground-water flow paths:

CD-SCP Section

8.3.1.3.1 Investigation: studies to provide information on water chemistry within the potential
emplacement horizon and along potential flow paths;

8.3.1.3.2 Investigation: Studies to provide information on mineralogy, petrology, and rock
chemistry within the potential emplacement horizon and along potential flow paths;

8.3.1.3.4 Investigation: Studies to provide the information required on radionuclide retardation
by sorption processes along flow paths to the accessible environment;

8.3.1.3.5 Investigation: Studies to provide the Information required on radionuclide retardation
by precipitation processes along flow peths to the accessible environment;

8.3.1.3.6 Investigation: Studies to provide the Information required on radionuclide retardation
by dispersive, diffusive, and advective transport processes along flow paths to the
accessible environment;

8.3.1.3.7 Investigation: Studies to provide the information required on radionuclide retardation
by all processes along flow paths to the accessible environment; and

8.3.1.3.8 Investigation: Studies to provide the Information required on retardation of gaseous
radionuclides along flow paths to the accessible environment.
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The conceptual framework for calculating ground-water travel time requires Identification of
"likely" flow paths to the accessible environment, along which travel times are calculated, and a
disturbed-zone boundary from which calculations are begun. The original disturbed-zone concept was
based on a near-field region of difficult-to-model flow processes (48 FR 35280, 35281, July 8, 1981).
Later, the NRC (Gordon, et al., 1986) proposed to restrict the disturbed-zone definition to include only a
region of intrinsic-property changes. However, this later proposal has not been formally adopted by the
NRC probably because of the large region of hydrothermal (heat-pipe) effects that may develop around
emplaced waste, including non-Darcian fracture flow as condensate accumulates. Intrinsic-property
changes will probably accompany boiling and condensation of pore fluids, so even if the restricted
definition of the disturbed-zone boundary, such as proposed by Gordon, et al. (1986) were adopted by the
NRC, the boundary may extend a considerable distance above and below the repository.

Ground-Water Flow Path

It appears that the DOE is approaching the problem of ground-water flow paths from the following
perspectives:

1. Calculate flow paths using two-dimensional porous-medium model.

2. Map the intersection of land surface with a composite regional potentiometric surface that
rises and fails over geologic time.

3. Determine physical-property conditions that govern fracture versus matrix flow.

4. Investigate apparently steep and apparently flat regions in the composite potentiometric
surface by drilling additional WVT-holes and by conducting tracer tests.

5. Prepare a plan to investigate the hydrologic significance of the Ghost Dance Fault.

CD-SCP Sectlon Methdolgyg

Calculation based on fluid potentials 8.3.5.12.3.1.2 Numerical Model

Intersection of composite
regional potentiometric surface
with land surface

Determine physical-property conditions
that govern fracture vs. matrix flow

Investigate steep and flat regions
in composite potentiometric surface

8.3.1.2

8.3.1.2.3

8.3.1.2.3.1

Reexamine and redate paludal
deposits

Develop empirical relations
from laboratory tests

Drill WT-holes, hydrology hole,
and possibly southern tracer
test complex

Investigate steep and flat regions
in composite potentiometric surface

8.3.1.2.2.3.3 Solitario Canyon horizontal
borehole

Investigate hydrologic significance of
Ghost Dance Fault

8.3.1.2.2.6 Develop plan only

Disturbed Zone

DOE proposes to develop a disturbed-zone definition (8.3.5.12.5.2, activity 1.6.5.2), and
reevaluate that definition based on saturated and unsaturated-zone system investigations (8.3.1.2.2 and
8.3.1.2.3). We strongly suggest that it would be fundamental for the SCP to include activities that
delineate the extent and character of the disturbed zone as now defined.
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The disturbed zone Is an important focus of State of Nevada review activities. We find that the
zone of difficult-to-understand (and characterize) processes (46 FR 35280, 35281, July 8, 1981) has been
equated conceptually by the DOE to the zone of Intrinsic-property changes. The central concept of a
zone of intrinsic-property changes appears in most, if not all, DOE-sponsored literature that requires a
disturbed-zone definition (Langkopf, 1987 and CD-SCP, Section 8.3.5.12.5, for example). However, even
if there were no intrinsic property changes whatsoever, heat-driven changes In the hydrologic system
at Yucca Mountain can reasonably be expected to be profound (and extraordinarily complex from a
modeling perspective). These hydrothermal processes can be reasonably expected to occur within 100
years of repository loading based on simple calculations using DOE's physical-property values.

The CD-SCP assumes that the NRC draft generic technical position (Gordon, et al., 1986) will be
adopted formally by the NRC. The State of Nevada has pointed out to the NRC that that draft position
fails to consider the hydrothermal effects of the waste, causing multiphase fluid flow. It is obvious that the
more restricted (in space) the disturbed-zone definition, the longer the flow paths in the vadose zone
along which travel times are calculated, and the longer the travel times in any flow scenario.

The potential hydrothermal effects in the vadose zone of Yucca Mountain due to waste-generated
temperatures which exceed the boiling temperature of water is generally unrecognized' in the CD-SOP.
Our analysis indicates marked increases in both vapor and liquid-phase flow are expected due to the
strong thermal envelope generated by the waste. In the fractured-rock environment, the complexity of
heat and mass-transfer processes and associated solution-mineral reactions will be greatly increased by
the multiphase liquid and vapor-flow environment. We estimate that about 10,000 acre-feet of water
are present within the volume of rock that Is expected to reach boIling temperature within 100
years.

The CD-SOP definition of the disturbed zone ignores the Importance of multiphase fluid transport.
The CD-SCP definition is not as defined and intended in 10 CFR 60.2 (46 FR 35280, 35281, July 8,
1981). Instead of a mechanically disturbed zone of the current DOE definition (measured as extending
several meters from the repository horizon) hydrothermal effects have the potential to extend downward
and upward tens to hundreds of meters from the repository horizon.

Based on our findings of: a) a high probability of field-scale hydrothermal multiphase (heat-pipe)
effects occurring during repository loading, and b) the resultant zone of vaporization and condensation
that could extend upward and downward significant distances from the repository horizon, we believe that
a zone of intrinsic property changes Is not conservative as a basis for defining the disturbed zone.
Physical and chemical changes within the zone of vaporization and condensation would be difficult to
characterize by direct observation, and will be impossible to predict accurately based on initial conditions
only. The DOE needs to address and establish a research program to resolve both the thermal and
hydrothermal effects in the repository performance In the SCP.

CD-SCP Ground-Water Travel Time Strategy

The DOE recognizes the reasonable assurance" licensing requirement (10 CFR 60.101(a)(2))
that the ground-water travel time at Yucca Mountain is at least 1,000 years leaves this Issue ambiguous
as to what constitutes data of sufficient quantity and quality (p. 8.3.5.12-10).

1. Langkopf (1987) refers to unpublished modeling studies by J. Gauthier and R. R. Peters in a 1986 internal
memorandum (SANDIA) where water redistribution was considered from the repository midline to below the
repository . Their reported findings support our scenario of total water expulsion as vapor in a 1 00-year period.
However, their model assumes the matrix would absorb the moisture.
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CD-SCP states (p. 8.0-9):

"The top-level strategy focuses strongly on the investigations of the characteristics of the flow in
the unsaturated zone, relying heavily on the current view that the percolation is low and that the
water in the unsaturated zone is tightly confined within the rock matrix. If these concepts can be
confirmed, then the general objective for the system and for the post closure performance of the
engineered and natural barriers are very likely to be met. As part of these investigations, the
program will address alternative concepts including flow in fractures, lateral movement of water at
rock interfaces in the unsaturated zone, and the effect on the flow of structural features such as
faults. The ability of the unsaturated rock to hold water and limit contact of water with the waste
packages will also be investigated."

We find that the CD-SCP approach indicated by the above warrants both applause and criticism.
The correct issues have been identified, including ground-water travel times, but the characterization
approach Is to prove conditions and processes favorable to waste isolation. This would make good
sense if there were established technologies, in-depth understanding of the processes, simple natural
systems, and well understood analog environments. This Is not the case for the vadose zone at Yucca
Mountain. The SCP therefore needs to be structured to test for the unacceptable conditions, and for
the most part, it fails in terms of the vadose-zone issues.

Vadose-Zone Conceptual Model Comments

The CD-SCP investigation 8.3.1.2.2 entitled "Studies to provide a description of the unsaturated
zone hydrologic system at the site' presents the DOE's purpose and objective as 'to develop a model of
the unsaturated-zone hydrologic system at Yucca Mountain that will assist In assessing the suitability of
the site to contain and isolate waste." It is also stated that in developing the model the needed
information will be provided through ten studies to characterize the flow and transport through the Yucca
Mountain unsaturated zone. The major studies planned to be conducted by DOE during site
characterization address the areas of unsaturated-zone infiltration, percolation, gaseous-phase
circulation, and hydrochemistry. Appendix I indicates our opinion of the general failure of these
investigations to adequately establish site characterization objectives.

The CD-SCP conceptual model of water flow through the vadose zone is generally based on the
assumption of steady-state downward flow. A second assumption is that the water flux through the
vadose zone is so small that most water flow is through the matrix of the rock and not through fractures.
A third assumption is that matrix flow will predominate through the repository horizon (Topopah Spring).
This assumption largely depends upon the hypothesis that excess recharge is both diverted away from
the repository horizon and retarded by capillary and permeability barriers at the contacts between the Tiva
Canyon welded unit and the underlying Paintbrush Tuff nonwelded unit; and between the Topopah Spring
welded unit and the overlying Paintbrush Tuff nonwelded unit.

The CD-SCP vadose-zone conceptual model is articulated on p. 3-207 to 3-213. In reviewing the
CD-SCP, we have become aware of two important facts. First, the CD-SCP does not seriously consider
conservative conceptual models that fit the limited site-specific data and the open-literature data.
Second, the CD-SCP conceptual model, amazingly, perfectly satisfies all of the following conditions:

"(i) Low moisture flux in the host rock and in the overlying and underlying hydrogeologic units;

(ii) A water table sufficiently below the underground facility such that fully saturated voids
contiguous with the water table do not encounter the underground facility;

(iii) A laterally extensive, low-permeability, hydrogeologic unit above the host rock that would
inhibit the downward movement of water or divert downward-moving water to a location
beyond the limits of the underground facility;
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(lv) A host rock that provides for free drainage; or

(v) A climatic regime In which the average annual historic precipitation is a small percentage of
the average annual potential evapotranspiration.* (10 CFR 60.122(b)(8)).

The above, of course, are the NRC favorable conditions for a repository in a vadose-zone
environment.

We think the CD-SCP conceptual model of flow of water through the vadose zone is not based on
nor supported by the available technical data. The estimated downward ground-water flux may be low in
the light of published data. Estimates of the downward vertical matrix flux (no fracture flow) through the
repository-horizon host rock range from a low value of 0.003 mm/year (based on laboratory
determinations on core, Weeks and Wilson, 1984) to a high of 10 mnVyr (Sass and Lachenbruch, 1982)
based on the geothermal-gradient analyses. Montazer and Wilson (1984) data from borehole UZ-1 show
negative (upward) flux of approximately 1 to 2 mm/yr in the Topopah Spring unit. They also estimated
that a downward flux through the same unit to be 1 mm/yr based on geometric mean of the saturated
hydraulic-conductivity measurements on core samples assuming a hydraulic gradient of one. However,
Montazer and Wilson (1985) reported that the measured hydraulic conductivity of two saturated samples
was two-orders-of-magnitude greater than the geometric mean. For the Paintbrush Tuff nonwelded unit,
they estimated that a vertical flux of 0.1 to about 100 mm/yr may be occurring. Additional uncertainty on
the estimated flux under present conditions is introduced by recharge estimates of 4.5 mm/yr (Rush,
1970) to 5 mnVyr (Waddell, et al., 1984). These estimates of recharge are Inconsistent with the
postulated 1 mrrmyr by the CD-SCP. If the saturated-matrix conductivity of the Topopah Spring unit is
limited to a maximum of 1 mm/yr as DOE indicates, then the vadose flux could pass through the
repository-horizon host rock (Topopah Spring) as fracture flow.

The CD-SCP conceptual model also assumes by implication that the recharge throughout the
proposed repository boundary area is uniformly distributed. In desert terrane such as the Yucca Mountain
site, the recharge may be low and variable. However, much of the recharge Is certainly concentrated and
focused beneath washes, in and through open and exposed fractures, and through faults in the rock
matrix of the repository block. It is very likely that most of the recharge occurs through the fractures and
in turn gives rise to the flux values that shorten dramatically the ground-water travel times through the
vadose zone toward the accessible environment.

The CD-SCP assumption that a capillary barrier exists at the contacts between the Tiva Canyon
welded unit and the underlying Paintbrush Tuft nonwelded unit, and between the Topopah Spring welded
unit and the overlying Paintbrush Tuft nonwelded unit is unlikely based on the available information
provided by DOE. There Is no data or evidence that recharge moves laterally down dip at the contact
between the fractures networks of the Tiva Canyon welded unit and the matrix of the Paintbrush Tuft
nonwelded unit. To date, no field or laboratory data have been published by DOE which indicate that
saturated conditions have been observed at or near the contact. It Is unlikely that water will move laterally
over any significant distance until the tuft is almost saturated.

In addition to the above, the CD-SCP postulates the existence of a capillary barrier between the
Paintbrush Tuff nonwelded and the Topopah Spring units. There Is no evidence that water Is present
across this contact or as a general condition across the site. Therefore, there Is no basis to assume that
"excess recharge has been stored or that significant lateral flow Is occurring within this unit.

The CD-SCP discusses (on pages 8.3.1.2-248 to 250) the use of the geochemical approach to
evaluate and determine the flow direction, water flux, and ground-water travel time in the unsaturated
zone by isotopic techniques. It also states:
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uPore fluids from the matrix and near fractures will be extracted from exploratory shaft rubble core
for chemical and isotope analyses.", 'Fracture fluids are expected to permeate the surrounding
matrix.", and "Fluids from samples with moisture contents less than 11 percent (including samples
that have been squeezed and centrifuged) will be extracted using the vacuum distillation method."

This technique may be useful in estimating and evaluating the ground-water travel times of water
In the matrix. However, it is not clear from the CD-SCP how water in the fractures, especially the
Topopah Spring unit, will be sampled for the geochemical Isotopic technique. Nowhere under any activity
is it explained how fracture waters will be sampled and analyzed when encountered. There are no
activities that address field determination of saturated fractures, or ephemeral fracture flow. Other
problems that are not addressed by the CD-SCP are the distributed nature of recharge overthe repository
block, the scale at which data is developed, the three-dimensional distribution in space of data collection,
and the manner in which interpretations of these data will be made. Based on surface mapping and the
core data, there are several million fractures within the repository block and every one of these is a
possible conduit for both liquid and vapor flow. In addition, there are very significant lithologic units and
associated facies that can markedly impact matrix-hydraulic conductivities. We find no activities that
recognize and deal effectively with these problems.

Vadose Zone Boreholes: The CD-SCP activity 8.3.1.2.3.2 (p. 8.3.1.2-14) entitled "Site vertical borehole
studies' describes the DOE investigation which involves dry drilling and coring of nine planned boreholes
that will range in depth from 122 to 460 meters below the land surface. We are surprised by the
apparent strategy of the vadose-zone drilling program. Based on the existing data on moisture in the
vadose zone, it could be interpreted that the drilling plan has been designed to avoid developing
additional data on perched water, or resolving already developed ambiguous data. Specifically UZ-14,
near UZ-1, has a design depth of 120 m. Thus, it will avoid encountering known saturation at 387 m,
which stopped UZ-1 drilling. Also, it will not provide any data to resolve the ambiguous potential records
of UZ-1 in the Topopah Spring.

In addition, all the deep boreholes (UZ-9, UZ-9a, UZ-9b, UZ-2, UZ-3, UZ-10) are useless with
respect to evaluating the occurrence and extent of perched water at or below the repository horizon in the
repository block. UZ-2 and UZ-3 are shallower than UZ-5 and located very close to UZ-6, hence no new
data on the distribution of perched water Is likely to be established. UZ-9, UZ-9a, UZ-9b, and UZ-10 are
too far from the repository block to be representative of the block conditions. All the rest of the boreholes
are too shallow to develop data at or below the repository horizon. Such a plan is unlikely to establish
new information on perched water and it can not resolve existing questions about already encountered
perched water.

We find that the same two drilling techniques previously used in site-selection studies are
planned for all future surface based vadose-zone studies. Both of these drilling methods have serious
weaknesses that are well known to DOE from experience, and these weaknesses seriously impact the
ability of the DOE to characterize the vadose zone. The ODEX method is slow and has produced a depth
maximum of around 400 feet. The reverse-air vacuum produces a large diameter borehole, can not drill
through perched water, produces unstable boreholes in fractured tuff, and is unnecessarily costly. The
moisture data from UZ-1 and UZ-6 are compromised by .he large diameter of the borehole and the
prolonged drilling time.

Vadose Zone Siting Criteria: The NRC siting criteria set forth in 10 CFR 60.122 consist of two sets of
conditions namely, the first set (10 CFR 60.122(b)) encompasses favorable conditions and the second set
(10 CFR 60.122(c)) encompasses the potentially adverse conditions. The NRC siting criteria include the
requirement that DOE must demonstrate and show by analysis that the potentially adverse conditions, if
present at the site, do not affect significantly the ability of the geologic repository to meet the performance
objective related to isolation of the waste. The CD-SCP sets out a plan to prove a conceptual model of
favorable conditions. In doing so, it fails to provide a plan of activities that test for unfavorable
conditions In the vadose zone.
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The CD-SCP states on p. 3-198:

"Tests are planned to evaluate the conditions under which flow in fractures and faults may occur
(Section 8.3.1.2.3), thus aiding in the definition of flow paths in the unsaturated zone."

Also,

"...because of the nearly flat potentlometric surface under parts of Yucca Mountain, specific
flowpath directions are currently difficult to define. Furthermore, the degree of anisotropy has not
been evaluated. Additional water-table holes and extensive multiple-well and single-well tracer
tests may help define anisotropy, hydraulic connections, and probable flow paths in the saturated
zone (refer to Section 8.3.1.2.3.1)."

According to a statement on p. 3-105, Section 8.3.1.2 includes studies to reexamine and redate
spring and marsh deposits from the south end of Crater Flat and south of Yucca Mountain.

Regarding ground-water flow paths during the Quatemary period, the CD-SCP states on p.
3-107:

"...the occurrence of calcitic veins, tuffs, and marsh deposits kilometers to tens of kilometers
upgradient from areas of modem ground-water discharge indicates that flow to points of
ground-water discharge were shorter in the past."

Evidence of possible megascale channeling in carbonate rocks of the southern Great Basin has
been available in the open literature for over a decade. The CD-SCP reiterates the results of Winograd
and Pearson (1976):

[Winograd and Pearson] have shown a radiocarbon anomaly in Crystal Pool to probably be
caused by megascale channeling, with water moving to this discharge point at velocities
appreciably greater than those to adjacent springs." (CD-SCP, p. 3-102).

Structural Control on Flow Paths: As stated on p. 8.3.1.17-186, the tectonic synthesis will be applied
to information need 1.6.1 (Section 8.3.5.12.1), "site information and design concepts needed to identify
the fastest path of likely radionuclide travel and to calculate the ground-water travel time along that path."
This is one component of the ground-water travel time Issue, as outlined on p. 8.3.5.12-23 in a discussion
of interrelationships of information needs. DOE indicates that tectonic synthesis will also be applied to
investigations 8.3.1.2.1 (regional hydrologic system) and 8.3.1.4.2 (geologic framework).

We have reviewed the CD-SCP for Investigation activities planned to assess the hydrologic
significance of geologic structure in the Yucca Mountain region. We looked for evidence that hydrologic
test drilling is effectively integrated with geologic-characterization activities. The basis for our review
comments is Table 8.3.1.4-2, "Site Characterization Plan Proposed Drilling Requirements," which lists
proposed boreholes and associated CD-SCP activities.

Only one activity of the CD-SCP Is squarely aimed at characterizing the hydrogeologic
significance of a discrete repository-scale geologic structure. ActIvity 8.3.1.2.3.1.1, "Solltarlo Canyon
Fault Study In the Saturated Zone," will attempt to determine whether the Solitarlo Canyon Fault is a
barrier to eastward movement of ground water through the repository block. Two new WT-holes will be
drilled near the Solitarlo Canyon Fault, plus a new hydrologic test hole (production well) east of the fault
on the ridge crest of Yucca Mountain, designated H-7. A long-term pumping test intended to observe
pumping response across the Solitario Canyon Fault is planned. We commend this effort but question
why similar studies are not planned to evaluate other known structures, such as the Ghost Dance Fault.
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Steep hydraulic gradients immediately upgradient of the repository appear to have focused
DOE's attention with respect to mission objectives. Activity 8.3.1.2.3.1.2, "Site PotentiometrIc-Level

"- Evaluation," calls for two water-table driliholes near Drill Hole Wash to obtain additional data on the
steep hydraulic gradient in this area, and another two water-table driliholes south and east of the
repository site. It is evident from the discussion on p. 8.3.1.2-302 that data from geologic drillhole USW
G-5 will be used to help determine the probable cause and nature of the steep hydraulic gradient north of
Drill Hole Wash. Conversely, the region inferred to be down the hydraulic gradient receives virtually no
attention in terms of possible structural controls and hydraulic connection with underlying and overlying
aquifer lithologies.

No plans are given for assessment of preferred flow paths In carbonate rock between Yucca
Mountain and Ash Meadows, or refinement of the inferred western boundary of the Ash Meadows
ground-water flow system. Activity 8.3.1.2.3.1.6, 'Well Testing with Conservative Tracers
Throughout the Site," calls for a possible second multiple-well tracer test complex in a location "where
the physical rock properties are significantly different from those of the C-hole location" (CD-SCP, p.
8.3.1.2-327). There is no discussion of the many distinct geologic controls on fluid flow that might be
investigated with tracers, nor is there any elaboration of the role of tracers in developing a hydrologic
characterization of structural discontinuities. Most importantly, the building of a statistically meaningful
sampling rationale from available data is not evident in the geohydrology program.

Hydrologic Effects of Regional Strain Features: Calcite veins in Pliocene and younger rocks at Ash
Meadows strike N400 -100 E (Winograd and Szabo, 1986; CD-SCP, 1988). This is approximately at right
angles to the direction of regional Cenozoic extension. Although major northeast-trending structures exist
in the Yucca Mountain region, the CD-SCP does not appear to address the possibility that they might
represent conduits to ground-water flow because of their fundamentally dilational character.

The CD-SCP alludes to the possible, but unknown hydrologic significance of detachment faults in
the following statement:

'If detachment faults exist at depth below the site, their relevance to repository design and
performance as potential sources of ground motion, rupture, or hydrologic conduits or barriers
hinges on their age, depth, and nature of the intersection of the detachment faults with the
steeply-dipping Quaternary normal faults within the site area" (DOE CD-SCP, p. 8.3.1.17-132).

The possible hydrogeologic significance of detachment faults Is therefore recognized in the CD-SCP, but
no studies are presented for hydrogeologic assessment of detachment faults. The structural studies that
focus on particular groups of faults near Yucca Mountain are disjointed from a hydrogeologic perspective,
with the exception of Solitario Canyon Fault studies, since they do not Include hydrogeologic objectives.
One of the stated objectives of activity 8.3.1.17.4.12.1 (Evaluate Tectonic Processes and Tectonic
Stability at the Site) Is to "...evaluate the regional extent of detachment faults...and evaluate regional
extent of Paleozoic rocks known to be aquifers, aquitards, or to provide favored surfaces of detachment
or thrusting" (DOE CD-SCP, p. 8.3.1.17-181). The description of this activity given on p. 8.3.1.17-182 of
the CD-SCP provides for topical reports on "Quaternary wrench faulting, detachment faulting, normal
faulting, and left-lateral strike-slip faulting." Gravity and magnetic maps will be compiled, and "geologic
cross sections showing inferred subsurface structural and stratigraphic geometry will be prepared."
Nowhere, however, do we find a statement of any clear hydrogeologic objective accompanied by a testing
methodology, in these tectonic studies.

We have been unable to judge the merits of DOE's proposed borehole locations since locations
given in the CD-SCP are inconsistent and generally unjustified. For example, we note major
discrepancies between proposed borehole locations given in Section 8.3.1.2.3.1.2 "Activity: Site
Potentiometric Level Evaluation," and Section 8.3.1.4.1 "Investigation: Development of an Integrated
Drilling Program." If, as stated on p. 8.3.1.4-18 of the CD-SCP, each proposed drillhole represents a
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source of data intended to answer a particular requirement of design or performance assessment, then all
proposed holes should be precisely located and comprehensively justified. Furthermore, if Figure
8.3.1.4-2 contains a mixture of randomly-located and judiciously-sited holes, they should be clearly
distinguished.

The difficulty in defining flow paths in the saturated zone for travel-time calculations is due, as
stated on p. 8.3.1.2-295 of the CD-SCP, to the fact that hydraulic tests at Yucca Mountain have failed to
identify definitive hydrostratigraphic units:

'If pervasive fracturing crosses stratigraphic boundaries and accounts for orders of magnitude
greater hydraulic conductivity than does the matrix, it may not be appropriate to simulate
ground-water flow within a framework of hydrostratigraphic units."

As indicated earlier, only one activity, 8.3.1.2.3.1.1, "Solitario Canyon Fault Study In the Saturated
Zone," is focused directly on determining the hydrologic role of a discrete geologic structure. While it is
recognized that "...flow down the Ghost Dance Fault could result In concentrated flow in a part of the
repository horizon" (CD-SCP, p. 8.3.1.2-255). a plan to characterize flux In the Ghost Dance Fault has
not been presented In the CD-SCP.

There is no provision in the CD-SCP for hydrogeologic assessment of (discrete) geologic
discontinuities in a geostatistically robust (rigorous) fashion. Plans have been made for a limited analysis
of the hydrogeologic significance of the Solitarlo Canyon Fault, and as yet no plan exists for analysis of
the Ghost Dance Fault. Activities proposed in the CD-SCP to provide flow-path characterization offer little
hope of resolving performance issue 1.6 with respect to flow in the saturated zone. A comprehensive
drilling and testing program that includes an assessment of the hydrogeologic character of representative
geologic structures (or areas) is absent from the CD-SCP. The CD-SCP fails to focus
site-characterization activities on real (as opposed to simulated) flow paths.

INTERPRETATION OF FINDINGS:

The CD-SCP is seriously deficient in establishing a site characterization program that will resolve
key licensing issues.

ADDITIONAL WORK REQUIRED:

A comparison of the new SCP (published In December 1988) with our "Review of Consultation
Draft of the Site Characterization Plan ... of January 1988".

RECOMMENDED PROGRAM (obJectlves/actIvItles):

Objective:

Review of the SCP, especially is hydrogeologically related activity, in terms of: 1) conceptual
completeness and focus; 2) appropriateness of methodology to accomplish stated objectives; 3)
availability of supportive technology; and 4) probability of success and/or feasibility.

EXISTING PROGRAM:

Review of the revised SCP.
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Appendix E-I11

Technical Meetings/Symposia Attended
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Technical Meetings/Symposla Attended

Date Sponsor

23 Jan. 1987 US-DOE

MeetIng/Symposia

DOE Environmental and Socioeconomic
Monitoring and Mitigation Plans:
Background on Site Characterization
Activities.

26 to 28 Jan. 1987

10 to 12 Feb. 1987

Princeton University

National Water Well Association
(NWWA)

Contaminant Transport Modeling
Seminar/Short Course.

Solving Ground Water Problems with
Models.

24 to 28 Feb. 1987

27-30 Apr. 1987

17-21 May 1987

18.21 May 1987

27 to 29 May 1987

15-16 Jun. 1987

23-26 Jun. 1987

US-NRC

Nuclear Structure Research
Laboratory, University of
Rochester

American Geophysical Union
(AGU)

NWWA-Associatlon of
Ground Water Scientists and
US-EPA-EMSL

US-DOE/USGS/SAIC

Sandia National Laboratory

Continuing Education in
Engineering, U. C. Berkeley
Extension

NRC Field Trip in Southern Nevada.

Fourth International Symposium on
Accelerator Mass Spectrometry.

AGU Spring Meeting.

First National Outdoor Action Conference on
Aquifer Restoration, Ground Water
Monitoring and Geophysical Methods.

Peer Review on Calcite and Opaline Silica
Deposits Located along Faults Near Yucca
Mountain.

Uncertainties In Groundwater Travel Time
Calculations at Yucca Mountain, Nevada,
Second Meeting.

Aqueous Corrosion - Theory and Analysis.

8 to 9 Jul. 1987

30 Jul. to 9 Aug. 1987

US-NRC Review of USGS Program.

Congress XII: INOUA.International Union for
Quatemary Research (INQUA)

11 to 16 Sept. 1987 GSA Paleoenvironmental Interpretation of
Paleosols Penrose Conference.

06 to 08 Oct. 1987

03 to 06 Oct. 1987

Minerals and Geotechnical
Logging Society

Colorado Section of the
American Institute of Professional
Geologists and the Computer
Oriented Geological Society

Second International Symposium on
Borehole Geophysics for Minerals,
Geotechnical and Ground Water
Applications.

Computer-Aided Methods and Modeling in
Geology and Engineering.
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18 to 22 Oct. 1987

24 to 29 Oct. 1987

07 to 10 Dec. 1987

16to 18 Feb.1988

22 to 26 Feb. 1988

Feb. 1988

29 to 31 Mar. 1988

23 to 26 May 1988

Clay Minerals Society (CMS)

GSA

AGU

Association of Ground Water
Scientists and Engineers

DOE/USGS.

Nevada Water Resources
Association

GSA

Association of Ground Water
Scientists and Engineers and
the US-EPA-EMSL.

Clay Minerals Society Meeting.

Geological Society of America Meeting and
Short Course.

AGU Fall Meeting.

Ground Water Geochemistry Conference.

NNWSI-USGS Trench 14, Busted Butte
Carbonate/Opal Hydrogenlc Deposits
Sampling Field Trip.

Nevada Water Resources Association
Meeting.

GSA Cordilleran Section Meeting.

Second National Outdoor Action Conference
on Restoration, Ground Water Monitoring
and Geophysical Methods.

MAI Field Trips:

29 May 1987

June 1987

June 1987

20 and 25 August 1987

October 1987

November 1987

27 to 30 December 1987

February 1988

February 1988

February to April 1988

Crater Flat Preliminary Age Dating Field Studies.

Field Mapping at Corn Creek Flat.

Reconnaissance Study of the distribution of packrat middens of
Pleistocene age In Fortymile Wash, Sandy Valley, Coyote Springs, and
L. Pahranagat Valley.

Colloid Sampling In Oasis Valley and Ash Meadows.

Tecopa Basin field trip

Reconnaissance Studies of "Lacustrine Life deposits In Piute Valley,
Searchlight, Nevada) and Coyote Springs.

Field Trip to Pahrump Valley and Tecopa Valley

Tecopa area field trip.

Tecopa area field trip.

Field trip to collect pack rat middens along the White River drainage
system.
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