
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



SAND8O-164
Unlimited Release
Printed July 1980

Distribution
Category UC-70

EVALUATIONS OF TUFF AS A MEDIUM FOR A NUCLEAR
WASTE REPOSITORY: INTERIM STATUS REPORT ON THE

PROPERTIES OF TUFF

Edited by

J. Keith Johnstone
Geological Projects Division 4537

Sandia National Laboratories
Albuquerque, NM 87185

Kurt Wolfsberg
Chemistry and Nuclear Chemistry Division

Los Alsos Scientific Laboratory
Los Alamos, NM 87545

Contributors

B. P. Bayhurst, LASL
J. D. Blacic, LASL

B. R. Erdal, LASL
K. L. Erickson, SNL

C. R. Hadley, SNL
P. M. Halleck LASL,

J. K. Johnstone, SNL
B. S. Langkopf, SNL

A. R. Lappin, SNL
W. A. Olaron, SNL
J. R. Smyth, LASL
M. L. Sykes, LASL
L. W. Teufel, SNL
L. D. Tyler, SNL
E. N. Vine, LASL
K. Wolfsberg, LASL



ACKNOWLEDGEMENTS

We wish to acknowledge R. D. Aguilar (LASL), E. S. Ames (SNL),

R. Andersen (LASL), A. C. Arthur (SNL), M. L. Bevier (LASL), S. P. Breeze

(SNL), W. T. Brown (SNL), B. M. Bulmer (SNL), F. Caporuscio (LASL),

W. R. Daniels (LASL), S. J. DeVilliers (LASL), C. 0. Duimstra (SNL),

G. H. Heiken (LASL), P. Johnson (LASL), A. K. Jones (SNL), C. B. Finabrew

(SNL), D. Krier (UNM), R. T. Laws (SNL), R. Z. Lawson (SNL), J. T. Lindman

(SNL), S. Maestas (LASL), D. A. Mann (LASL), D. F. McVey (SNL),

K. D. Murphy (SNL), P. Q. Oliver (LASL), S. Orell (EG&G), J. W. Schwarz

(SNL.), G. Smith (UNM), T. .J. Stetz (SNL), J. L. Thompson (LASL),

J. E. R. Turner (SNL), and D. R. Waymire (SNL) for their technical suppot

of the work reported here.



ABSTRACT

This report is the second in a series of summary briefings to the

National Academy of Science's Committee on Radioactive Waste Manage-

ment dealing with the feasibility of disposal of heat-producing radio-

active waste in silicic tuff. We discuss the interim status of studies of

tuff properties determined on obtained from Yucca Mountain and

Rainier Mesa (G-tunnel) located the Nevada Test Site (NTS). In parti-

cular, we describe progress on resolving issues identified during the

first briefing to the NAS which include behavior of water in tuff when

heated, the effect of the presence or absence of water and joints on the

thermal/physical properties of tuff and the detailed/complex sorptive

properties of highly altered and unaltered tuff. Initial correlations of

thermal/physical and sorptive properties with the highly variable porosity

and mineralogy are described. Three in-situ, at-depth field experiments,

one nearly completed and two just getting underway are described. In

particular, the current status of Mineralogy and petrology, geochemistry,

thermal and mechanical, radiation effects and water behavior studies are

described. The goals and initial results of a Mine Design Working Group

are discussed. Regional factors such as seismicity, volcanism and

hydrology are not discussed.
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3. EXECUTIVE SUMMARY

This report is the in a series of briefings to the National

Academy of Science's Commitee on Radioactive Waste Management dealing

with the feasibility of disposal of heat-producing nuclear waste in sili-

cic tuff. This document is an interim status report of ongoing studies of

the properties of tuff determined within the framework of the Nevada

Nuclear Wasie Storage Inves:igations Project (NNWSI). We discuss proper-

ties of tuffs from two 1ocations on the Nevada Test Site; Yucca Mountain

and G-tunn-l (Rainier Mesai. In particular, the report discusses progress

in resolving issues raised during the first briefing to the NAS and, in

some cases, raises new issues for future consideration. Regional issues

such as seiismicity, and hydrology are not discussed.

Mineralogy and Petrology of Tuffs of Yucca Mountain

Mineralogy and petrology of the Tertiary age Paintbrush and Crater

Flat Tuffs of the Nevada Test Site have been described with samples from

drill hole (Yucca Mountain) and test well J-13 (Jackass Flats).

Results indicate these units have largely been altered by post-

depositional processes which resulted in replacement of original glassy

material with crystalline

1. Devitrification, which involves crystallization of

glass to feldspar plus cristobalite or quartz during

post-erplacement cooling, is the dominant alteration

process in densely welded horizons throughout the

section.

2. Zeolitization, results in t e formation of

hydrous low-density silicate minerals
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by the interaction of glass with groundwater, occurs at

UE5a-l and J-13 in stratigraphically equivalent hori-

zons: (1) the nonwelded base of the Topopah Springs

Member through the nonwelded Bedded Tuffs of Calico

Hills (upper horizon), and (2) the nonwelded portion of

the Prow Pass Member (lower horizon). High-silica

climoptilolite with Ca > K > Na comprises up to 90% cf

samples from the upper horizons of both sections, and

is also dominant in the lower zeolitized horizon at

UE25a-1. At J-13 analcime is dominant in the lower

horizon, and forms by replacement of some precursor

zeolite, probably heulandite or clinoptilolite. The

lower part of the Bullfrog Member in J-13 (not reached

in drill hole E25a-1) also contains minor analcime.

3. Stratigraphis units are thinner at J-13 than at

UE25a-l; this is most likely due to the greater dis-

tance of J-13 from source areas rather than paleotopo-

graphy. Differences in authigenic phases in the two

sites are probably due to the greater depth of the J-13

hole, different hydrologic settings, or some

combination of these factors.

Geochemistry - Sorptive Properties of Tuffs

Sorption varies with the lithology of tuff and, in some cases, with

the atmosphere (oxidizing or nonoxidizing-nitrogen). Tuff samples being

studied range from those containing significant percentages of zeolites to

others which are devitrified and contain mainly feldspars and silica

minerals with little or no zeolites, as well as those containing clays.

The most significant results to data indicate that:

1. Cesium, strontium and barium generally sorb better on

zeolitized tuff (2000 to 130,000 mL/g) than on
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devitrified tuff (50 to 1500 mL/g). No atmospheric

effects were observet.

2. Plutonium moderately well (50 to 150 mL/g) in air

on both zeolitized, devitrified, clayey tuffs. Sorp-

tion ratios in a nitrogen atmosphere are high (>600

for zeolitized tuff and moderate to high (100 to

for devitrified tuff.

3. Sorption ratios for americium and the lanthanides cover

a rather large range and do not correlate with minera-

logy except that sortion appears highest for a tuff

containing clay. The chemistry of the actinides and

lanthanides in groundwaters is complex and poorly

understood and a significant effort will be necessary

to achieve proper understanding and adequate prediction

of transport behavior.

4. Sorption of anionic species - iodine, technetium, and

uranium which is complexed by the carbonate in the

groundwater - is quite low for all tuffs

studied. Sorption of technetium and uranium was some-

what higher in a nitrogen atmosphere.

5. Simple equilibrium cannot adequately explain the obser-

vations. Sorption ratios are generally lower for batch

determinations than resorption ratios. The values tend

to agree within a factor of two for ions of strontium,

cesium, and barium which are thought to sorb and desorb

predominantly it an ion exchange mechanism. For the

lanthanides, actimides, technetium, and uranium the

values may differ by more than an order of magnitude.

The "irreversible sorption or much slower desorption

way be due to speciation changes, diffusion into

minerals, crystallization reactions on solids, or



non-ionic sorption of colloids or precipitates. These

possibilities require further investigation.

6. Migration rates determined from flow experiments in

columns containing crushed tuff are sometimes faster

than values predicted from batch experiments with the

same material.

Joint Flow Experiments and Modeling

We are modeling nuclide transport through jointed media. The experi-

ments use rock columns containing a single, artificial (saw cut) fracture.

Presently, the analyses indicate that the important parameters controlling

radionuclide transport along fractures are intergranular porosity and pene-

tration depth, fracture aperture, fracture length, fluid velocity and

sorption distribution coefficient (including those factors that control

sorpt on).

Thermal Conductivity/Expansion

Because the mineralogical variability of tuff and the need for

near- and far-field thermal and thermomechanical modeling, considerable

effort has bee; aimed at understanding the thermal properties of tuff. We

have developed a means of predicting the minimum theoretical matrix ther-

mal conductivity of tuff based the grain density (which incorporates

the mineralogical variations). By including the porosity (either satur-

ated or dry), the conductivity of a broad range of tuffs can be routinely

predicted to 152 or better.

The thermal expansion measurements have been limited to ambient

pressure studies. Results to date indicate that:

1. The thermal expansion of devitrified welded tuffs is

generally linear with temperature and independent of
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both porosity and heating rate. The only mineralogic

factors affecting expansion behavior were the presence

or absence of cristobalite and altered biotite. The

presence of cristobalite causes markedly nonlinear

expansion above 200'C. The altered biotite causes

contraction at the boiling point of water followed by

expansion at higher temperature.

2. The behavior of the nonwelded tuff is complex, but in

general is characterized by thermal contraction. The

contraction appears to be a function of complex dehy-

dration reactions, probably of zeolite (clinoptilolite,

heulandite), hydrated glass, and/or clay.

Mechanical Properties

To date, the mechanical property studies have concentrated on ambient

temperature properties. Particular emphasis has been placed on the ef-

fects of confining pressure, water content, joints, and, recently, strain

(displacement) rate. Results indicate that:

1. A clear relation between strength (compressive and

tensile) and porosity (degree of welding) has been

demonstrated. Welded tuff (low porosity) is as much as

3 times stronger than the nonwelded tuff (high

porosity).

2. Water content plays a significant role in the strength

of tuff. The compressive strength of dry welded tuff

is about 25 greater than for saturated samples tested

under the same conditions.

3. We have observed anisotropy in the elastic moduli of

tuffs. The welded tuff is stiffest perpendicular to

bedding while the nonwelded tuff is stiffest parallel
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to bedding. This may have an impact on the mechanical

modeling of tuffs.

4. Preliminary compression tests at 200 C on welded and

partially welded tuff show a 301 decrease in strength

compared to room temperature data.

5. Both saturated and dry samples of welded tuff show an

approximate 6% decrease in compressive strength per

decade of decrease in strain rate (for rates from 10-2

to

6. The coefficient of friction of artificial fractures in

welded tuff is dependent on water content and displace

ment rate. It is about 9 higher for saturated samples

than for dry samples (at a displacement rate of 10-6

cm/s). The coefficient increases as the displacement

rate decreases. The effect is greater for saturated

samples than for dry samples.

As just described, we have demonstrated a very strong strain (displace-

ment) rate effect but we have not performed any creep tests. Such tests

are in this year's (FY80) program plan and should be underway shortly.

Water Loss by Drying from Welded Tuff

Initial studies of water loss from welded tuff have been performed in

an attempt to understand such phenomena in canister holes, mine shafts,

and pillars when exposed to a drying atmosphere. The effect is important

because of the difference in properties between saturated and dry rock and

in the potential migration of water into the canister holes. The

studies have shown that significant drying of small samples can occur with-

in a period of days (90 of the water lost within 72 hours). A model

developed for these experiments is consistent with water loss via vapor

diffusion (not Darcy flow) through the pores of the rock.

18



In-Situ Tuff Water-Migration/Heater Experiment

The behavior of water in the welded tuff around a heat-producing

waste canister was one of the issue raised before the NAS during the ini-

tial briefing. An in-situ experiment designed to assess the water

response to a thermal source in a deep underground environment is in pro-

gress. In addition, the experiment provides support for computer code and

instrumentation development, and attempted to measure in-situ rock thermal

properties. Developmental instruments in this experiment included remote

stress gauges, relative humidity gauges and a laser interferometer for

measuring rock displacement.

Water was collected continuously during the heating phase (63 days)

of the experiment in the heater hole (-60 liters) and in two (1.5 and 3.6

liters) of the three satellite water collection holes. Water generation

ceased abruptly when the heater power was shut off. Preliminary analysis

suggests that, in the immediate vicinity of the heater hole, water move-

ment is by vapor diffusion into the hole. Water migration into the sacel-

lite holes appears to be by Darcy flow driven by the high partial pressure

of water at the vaporization front. Posttest activities are in progress.

Mine Design Working Group

A Mine Design Working Group was established as a focus for the tuff

properties studies. The objectives of the working group are to identify

model needs and critical data needs, to develop conceptual test plans for

in-situ experiments, to define the environment for a repository in welded

tuff above and below the water table, and to integrate the results into a

data base for a conceptual repository design. The Mine Design Working

Group is composed of representatives from Sandia National Laboratories,

Los Alamos Scientific Laboratory, RE/SPEC, Inc., and Texas A&M University.
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To date, a series of thermal scoping studies has been completed for

spent fuel and reprocessed high-level waste. Input parameters include

boiling conditions and the property changes due to boiling, gross thermal

loading, canister pitch and extraction ratio. Near- and far-field calcu-

lations were performed. Examples are presented in this report. The

results of the thermal studies are used as input for the thermomechanical

calculations currently underway.

Rock-Mechanics Laboratory in G-Tunnel

An underground rock mechanics laboratory is currently in planning to

support the Mine Design Working Group activities. The working group will

formalize the plans for in-situ experiments to study rock mass properties,

test analytical models, and evaluate the application of laboratory data to

a field experiment.

Nuclide-Migration Experiment in G-Tunnel

We (with Argonne National Laboratory) have begun a 3.5 - 4 year

experiment to study nuclide migration in a single fracture in an under-

ground environment. The experiment will be carried out in the Tunnel Beds

formations in G-tunnel. These units are composed of high porosity, low

permeability bedded tuffs.

The fundamental question being addressed is: If the physical and

chemical properties of a rock and a solution are measured in the labora-

tory, can accurate predictions of nuclide tion through that rock in

the field be formulated? The major features of the experiment include a

laboratory program to characterize the rock and the groundwater in order

to predict the nuclide migration behavior, detailed characterization of

the field site (matrix permeability, fracture permeability, fracture aper-

ture, mineralogy, etc), two fracture flow experiments - one "cold" (non-

radioactive or short-lived nuclides) and one "hot" (radioactive nuclides),

and detailed post flow analyses of the rock involving removal of the
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entire fracture flow path. Two flow experiments are required because we

intend to use actinides in the 'hot" experiment. The cold experiment is

to demonstrate the safe handling procedures and nineback and fracture

recovery techniques as well as the experimental method itself.

Other Studies

Two other studies are in progress but have not produced any results

yet.

Soaking Tests A series of long-term, exploratory,

hydrothermal experiments are underway to identify

possible mineral alteration and to determine what

changes result in the thermal/physical and chemical

properties due to these alterations.

Radiation Effects Studies. A series of total dose

gamma radiation exposure tests are in progress to deter-

mine the effects of radiation on the properties of dry

and saturated welded tuff.
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2. INTRODUCTION

This report is the second in a series of status reports to the

National Academy of Science's Committee on Radioactive Waste Management

dealing with feasibility of long-term isolation of heat-producing nuclear

waste in silicic tuff as part of the Nevada Nuclear Waste Storage Investi-

gations (NNWSI) Project. The first report, late in 1978, summarized the

relatively young program established to evaluate tuffs on the Nevada Test

Site (NTS). During that meeting and in the letter following from Chairman

E. F. Gloyna,l several issues were identified regarding the suitability of

tuff as a repository These issues are:

a. The behavior of the potentially large quantities of
water (up to 40 volt) in tuffs

b. Radionuclide sorption properties of tuff--zeolitized
and nonzeolitized

c. Stability of tuff in the presence of hot electrolyte
solutions

d. Interactions between tuff, water, and waste (including
canister, overpack, and engineered barriers)*

e. Seismic and volcanic factors

f. Hydrology

g. Ability to characterize and model complex bodies and
media

h. Resource conflict potential

This document is an interim status report of ongoing studies on the proper-

ties of tuff. It is supported by several published reports and unpublish-

ed memoranda that are attached for the Committee's use. In it we will

discuss, however briefly, the effects of water on the properties of tuff

(Items a, c, and d); the sorptive properties of tuff (Item b); and

Our parentheses
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property variation and initial modeling attempts (Item g). In addition,

although not specifically mentioned previously, the effects of joints

caused by cooling or tectonic activity on the properties of tuff are

included where applicable. The report will not discuss area seismicity,

volcanism, hydrology, or resource potential (Items e, f, and h).

At first glance, this report presents a series of independent studies

on tuff. In fact, a Mine Design Working Group has recently been establish-

ed as a focus for the properties studies. The group is composed of repre-

sentatives from Sandia National Laboratories, Los Alamos Scientific Labora-

tory, Re/Spec, Inc., and Texas A&M University. The Mine Design Study uses

the data and existing (or developing) state-of-the-art models to predict

the response of tuff to individual mine openings and waste loadings repre-

sentative of a repository. As a consequence, deficiencies in laboratory

data, in-situ experiment needs, and model limitations are identified for

each of the individual activities. The ultimate goal is assembly of an

information base which will allow confident conceptual design of a reposi-

tory in welded tuff. Characteristics of that design could lead to a deci-

sion whether or not tuff is a suitable repository medium.

Tuff from two locations--Yucca Mountain in the southwest quadrant of

the NTS and G-tunnel in the north-central region of the NTS--are being

used in the current studies. Only Yucca Mountain is presently considered

a potential repository location. The value of G-tunnel is that it offers

a supply of tuff not limited by core availability (limited range of litho-

logies) and it is a deep (-400 a), underground facility suitable for

generic in-situ experiments.

In this report, we discuss mineralogy and petrology, sorption trans-

port behavior, thermal properties, mechanical properties, radiation

studies, and water behavior in tuff. In addition, initial results of the

Mine Design Study are presented and three in-situ experiments are discuss-

ed. Each section includes a brief description of the study, examples of

the significant results, and a description of future work. Because of the

wide variability in mineralogy and porosity of tuffs, the studies constant-

ly attempt to correlate these variables with the properties measured.
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3. TUFF PROPERTIES

3.1 Mineralogy and Petrology

3.1.1 General Description (J. R. Smyth and M. L. Sykes, LASL)

Tuff is a geological term for rocks composed principally of indu-

rated volcaniclastic material. Such rocks may be deposited either direct-

ly by explosive volcanic events, or they may be reworked and redeposited

by surface processes. Because silicic volcanism (e.g., rhyolitic) tends

to be more explosive the eruption of more mafic magmas, silicic tuff

tends to be much more and widespread that basaltic tuff despite

the much greater volumes of basaltic volcanic rocks on a global scale. In

the western United States, particularly in the Basin-and-Range physio-

graphic province, accummlations of tuff locally exceed 3000 m in thick-

ness, and individual may be tens of kilometres in lateral extent.

Our understanding of these rocks has increased greatly over the past 20

years due in large part to the work of Smith2'3 and Smith and Bailey.4

Eruptions of silicic magmas vary in volume from a few cubic kilo-

metres to massive, castrophic events depositing hundreds of cubic kilo-

metres of ash and lava in a single eruptive event. On eruption, silicic

magmas most commonly primary crystals (phenocrysts), and

incorporate fragments, so that generally >80 of the material

deposited is glass. Eruption may occur as a relatively small, quiescent

flow of very viscous that commonly quenches to form an obsidian.

However, in large eruptions, the great majority of material is ejected

explosively as fine ash, shards, and pumice because of the high viscosity

and high volatile of silicic magmas.

Large explosive eruptions commonly begin with ejection of pumice,

shards, and ash that are deposited downwind of the vent as a cool, unsort-

ed layer of low-density material termed an air-fall or ash-fall deposit.
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As eruption proceeds and increases in intensity, clouds of incandescent

ash propelled by evolving gases are formed over the vent and collapse down-

slope, depositing heated material in thick blankets. It is this latter

type of deposit that is volumetrically most significant. As eruption then

proceeds, the rocks overlying the magma chamber collapse to form a cal-

dera, which may then also fill with thick sequences of volcaniclastic de-

posits. Materials deposited above -500 C will compact and weld by viscous

deformation of the glass. Compacted material that cools rapidly (i.e.,

weeks to months) may remain glassy, while that which cools more slowly

will crystallize to cristobalite, quartz, and a mixture of feldspars.

The net result is a complex deposit up to several hundred metres

thick, which has cooled as a single unit, and is commonly referred to as a

cooling unit. A schematic cross section through this type of deposit is

given in Figure 1. Such a deposit commonly has a core of welded material,

most of which may have devitrified (i.e., crystallized) to quartz and

feldspar plus or minus cristobalite. At the base of the welded zone there

is commonly a layer of densely welded material that has not crystallized,

but that remains a dense glass called a vitrophyre. Welding decreases

outward from the core so that the welded zone is surrounded by zones of

material decreasing in density, thermal conductivity, coherence, and

strength. Commonly at the base of the ash-flow deposit is an unsorted,

nonwelded, horizon of loosely aggregated pumice and ash called the air-

fall unit. Because the surface material is also loosely aggregated, it is

readily reworked by surface processes and may be redeposited by streams

and ponds or by volcaniclastic mudflows (lahars). Such processes give

rise to sorted, bedded deposits called bedded tuff.

Because glass is thermodynamically unstable, it commonly alters to

various crystalline phases. At elevated temperatures quartz, cristo-

balite, and feldspars crystallize, as found in welded zones. If porosity

is high and water of suitable composition is present, glass may alter com-

pletely to zeolites in as little as 10,000 years5 even at temperatures

below 100°C. If such water is not present, or if the porosity is low as

in vitrophyres, alteration will not occur and the material may remain

glassy for millions of years. There is no evidence that material once
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crystallized to quartz and feldspar will later alter to zeolites under

conditions common in these rocks, although feldspars may alter slowly to

clays particularly in the presence of acid groundwaters.

Figure 1. Schematic Cross Section Through an Ash-Flow Tuff Cooling
Unit with Typical Bulk and Grain Densities

3.1.2 Location-Specific Studies

3.1.2.1 Yucca Mountain (M. L. Sykes and J. R. Smyth, LASL)

a. General - Characterization of tuff units (at NTS) under

investigation as potential repository media began in 1977 with studies of

core recovered from water-well Drillhole J-13 (Test-well 6) near Forty-

Mile Wash in western Jackass Flat (Figure 2). This drillhole extends to a

depth of 780 m and penetrates the Tiva Canyon and Topopah Spring Members

of the Paintbrush Tuff, the Bedded Tuff of Calico Hills, and the Bullfrog

and Prow Pass Members of the Crater Flat Tuff. Detailed petrographic

descriptions of the units are given by Heiken and Bevier.6 The mineralogy

and some physical properties of the units are outlined in Figure 3. The

units under investigation represent an extreme range of lithologies, and

physical properties and data should be relevant to most sites in silicic

tuff.

27



In the summer of 1978, Drillhole UE25a-l was drilled to a depth

of 700 m in the western margin of NTS on the eastern flank of 'ucca Moun-

tain. The locations of the two holes are shown in Figure 2. This drill-

hole penetrated essentially the same units as J-13. Detailed petrographic

descriptions of the units are given by Sykes et al,7 and the mineralogy

and properties of the various units are outlined in Figure 4. A schematic

cross section through the two holes is given in Figure 5. A drillhole to

a planned depth of 1829 west of UE25a-l is currently

under way.



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3. Stratigraphic Section of Test Well 3-13
Showing Major Authigenic Phases
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Figure 4. Stratigraphic Section of Drillhole UE25a-l
Showing Major Authigenic Phases
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b. Stratiegraphy - Distinct changes in thickness and authigenic

phase mineralogy occur between Drillholes UE25a-1 and J-13 (see Figures 3.

4, and 5), although these sites are only about 6.1 km (3.8 mi) apart

(Figure 2). Thickness variations may be caused either by thinning away

from source areas or paleotopography. Differences in authigenic phase

mineralogy are more difficult to interpret, but hydrologic setting is

probably an important factor.

(1) Unnamed Tuff Unit Below the Crater Flat Tuff This

gray-green, nonwelded, ash-flow tuff is the oldest unit encountered and is

pene-trated only at J-13. Total thickness is unknown but exceeds 205 m.

The 10 to 14% phenocrysts consist mostly of sanidine, plagioclase, and

resorb-ed quartz, with minor biotite, hornblende, and opaques. Lithic

fragments of rhyolitic glass and altered andesite and welded tuff increase

from 5 to 12% with depth. Authigenic feldspar and quartz with minor
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clinoptilolite and analcime (both zeolites) replace glass in abundant

pumice pyroclasts. Clinoptilolite also occurs as vug filling as does

calcite; the latter is also pseudomorphous of same plagioclase crystals.

Correlation of this unit with known, mapped tuff units has

not been possible due to limited data. Petrographically it is somewhat

similar to the Redrock Valley Tuff.9'10 Alternatively, it may correspond

to the Fraction Tuff," or may be a previously recognized unit of the

Crater Flat Tuff 12

(2) Crater Flat Tuff

(a) Bullfrog Member - This gray, biotite-rich, largely

welded ash-flow tuff is the oldest unit encountered at UE25a-1. Fifty one

metres of the Bullfrog Member were penetrated a: UE25a-1 without going

through the unit, compared to a total thickness of 250 m at J-13. The 10

to 20 phenocrysts include sanidine, plagioclase, quartz, biotite, and

magnetite. Occasional xenocrysts of mafic phases, now altered to phlogo-

pite plus hematite, also occur. Lithic fragments of welded tuff and

rhyolitic glass are concentrated near the base of this member at J-13, but

otherwise are rare.

At J-13, authigenic phases replacing pyroclasts in the

lower part of the Bullfrog Member consist primarily of fibrous to spheru-

litic quartz and K-feldspar with minor erionite (zeolite). Analcime

occurs in addition to the above in the upper part of the member. At

UE25a-1 the primary mode of alteration is granophyric devitrification to

feldspar quartz, which obscures relict textures. No zeolitization

is observed.

An immature coarse sandstone inrerbedded with thin air-

fall layers occurs between the Bullfrog and Prow Pass Members of the

Crater Flat Tuff at J-13.

(b) Prow Pass Member -- This vitric-crystal tuff con-

sists of a lower nonwelded sequence of thinly bedded air-fall and ash-flow
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deposits and an upper welded ash-flow deposit. Thickness varies from

152 m at UE25a-1 to 50 to 60 a at J-13. Phenocryst of sanidine, resorbed

quartz, and plagioclase, with minor anorthoclase, biotite, pyroxene, and

magnetite make up 18 to 20% of J-13 samples. At UE25a-1 crystal content

varies from 5 to 8% in nonwelded samples, to 10 to 14% in welded samples.

Lithic clasts of altered welded tuff and mudstone vary from <1% to 5% in

abundance.

At J-13, nonvelded tuffs are altered to analcime

quartz K-feldspar with minor clinoptilolite. The upper welded zone con-

ists predominantly of finely crystalline authigenic quartz and K-feldspar

with minor analcime and clinoptilolite. Calcite is pseudomorphous of some

plagioclase phenocrysts. At LE25a-1 the nonwelded zone is also zeolitiz-

ed, but the dominant phase is high silica Ca, Na-clinoptilolite as defined

by Boles.13 Var tions in zeolite composition and mineralogy with depth

for UE253-1 are shown in Figure 6. Welded samples are devitrified to feld-

spar and quartz; vapor-phase crystallization occurs as coarse vug linings

or fillings.

(3) Bedded Tuff of Calico Hills

This complex unit consists of a sequence of bedded, air-

fall and ash-flow tuffs, and volcaniclastic sediments. Thickness varies

from 141 m at UE25a-l to 95 at J-13. At J-13 this unit has been called

the Indian Trail Formationl4 but is now correlated with the Bedded Tuff of

Calico Hills. 15

A very immature feldspathic sandstone (litharenite)

occurs at the base of the Calico Hills. Clasts consist predominantly of

lithic fragments of devitrified or zeolitized tuff, perlite, and flow

rocks and crystals (andesine, biotite, and megnetite). Calcite fills

fractures and is pseudomorphous of some plagioclase crystals.

In the nonwelded bedded tuffs the 2 to 16% phenocrysts

include oligoclase, sanidine, quartz, and occasional biotite. Lithic

clasts of altered welded tuff and flow rocks comprise 3 to 9% of samples.
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Figure 6. Chemical Variations in Zeolites as a Function of
Depth in Drillhole UE25a-1. (All zeolites are
classified as climoptilolite except where noted.)

At UE25a-1 the upper 50 m of tuff is zeolitized to

clinoptilolite. Below 50 m minor silicification of the matrix accompanies

zeolitization, and K-feldspar and quartz occur as vug linings and fil-

lings. Authigenic phases in the limited Calico Hills samples from J-13

are similar to those at UE25a-1. with the exception of the presence of

minor analcime.

(4) Paintbrush Tuff

(a) Topopah Springs Member - The geology and petrology

of this compositionally zoned ash-flow tuff has been described by Lipman,

et al.16 Welding variations are typical of thick, compound cooling units:

the nonwelded base grades upward into a densely welded vitrophyre over-

lain by a thick sequence of devitrified welded tuff. Thickness varies
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from 333 m at to at J-13. Crystal content varies from

at the base to 17 near the top; phenocrysts include sanidine, plagio-

clase, and lesser amounts of quartz, biotite, and opaques. Lithic frag-

ments of welded tuff, perlite, and chert comprise up to 12 of the non-

welded base but are generally scarce in the upper welded zone.

The uppermost densely welded zone and basal vitrophyre

are nearly unaltered; glass is of dacitic to rhyolitic composition, respec-

tively. The rest of the upper welded zone is extensively devitrified to

fibrous/spherulitic or granular intergrowths of feldspar and cristobalite.

Vapor-phase crystallization and lithophysal cavities are developed vari-

ably.

The shallowest occurrence of zeolite in the drillholes

is at -385 m depth in UE25a-l and -400 m depth in J-13. Heulandite here

occurs as fracture filling and minor vug lining in the basal vitrophyre of

the lopopah Springs. The lower nonwelded tuffs are extensively zeolitized

to clinoptilolite. Very minor amounts of phillipsite and erionite occur

in J-13 samples at depths of 340 and 360 m, respectively.

An epiclastic, immature sandstone occurs between the

Topopah Springs and Tiva Canyon Members at J-13. Volcanic lithic frag-

ments and mineral grains rest in a matrix of dark-brown clay; authigenic

K-feldspar, silica, and calcite fill voids.

(b) Tiva Canyon Member -- This youngest unit encounter-

ed consists of a lover bedded, air-fall tuff and an upper ash-flow tuff.

This member is only 64 thick at UE25a-l and 80 X at J-13, corresponding

to the lowermost crystal-poor sanidine and hornblende-bearing zone of

Byers et al. 9 Presumably erosion has removed the upper parts of this

member; 9 m of alluvium cover it at UE25a-l and -125 m at J-13.

The bedded tuff and basal nonwelded ash-flow tuff con-

tain -11% and 14 respectively, phenocrysts of plagioclase, sanidine,

biotite, magnetite, and orthopyroxene. The upper welded ash-flow tuff

contains <5 sanidine, magnetite, plagioclase, hornblende, and sphene.
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Lithic fragments, usually of altered welded tuff, make up 2 to 6 of

nonwelded samples and are virtually absent in welded zones.

Authigenic phases in the nonwelded portion of the Tiva

Canyon Member are predominantly montmorillonite plus opal/cristobalite

that outline still-glassy pyroclasts. Welded samples are devitrified to

very fine fibrous/spherulitic or granular intergrowths of alkali feldspar

and cristobalite. Vapor-phase crystallization occurs as coarse vug

linings or fillings.

3.1.2.2 G-Tunnel (A. R. Lappin, SNL)

a. General - The U12g tunnel (G-tunnel) complex is at a depth

of 400 m below Rainier Mesa in the north-central region of the NTS. The

welded portion of the Grouse Canyon Member of the Belted Range Tuff lies

above G-tunnel with only the basal portion partly exposed in the ceiling.

The unit strikes approximately N30E and dips 7 northwest. Several fully

cored holes have been drilled in the welded tuff in order to characterize

the formation.

Characterization studies have included determination of formation

thickness (12.5 v), mineralogy, and joint properties for comparison with

the wall-mapping result. Joint properties such as frequency, orientation,

width, morphology, mineralogy, and predictability have been studied. Down-

hole TV scans were correlated with core observations.

Four major joint sets were identified. In general, the formation

is highly fractured. The joint frequency depends upon the measurement

method and increases with method in the following order: tunnel wall map-

ping, downhole TV scan, and core determination. Core indices (a measure

of core integrity) ranged from 30 to 100. Many of the joint surfaces are

mineralized, and intense argillization was observed in several of the

fracture zones. These zones are apparently water-transmissive.

b. Stratigraphy - The tuff is composed almost entirely of feld-

spars and silica polymorphs (quartz + cristobalite). Vitric material is
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noted only occasionally in the basal vitrophyre. Phenocryst phases report-

ed from within the Grouse Canyon include sodic sanidine, anorthoclase, and

quartz, with the sanidine dominant. Widespread accessories include faya-

lite, apatite, zircon, and sodic Fe-pyroxene.17 The tuff is rarely zeoli-

tized. Devitrificat on textures are common, but not masked by growth of

authigenic phases. The welded tuff, which lies at least 200 m above the

water table, contains 13 to 25 vol porosity and is >85 saturated with

perched water.

3.1.3 Zeolite Stability Studies (J. R. Smyth and K L. Sykes, LASL)

The thermal stability of tuff plays an important role in affecting

bulk physical properties through such processes as dehydration and mineral

breakdown reactions.

Devitrified welded tuff and zeolitized nonwelded tuff may be con-

sidered as end members with respect to thermal stability. Devitrified

welded tuff may contain as little as I to 2 adsorbed (loosely bound)

water; constituent phases are mostly anhydrous and stable to high tempera-

ture. Nonwelded tuff may contain >80: zeolite, which can have up to 18

structural water plus several percent adsorbed water and are thermodynami-

cally unstable at relatively low temperatures. Thus, zeolitized nonwelded

tuffs are of particular interest, due to their potential high water con-

tent and potential mineralogical instability.

The most abundant zeolite in samples studied is clinoptilolite,

which is isostructural with but with sodium and potassium as

the dominant cations rather than calcium. Heating of cored samples con-

taining 30 to 80 clinoptilolite to 200C under ambient pressure, produced

7 to 10 wt water loss, respectively, and volume decreases of up to

Heating these same samples to 400-C produced further losses of 2 wt water

and in volume. (Note that both of these temperatures are well above

those expected in nonwelded units surrounding a repository.) These weight

and volume changes are reversible. X-ray diffraction analyses indicate

retention of structural integrity at 400C despite reversible decreases in

unit cell volume of up to -10%. These results are compatible with those
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of Boles,13 who determined that thermally induced contraction is revers-

ible below 700C for clinoptilolite and 350C for heulandite. Supple-

mentary data on type (i.e., adsorbed or structural), amount, and tempera-

ture of water loss through dehydration will be obtained from experiments

planned to measure hydrogen and oxygen isotopic contents of zeolitized

tuffs.

The second most-abundant zeolite present in studied samples is

analcime, which forms by reaction of groundwater with less stable zeolites

such as clinoptilolite at low temperatures. Analcime may itself break

down to form feldspar quartz at temperatures and pressures as low as

200C and 1000 bar

These breakdown reactions, as well as dehydration of zeolites,

result in the formation of denser, less hydrous phases. Thermal effects

in zeolitized tuff could potentially cause volume loss leading to shrink-

age fractures, and evolution of water vapor. Further work is under way to

quantify the thermal stability of zeolites such as clinoptilolite and anal-

cime at both amospheric and higher pressures.

3.1.4 The Soaking Experiments (P. M. Halleck and J. D. Blacic, LASL)

The hydrous nature of zeolites and their relatively low-temperature

stability indicate that the breakdown reactions and dehydration effects

should be greatly dependent on water pressure. Further, the kinetics of

reactions between silicates at temperatures <500C cause reactions to be

very sluggish and difficult to observe and characterize. The water-

pressure dependence of these reactions is currently being investigated in

a series of long-duration heating experiments under separately controlled

conditions of confining (lithostatic) and pore (hydrostatic) pressures.

These experiments are exploratory in nature, and the results will be used

to plan any necessary subsequent experiments

Two tuff types representing limiting lithologies have been selected

for these studies: densely welded, devitrified Topopah Springs and con-

welded zeolitized Bedded Tuff of Calico Hills. The former consists almost
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entirely of quartz, cristobalite, and alkali feldspar and has a porosity

of <5%, while the latter consists of >80% clinoptilolite with minor

amounts of quartz and feldspar and has porosity >20% (by volume). The

samples are being exposed to three temperatures, 50, 150, 250 C, for

6 mo under two pressure regimens. The first pressure regime simulates a

burial depth of 500 , and above the static water level with a confining

pressure of 100 bars (10 MPa) and a pressure of 5 bars (0.5 MPa).

The second simulates a burial depth of below the water

table, with a confining pressure of 200 bars (20 MPa) and a pore pressure

of 50 bars (5 MPO). Before and after heating, the following measurements

will be made on each sample: mineralogy and petrology (X-ray and thin sec-

tion), thermal expansion, thermal conductivity, permeability, compressive

strength, tensile strength, density, and porosity.

3.2 Geochemistry

3.2.1 Sorptive Properties of Tuff and Nuclide Transport and Retardation
(K. Wolfsberg, LASL)

The most likely processes for release of nuclides from a deeply

buried repository to the biosphere involve breaching of the repository by

groundwater, attack of the container and the waste form by the water with

consequent dissolution or dispersion, and nuclide transport by the water

through engineered barriers and geologic formations. An important reason

for the consideration of tuff as a geologic medium for isolation of radio-

active wastes is the presence of highly sorptive minerals in many litho-

logic types of tuff. which together with long hydrologic flow paths typi-

cal of the NTS region,2 0 should provide an excellent natural barrier to

radionuclide migration to the biosphere. This section summarizes complet-

ed work, work in progress, and planned work to understand mechanisms of

sorption on tuff and of transport and retardation of nuclides in tuff.

Details of this work can be found in Reference 21 and 22. Sorptive prop-

erties of tuff are compared to those of granite and argillite from NTS in

References 23, 24, and 25.

Sorptive properties of tuff are being investigated both by batch

techniques, in which crushed rock is shaken with groundwater under
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appropriate and controlled conditions, and by dynamic techniques, in which

water flows through crushed or solid rocks, the latter of which may or may

not contain natural or artificial fractures. Although the dynamic methods

of study more closely approximate the flow of water and transport of

nuclides in geologic formations, the number of such studies is limited by

equipment requirements and the time necessary for each study. Batch mea-

surements are relatively easy and fast. They allow for intercomparison of

many experiments and reveal the effects of numerous variables. Variables

investigated thus far with batch techniques include lithologic type of

tuff, nuclide or element studied, rock particle size, temperature, time,

atmosphere, and composition of groundwater.

The distribution coefficient Kd is conventionally used to define

the distribution of activity between a solid and liquid phase at equili-

brium. We use a similar quantity, the sorption ratio Rd. to express the

distribution of activity between phases. It is identical but does

not imply equilibrium. It is defined as

activity in solid phase per unit mass of solid
d activity in solution per unit volume of solution

Ideally a value should be the same whether equilibrium is approached

from a condition with the activity initially all in solution (sorption) or

with the activity initially on the solid (desorption). This is not usual-

ly the case for Rd values, as will be discussed below.

As might be expected, there is a large variation of sorptive prop-

erties with variation in lithologic type and abundance of phases in tuff.

In correlating sorption ratios with abundances of minerals in tuff samples

from various depths of two drillholes at NTS, Hole J-13 at Jackass Flats

and Hole UE25a-l on Yucca Mountain (designated JA and YM, respectively),

we identify a rough relationship between sorption ratios and two catego-

ries of tuff. In one category are tuffs that contain significant percent-

ages (>20) of zeolites, principally clinoptilolite or heulandite, with

the rest of the rock composed of one or more of the following phases:

quartz, cristobalite, alkali feldspars, and glass. In the other category
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of tuffs are the devitrified tuffs that are high in silica minerals

(quartz and cristobalite) and feldepars and that contain <52 clays or zeo-

lites. Table 1 summarizes the ranges of sorption ratios obtained for

these categories. It is in this report that many tuff samples fit

into one of these categories (Appendix A). Highest sorption ratios are

generally found for tuff containing zeolite minerals, particularly for

ions of strontium, cesium, and barium for which sorption seems to be pre-

dominantly due to cation exchange. Sorption of the lanthanides (cerium

and europium have been studied) is generally high and independent of zeo-

lite content. Sorption on devitrified but nonzeolitized tuff is somewhat

lower but still high in most cases. A formation of this last type of tuff

may be best suited for an actual repository because of favorable thermal

and mechanical properties; however, any water intruding into the reposi-

tory would later have to pass through tuff with high zeolite content

before reaching the biosphere. Fractures in the tuff aquifer zones are

often also lined with zeolites or other secondary minerals.7

Study of the sorption of plutonium and americium (and perhaps other

actinides and the lanthanides) on tuff as well as on other geologic media

is complicated by the complex, largely unknown, and poorly understood chem-

istry of these elements in neutral-to-slightly basic groundwater typical

of NTS. These elements, which in macro amounts are insoluble, form poly-

meric and colloidal species at the trace level in these waters. Problems

encountered in the sorption experiments involve methods of preparing the

traced solutions and of separating solutions from colloids. Although sorp-

tion ratios for americium and plutonium are generally high, with the high-

est values for zeolitized tuff, a problem that must be addressed involves

the possible transport of colloids, perhaps even of fine particulates,

through tuff. A more general problem that should be given a high priority

is to gain a fundamental understanding of the chemistry of these elements

in near-neutral solutions.

Sorption of strontium, cesium, barium, cerium, europium, and pluto-

nium does not differ greatly for experiments done in air or in a nitrogen
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atmosphere. Except for plutonium these elements exist in only one oxida-

tion state in air or in slightly reducing conditions. Small differences

Table I

Ranges of Sorption Ratios (mL/g)

Element

Cs, Sorption
Cs, Desorption

Devitrified Tuff

150 to 870
310 to 630

Zeolitized Tuff

8600 to 29 000
13 000 to 33 000

Sr, Sorption
Sr, Desorption

53 to 190
56 to 200

1800 to 20 000
2700 to 20 000

Ba, Sorption
Ba, Desorption

Ce, Sorption
Ce, Desorption

Eu, Sorption
Eu, Desorption

Summarized from Appendix A. These values are average values for times
ranging from 1 to 12 Determinations were made under ambient
atmosphere and room temperature conditions except where anoxic conditions
(N2) are noted.
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in sorption may be due to a lower carbonate concentration in the water

under the nitrogen atmosphere.

Sorption of uranium(V) and technetium(VII) on tuff is generally

low in both air and a nonoxidizing nitrogen atmosphere (<0.2 ppm oxygen

and <20 ppm carbon dioxide) with higher sorption (10 to 100 times in the

case of technetium) in the nitrogen atmosphere. Values for both atmo-

spheres are listed in Table 1. The increased sorption in the nonoxidizing

atmosphere may be due to some reduction of pertechnetate by reducing min-

erals and to a decrease in carbonate complexing of uranium since there is

very little carbon dioxide in the nitrogen atmosphere.

There is no iodide sorption on tuff samples. It appears that since

anion exchange on tuff is quite low in general, suitable engineered bar-

riers or overpacks may be desirable to ensure containment of some anionic

species from nuclear waste. However, the nuclide 1291 may or may not be a

component of high-level wastes.

We are planning a detailed correlation of sorption ratios with min-

eralogy of tuff. It may be necessary to do some work on fairly pure min-

erals or mineral fractions. We plan to obtain such samples by performing

mineral separations on selected tuffs.

Sorption ratios of nuclides, cation exchange capacities, and sur-

face areas are found not to be very dependent on the particle size of a

particular tuff. Sorption ratios tend to increase with time with some

increase still being observed after 60 days.

Sorption ratios are generally lower for determinations in which

equilibrium is approached with the radionuclide initially in solution

(sorption) than when it is approached with the radionuclide already sorbed

on the solid (desorption). Results from the two types of experiments are

listed in Table 1. For strontium, cesium, and barium, which are thought

to sorb and desorb predominantly by ion exchange, the average sorption

ratios by the two routes agree in many instances to within 202; however,

there are other cases where the values differ by as much as a factor of 3.
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Ratios determined by desorption differ from those determined by sorption

for the lanthanides, americium, and plutonium, often by factors between 5

and 10, and for technetium by as much as 70. The "irreversible" sorption

or slower desorption may be due to speciation changes, surface alteration,

diffusion into minerals, or nonionic sorption of colloids or precipitates;

the result of such phenomena say be greater retardation along an actual

flow path in comparison with that expected, assuming equilibrium, from

bulk sorption data alone.

In general, sorption is greater at 70C than at 22 C, with differ-

ences varying from very little to factors of 5. Decreases in sorption

have been noted for some lanthanides or actinides with increasing tempera-

ture; these say be caused by increased solubility of the sorbed (or precip-

itated) species.

The effects of groundwater composition and changes in groundwater

composition are important in the understanding of sorption mechanisms and

in predicting migration if water intruding into a repository is of a dif-

ferent composition from the local groundwater. Concentrations of major

consituents of the waters have been shown to be a significant factor in

sorption. The effect of concentration of minor constituents will be inves-

tigated. work so far has been performed mostly with elemental concentra-

tions of tracers <10-6 M. Sorption of technetium does not vary between

10 3 and nor does that of Pu vary significantly between 10-6 and

10-13 M. Further experimentation on concentration effects is in progress.

It is not known whether systems of tuff, porewaters in tuff, and

waters flowing through tuff aquifers involve reducing or oxidizing condi-

tions. The redox conditions will influence the solubility of the waste

and also the species of some nuclides present. In-situ measurements of Eh

are difficult and expensive and it will probably be some time before they

are made as part of the hydrology program In the interim we are planning

to make iron(II)/iron(III) ratio measurements on rocks and groundwaters

studied, as well as Eh measurements in the laboratory to gain some knowl-

edge of the redox conditions. Nuclides of plutonium, neptunium, uranium,

and technecium are among those whose oxidation state can be affected by
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redox conditions. We are designing a system for control of the redox

potential in laboratory experiments.

Column experiments are being performed using some of the same

crushed tuff samples used in the batch studies. Elution of activity with

groundwater from a number of columns of a variety of types of tuff gives

elution curves similar to those from ion-exchange columns with well-

defined peaks; however, some columns, particularly those with high sorp-

tion ratios or with sorption ratios quite different than desorption

ratios, do not behave in this manner and their elutions exhibit "leaking"

behavior. Sorption ratios determined from peak positions by the column

method are generally less than those from the batch method; however, they

usually agree within a factor of 2 to 3. Elution positions are fairly

independent of flow rates. For most experiments flow rates are

(-30m/y) compared to geologic flow rates of 10 7 to 10-3 cm/s. With flow

rates of -30 m/yr it is practical to measure only those sorption ratios

less than -1000 mL/g in the laboratory. We are running one column (zeoli-

tized tuff) at a much faster rate, -0.012 cm/s, corresponding to -32

column volumes/h. A sorption ratio of -9000 mL/g had been determined for

cesium on this tuff by the batch method; no activity was eluted from this

column during the first 25 days, Which corresponds to a sorption ratio

>5700 mL/g. After 25 days a slowly increasing peakless e1ution began.

After -80 days, 50% of the activity had been eluted (a peak would corre-

spond to a Kd of 22,000 mL/g). Work with crushed columns is summarized in

Appendix B.

Equipment on the centimeter scale has been constructed for study of

transport and retardation of nuclides in solid-rock cores or cores contain-

ing natural or artificial fractures, techniques are being developed, and

initial experiments are under way. Strontium activity is being eluted

from one solid tuff (devitrified) core, and a "leaking" behavior is being

observed. Uranium (essentially nonsorbing) was partially eluted from

other rock cores, which were then sectioned and examined by autoradiogra-

phy to determine flow paths and sorption sites. Americium was infiltrated

into rock cores, and autoradiography was used to determine distribution in

the core and sorption sites. Elution experiments on other cores and with
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a number of nuclides are planned. Such experiments will be given high

priority.

Microautoradiography has been shown to be useful in determining

sorption sites. The method and early results are presented in References

26 and 27. The method confirms the high sorptive power of zeolites,

clays, and alteration bands around some minerals relative to other min-

erals such as quartz and feldspars. It also indicates the presence and

nonspecific sorption of colloids. With filtration methods the technique

can be used to gain insight into the state of aggregation of actinide

species in solutions. It may be possible to use the method for studying

the transport of colloids in tuff.

Some of the research still in progress and some future plans and

needs were discussed above. In support of the exploration program of the

NNWSI we will continue to examine selected samples from new drill holes by

batch techniques, thus gaining possible site-specific information while

extending the generic data base on sorptive properties. In addition,

tuffs from the G-tunnel at NTS and the Bandelier Tuff from Los Alamos will

be investigated to expand the basic understanding of sorptive properties

of tuff.

The following list of parameters and properties should be investi-

gated to achieve an adequate understanding of the migration rate of radio-

nuclides in tuff: (1) rate constants of the reactions involved in a rock-

fluid system, (2) solubility products for the precipitated compounds, (3)

long-term stable oxidation states of the radionuclides in a tuff environ-

ment, and (4) the effect of the redox potentials of the tuff media on tuff

retardation properties and groundwater chemistry. There is also a possi-

bility that volume diffusion into dead-end pores along the pathway may be

an important retardation mechanism. Studies designed to address these

areas are being planned or are currently under way.

Several other investigations are planned. Some experiments must be

performed under anoxic conditions with more carbon dioxide present than

was used in the controlled-atmosphere studies. Nuclides of other elements
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that are components of nuclear wastes and their behavior will be studied.

Column studies will be continued with emphasis on porous flow through per-

meable tuffs and fracture flow through nonpermeable tuffs. The small-core

experiments must be scaled up to larger cores and blocks at the laboratory

"bench" scale as an intermediate size to "field" experiments. Sorption

and transport must be investigated for other rock types along potential

pathways from tuff formations to the biosphere, e.g., the Paleozoic rocks

in the carbonate aquifer underlying tuffs in Nevada.

Given the diversity of chemical species that may be present in

groundwaters and of the interactions that may take place with minerals, a

radionuclide transport model must be devised that includes a description

of the geochemical system. This model must include knowledge of the phys-

ical chemistry of the elements in solution, the factors that can influence

change in the chemical species, and the kinetics of such changes. Ideally

it would also include a detailed description of the abundances and occur-

rences of the minerals along the flow path as well as of the mechanisms,

equilibria. and kinetics of the interactions of the radionuclides with

these minerals and the factors influencing these interactions. Of neces-

sity, the chemical part of this model will be specific for each element

considered. One must also superimpose the hydrologic regime on the local

chemistry. This includes effects such as hydrodynamic dispersion, dis-

tance. pore/fluid velocity, and saturated or unsaturated flow. For frac-

tureu tuff one has the additional complication of flow dominated by the

hydrology and mineralogy of the fracture system. We are in the initial

stages of development of such models; one aspect of the problem is describ-

ed in the following section.

Effects of those "near-field" phenomena in tuff formations that are

expected to result from the presence of a repository must be addressed.

Heat and radiation, along with the presence of porewater, may cause min-

eralogic alteration and fracturing. We are altering tuffs hydrothermally

in the laboratory to investigate the effects of such a change. These near-

field phenomena may cause changes in chemical and mineralogic properties,

such as expansion and phase changes, which affect transport and retarda-

tion. Some nuclides may be ejected or excluded from the changed minerals,
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and diffusion characteristics may change. Migration under the influence

of temperature gradients should be studied. Buffer materials should be

studied in relation to waste forms, tuff, groundwater, heat, and radia-

tion. Lastly, the interaction of the waste form itself in this setting is

very important and must be considered.

3.2.2 Joint Flow Experiments and Modeling (K. L. Erickson, SNL)

Initial work has been conducted to develop a theoretical approach

that will provide a basis for analyzing radionuclide transport in jointed

geologic media. The modeling effort was initially applied to argillite

and is currently being applied to tuff. A transport model for relatively

simple joint systems was developed and limited transport analyses were

performed that identified some of the important parameters controlling

radionuclide transport in jointed media and some possible deficiencies in

current methods of parameter evaluation.28,29

The theoretical approach is based on the differential continuity

equations for radionuclides in the mobile and immobile phases and on the

assumption that sorption equilibrium exists at the interface between

mobile and immobile phases.

Based on the literature concerning ion-exchange kinetics and bound-

ary layer thicknesses,30 we expected diffusion into the relatively long,

narrow intergranular regions would dominate the rate of mass transfer

across the interface between mobile and immobile phases. The flux expres-

sion describing mass transfer across the interface and the material bal-

ance for the bulk of the intergranular regions were developed by assuming

local sorption equilibrium between the bulk stagnant solution and imperme-

able surface, constant-valued parameters, continuous physical and chemical

properties, by assuming that solution-phase nuclide concentrations were

sufficiently dilute so that Fick's law was valid, that diffusion was essen-

tially one-dimensional, and that any surface diffusion effects could be

neglected.
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A fundamental radionuclide transport model for cesium solutions in

laminar, one-dimensinal flow through linear fractures was obtained by com-

bining the material balance for the immobile phase and the interfacial

flux expression with the general continuity equation for the mobile phase

and by then assuming constant, uniform dimensions and constant, continuous

properties for the fractures. Furthermore, the parabolic velocity profile

was replaced by an appropriate average velocity; the fracture wall spacing

was assumed sufficiently small so that diffusion perpendicular to the frac-

ture walls, in the mobile phase, can be approximated as a quasi-steady-

state process; terms due to nuclear decay were neglected, and constant-

valued parameters were assumed. The result was a set of equations

analogous to those developed by Rosen.3 1 32

Initial batch equilibration and rate experiments have been con-

ducted using tuff samples contacted with simulant groundwater solutions

containing cesium, barium, strontium, and promethium. The experiments

involving strontium and promethium were apparently complicated by com-

peting chemical reactions in the solution phase, and further experiments

will be required.

Scanning-electron micrographs of samples of welded tuff indicated

an average microporosity of -10%. Reasonably characteristic dimensions of

the micropores are on the order of 5 equivalent diameter and -50 um

equivalent length. The surfaces of the bulk rock and of the micropores

appear to be extremely "rough," with a high density of intergranular cavi-

ties on the order of microns in depth and tenths of microns in equivalent

diameter. For 30 to 60 mesh particles, surface areas determined by the

BET method were -7 m2/g. The cesium sorption equilibrium isotherm at room

temperature, determined from batch equilibration experiments, was found to

be represented by the expression



where C is the immobile-phase concentration, C is the molar mobile-phase

concentration, and

Sorption rate data were obtained from independent batch experiments

using tuff tablets that were -0.6 cm thick by 6 cm diameter. Based on

autoradiographs, it appeared that most sorption occurred in intergranular

regions having effective lengths of 0.01 cm or less, which was consistent

with the surface area measurements and estimated intergranular porosities.

The batch-rate experiments were described mathematically by simulta-

neously solving the material balance for the intergranular regions and the

material balance for the batch reactor. Analysis of the rate data from

the tuff experiments involving cesium was complicated by the nonlinear

nature of the sorption isotherm for the concentration range obtained in

the experiments, and it has not been possible to rigorously analyze the

data. However, experiments using argillite were amenable to analysis, and

the agreement between calculated and experimental data appeared suffi-

ciently good to support the validity of the equations and parameter values

used.

Initial experiments were conducted in which stable cesium solutions

(CO = 10 3 M) were pumped through artificial (saw cut) fractures in argil-

lite samples. Quantitative analysis of the data was complicated by the

nonlinear nature of the sorption isotherm.

Values for the various modeling parameters determined from the

batch experiments and physical characterizations for argillite are given

in Table 2. Based on qualitative comparisons, it appears that the param-

eter values for welded tuff would be reasonably similar, with the possible

exception of the parameters K and K. The transport analyses indicated

that important parameters controlling radionuclide transport include the

intergranular porosity and penetration depth, the fracture plate spacing

and length, the fluid velocity, and the sorption distribution coefficient.

Also as a result of the transport analyses, criteria were developed for

determining when the assumption of local equilibrium between bulk phases

can be applied to radionuclide transport in jointed geologic media. 2 8 2 9
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These criteria were developed in terms of the system parameters discussed

above. Furthermore, many of these parameters represent physical quanti-

ties or processes that can be characterized in the laboratory. However,

parameters such as joint widths and fluid velocities must be obtained from

the field, and methods must be developed to establish reliable bounds on

the uncertainties in the values of such field-determined parameters.

Table 2

Values for Various Argillite Modeling Parameters Determined
from the Batch Experiments and Physical Characterizations
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from Reference 33, which represents the present status of this development

effort.

The available data on the thermal conductivity of many of the

phases occurring in silicic tuffs are summarized in Figure 7. As shown,

limited data exist for silicic glasses and zeolites, and are also avail-

able for feldspars, quartz, and cristobalite, but not for mixed-layer

clays or montmorillonites. In Figure 8, numerous trends of varying "zero-

porosity" matrix conductivity are indicated as a result of mineralogical

reactions. Primary silicic glass should have a conductivity of near

1.35 W/mC. Hydration of this glass will almost certainly decrease this

value by an unknown amount. Devitrification, in which the original glass

is replaced by a very fine-grained intergrowth of feldspar and cristoba-

lite, occasionally with some quartz, should cause increasing conductivity

and grain density, within the region labeled "A in Figure 8. Curve II,

at the end of Trend A, reflects the uncertainty in conductivity resulting

from compositionally controlled variations in the cristobalite/feldspar

ratio in the devitrified tuff. If a given tuff devitrifies slowly enough

for partial inversion of cristobalite to quartz to occur, then the matrix

conductivity of the devitrified tuff should lie somewhere between Curves

II and III, within the field covered by Trend B. If complete inversion of

the cristobalite cakes place, the matrix conductivity of the resulting

tuff should lie along Curve III, reflecting the sensitivity of conductiv-

ity to quartz content. The processes leading to Curves II and III are

isochemical, or nearly so.

Zeolitization is a common alteration process in silicic tuffs. In

Figure 8, zeolitization of an initially glassy tuff is represented by

Trend C, and of a devitrified tuff, by Trend D. As shown, zeolitization

of a glassy tuff should have little effect on the matrix conductivity.

Although zeolitization of a fully devitrified tuff has not been observed,

such a process should decrease the conductivity markedly. Silicification

of tuffs, by reaction with groundwater either below or above the water

table, is represented by Trend E in Figure 8, and should always increase

conductivity.
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Figure 7. Thermal Conductivity Versus Grain Density for Phases
Occurring in Silicic Tuffs (Conductivity field for
mixed-layer clays is calculated; all other values are
from references contained in Reference 33.)
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Point 1: Assumed conductivity and grain density of primary silicic glass

Trend A: Devitrification to cristobalite plus feldspar.

Curve II: Uncertainties in conductivity of simply devitrified tuff as
function of variable cristobalite/feldspar. Specific points
shown (with increasing conductivity are 25/75, 35/65, 45/55

Trend B: Partial to complete inversion of cristobalite to quartz in
devitrified tuffs

Curve III: Uncertainties in conductivity of quartt-bearing tuffs as
function of variable quartz/feldspars. Specific points shown
(with increasing conductivity) are 25/75. 35/65, and 45/55

Trend C: Zeolitization of imitially vitric tuff

Trend D: Zeolitization of devitrified tuff

Trend E: Silicification of zeolitized to quartz-rich tuffs. End points
are cristobalite (low-density) and quartz

Trend F: Argillic alteration

Trend G: Propylitic alteration

Dotted line: Minimum bounding curve for tuffs that are either still
vitric or have undergone alteration processes A to

Figure 8. Theoretical Variations in Tuff Zero-Porosity Matrix Conducti-
vity as a Function of Postemplacement Mineralogical Reactions
(See text for definition of individual trends and curves.)
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In Figure 8, a bounding curve (dotted line) has been drawn on the

lower conductivity side of the trends described thus far, and would appear

to predict minimum zero-porosity conductivity values for tuffs that have

undergone reactions represented by Trends A through E. This curve, and

the predictive curves related to it, do not apply to tuffs that have under-

gone either argillization (Trend F), by which clay minerals are formed in

altered tuffs, or propylitic alteration (Trend G), as a result of which

one or more of the minerals epidote, calcite, or chlorite are formed. The

zero-porosity matrix conductivity of tuffs that are Partially devitrified,

fully devitrified (in which cristobalite has fully inverted to quartz), or

which have undergone simple zeolitization, should fall near the bounding

curve in Figure 8. The conductivity of partially zeolitized devitrified

tuffs and of silicified tuffs should fall above the given curve.

AS part of this study, the thermal conductivities of 12 tuffs vary-

ing widely in mineralogy and porosity have been analyzed. Extrapolated

conductivities at 0 porosity are shown as a function of grain density in

Figure 9 and compared with the theoretical curves and bounding envelopes

in Figure 8. Although the data extrapolated from experiment are sparse,

they do fall in zones parallel to the theoretical bounding curve, but con-

sistently below it. This is similar to results of ether studies, in which

the measured conductivity of silicate rocks falls below theoretical

values. 34'35 There is, however, good general agreement between the min-

eralogical composition of the analyzed samples and the general portion of

the theoretical curves near which they lie. Samples 199, 1966, 2365,

2432, and 244 are all from the Crater Flat Tuff at Yucca Mountain, NTS,

and consist almost entirely of quartz and feldspars. Calculated zero-

porosity conductivities for these samples fall on a well-defined curve

that is parallel to the theoretical curve showing variations in conductiv-

ity of quartz-bearing tuffs as a function of quartz content. Sample 1253,

from the devitrified lower portion of the Topopah Springs Member of the

Paintbrush Tuff, has a calculated matrix conductivity filling along a

curve parallel to the theoretical curve representing uncertainties in con-

ductivity of completely devitrified tuffs. Sample 1555, from the Bedded

Tuff of Calico Hills, has a matrix conductivity reflecting, and consistent

55



with, the mix of glass, feldspars, and silica polymorphs (typical devitri-

fication products). and zeolites found in this sample. Sample 82 is par-

tially devitrified welded tuff, and Samples 22 and 25 are both very glass-

rich, though partially devitrified. In the case of Samples 63 and 64, it

would appear that the inversion of cristobalite to quartz is incomplete or

that the conductivity reflects the presence of partially vitric pumice

clots.

For purposes of application to feasibility studies in tuff, the pre-

dictive curves shown in Figure 9 appear capable of predicting the natural-

state conductivity of analyzed samples to within better than 15, when com-

bined with porosity and saturation data in a geometric-means formulation.

Except for Samples 1555, 63, and 64, the agreement is to within

Since waste emplacement night result in rock temperatures

it is also necessary to be able to predict the thermal conductivities of

fully dehydrate tuffs. Comparison of measured and predicted dehydrated

conductivities of the analyzed tuffs indicates that this is possible to

within -15, but requires use of an average thermal conductivity of air of

0.12 W/mC, as opposed to the literature value of 0.026 W m C. This con-

clusion is similar to that reached in other studies of silicate

rocks. is not clear at present whether this discrepancy is

because there is radiant-heat transfer across pore spaces in these rocks,

even at low temperatures, or is a result of some inadequacy in the thermal

formalism.

It is obviously risky to base a four-segment bounding curve on only

12 data points. It has been necessary to do so in this case, however, due

to the relative sophistication of modeling and material properties data-

collection efforts, In order for much confidence to be placed in the

curves developed here, many more thermal conductivity measurements will be

made on varied tuffs, especially those from the Crater Flat, Topopah

Springs, and G-Tunnel tuffs. In these cases, more detailed petrography

does not appear to be essential. Since the Bedded Tuff of Calico Hills

forms an extensive layer in the Yucca Mountain area, and appears to have a
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low thermal conductivity (but higher than predicted by the curves devel-

oped here several more measurements of conductivity on tuffs from this

interval must be made. These measurements must be coupled with petro-

graphy that is detailed enough to determine the relative proportions of

glass, devitrification products, and zeolites in these samples.

Figure 9. Extrapolated Zero-Porosity Thermal Conductivity of Measured
Tuffs Versus Grain Density. (Included are: (1) Theoretical
Trends Corresponding to Trends A and C and Curves II and III
from Figure 8; (2) Theoretical Bounding Curve Lying Below
Trends A through E of Figure (dotted line); and (3) Lower
Bounding Curve Based on Experimental Data (solid line)).
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Measured natural state and fully dehydrated conductivities on sam-

ples of the partially welded Bullfrog Tuff at Yucca Mountain range from

2.19 to 2.65, and respectively. The samples have an

average porosity of At an average porosity of 24%, calculated fully

saturated and measure fully dehydrated conductivities of the Grouse

Canyon Tuff in G-Tunnel range from 1.69 to 2.20 and 0.98 to 1.19 W/m C,

respectively.

3.3.2 Thermal Expansion

Just as temperatures resulting from waste emplacement strongly

depend on rock thermal conductivity, so the stresses resulting from waste

emplacement depend upon the thermal-expansion response of the host rock

mass. The brief discussion given here summarizes the present state of

knowledge about the thermal expansion behavior of tuffs and points out

remaining research needs.

The results of a large number of ambient-pressure measurements made

on small blanks are sumarized in Figure 10 and described in detail in

Reference 36. Measurements on devitrified and quartz-bearing tuffs rang-

ing from to 27 porosity, indicated by circles in Figure 10, are consis-

tent and suggest a general insensitivity to both mineralogy and porosity

in these samples. For eight samples, regardless of origin, the average

linear expansion coefficients between ambient temperature and 100C and

between and 200' are 6.9 1.5 and 11.3 + 2.6 x 10-6 C-1, respec-

tively. Individual measurements appear accurate to within +1 x 10-6,C-1.

Based on these results, it appears that the matrix thermal expansion of

devitrified and quartz-rich welded tuffs is largely insensitive to detail-

ed mineralogy.

In many cases, however, mineralogical effects seem capable of domi-

nating expansion behavior. In Figure 10, the two squares represent the

results obtained on two samples of anhydrous (0.1 to 0.3 wt% H20) obsid-

ian. These two samples, mostly siliceous glass, expand continuously to at

least 5CC, with no on cooling. In contrast, all samples of

devitrified tu fs studied to date show positive hysteresis on cooling.
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note that the expansion of the obsidians is less than that of the devitri-

fied tuffs, with a temperature-independent expansion coefficient of -5 x

In most tuffs, however, the silicic glass is at least partially

hydrated, with water contents of up to 7 wt% not uncommon. Expansion

results on one densely welded sample that is almost entirely glassy, repre-

sented by an upside-down triangle in Figure 10, suggest that contraction

of hydrated glass on heating in-situ to near or above the local boiling

point of water could cause major contractions in the heated rock mass.

Likewise, many nonwelded samples, represented by triangles in Figure 10,

contain hydrated glass.

Figure 10. Average Linear Expansion Coefficient on Tuffs Between
Ambient Temperature and 200C as a Function of Porosity

Three other types of minerals can also cause complexity in thermal

expansion results, however. In many samples of welded and nonvelded

tuffs, small amounts of expandable clays are present. Upon dehydration
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near the local boiling point of water, these clays will contract; even

very small amounts of clay can result in zero net expansion after dehydra-

tion. Figure shows one example of the effects of clay contraction. In

this figure, sample UE25-1-2494 is shown to contract to the zero-

expansion line at near This behavior, which is consistent in sever-

al samples at this depth, can be explained by only 35 to 402 alteration of

the 2 biotite that the sample contains if it is assumed that this altera-

tion is to expandable clay. Since many if not most silicic tuffs contain

at least some biotite, alteration of this phase must be understood to with-

in well-define limits, since it can greatly reduce the expansion expected

from otherwise simple tuffs. Expandable clays are particularly abundant

in many nonwelded tuffs, including several of those included in Figure 10.

Figure 11. Linear Expansion to 500 C to Two Welded Tuffs
(Sample 186 contains abundant cristobalite;
Sample 2494 appears to contain a very small
amount of expandable clay.)

In tuffs that are devitrified to a mixture of cristobalite and feld-

spars, the presence of cristobalite causes some irregularity in expanti-

largely at temperatures of 200 C or above. This is shown in Figure 1

as represented by Sample UE25a-1-186, from the devitrified portion of

Tiva Canyon Member of the Paintbrush Tuff. The behavior reflects the

inversion of cristobalite; it should be of concern, however, only at

elevated temperatures.
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A final class of minerals can have a pronounced effect on thermal

expansion in some cases. This group, zeolites, includes a large group of

hydrated aluminosilicates, with widely varying properties. Table 3 lists

the general-stability relations, differential thermal analysis (DTA) and

dehydration behavior of the zeolites reported in tuffs at NTS, in the

generally reported order of decreasing abundance. Except for heulandite

and phillipsite, the relevant zeolites are reported to be structurally

stable to temperatures >600'C, and should have little effect on thermal

expansion except that they will elevate fluid pressures as the; dehydrate.

In general, the most dominant zeolite in silicic tuffs is reported to be

clinoptilolite. Recent mineralogical investigations of the tuffs at or

near Yucca Mountain,6'7 indicate small amounts of heulandite or phillip-

rite in the lower portions of the devitrified Topopah Springs Member of

the Paintbrush Tuffs, which is situated above the static water level.

Occurrence of even small amounts of these phases, which begin to contract

at temperatures at least as low as 180-C, could greatly affect the expect-

ed behavior of devitrified tuffs and either lead to decreased net expan-

sion on heating or negative hysteresis on cooling. Care must be taken in

expansion measurements of such tuffs to include large enough volumes to

measure the response of any fractures that might contain heulandite.

A limited number of expansion measurements have been made under con-

fining pressure. In the case of the Bullfrog Member of the Crater Flat

Tuff, results on oven-dried samples agree fairly well with measurements

made at ambient pressure. Measurements at a confining pressure of 10.3

KPa yields an average linear expansion coefficient between ambient and

200'C of 6.1 x 10-6 C 1, as compared with 8.9 x 10 6C 1 based on

unconfined measurements. The difference is probably at least partly due

to closing of microcracks under pressure. 3 8
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Table 3

Thermal, Thermogravimetric, and Structural Data for the Most Common Zeolites in Silicic Tuffs
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At present, however, only confined expansion measurements, in which

there is no control of pore fluid pressures, have been made. Thus the

details of responses to mineral dehydration at known fluid pressures can

only be estimated. Depending upon the temperatures that are expected to

result from waste emplacement, understanding of the thermal-expansion be-

havior of a complex series of tuffs may be required at elevated tempera-

tures. Even if waste were emplaced in a devitrified or quartz-rich welded

tuff, for example, it probably would be necessary to understand the behav-

ior of both expandable clays and zeolites in considerable detail. Failing

this level of detailed information, bounding estimates of contraction

resulting from mineral dehydration can be made on the basis of measure-

ments at ambient pressure.

3.3.3 Heat Capacity and Thermal Diffusivity

No extensive laboratory studies of heat capacity or thermal diffusi-

vity have been undertaken. A limited number of heat capacity measurements

on dehydrated samples indicate that the heat capacity of the silicates in

both devitrified and glassy tuffs above 100C is 0.20 cal/gC, to within

0.01 to 0.02 cal/g'C. Accordingly, heat capacities for modeling studies

have been estimated from the relation

where is porosity and S is the saturaton of the material, the heat capac-

ity of liquid water is assumed constant at cal/gC, and that of air neg-

ligible. Increasing heat capacity of liquid water with increasing tempera-

ture and even slight bonding of water within zeolites and/or expandable

clays present in tuffs should combine to make this estimate conservative.

In modeling studies to date, thermal diffusivities have been calci-

lated from the relation

where is diffusivity, K thermal conductivity, p density, and Cp heat

capacity. A small effort is under way, however, to examine the feasibil-

ity of measuring thermal diffusivities of fully saturated and partially

saturated rocks as a function of saturation.
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3.4 Mechanical Properties of Tuffs (W. A. Olsson and L. W. Teufel, SNL)

Through the years. a large amount of mechanical data has been collect-

ed for NTS tuffs from Yucca Flat, Pahute Mesa, and the Area-12 tunnels,

all far removed from Yucca Mountain, the current area of interest. Sam-

ples were obtained from sites of specific weapons tests and were charac-

terized in support of those tests. Generally, the information required to

extend the results to a repository environment is not available. Vari-

ables essential to long-time repository modeling were usually not

measured.

The mechanical properties reported here were obtained from samples

from UE25a-1 (Yucca Mountain) and from the Grouse Canyon welded tuff in

G-tunnel. These studies are in direct suprort of the Mine Design effort

described in Section 4. Variables under evaluation include confining pres-

sure, total effective pressure, water content, strain rate, temperature,

and the presence of joints (artificial).

The mechanical properties of several tuffs from Hole UE25a-l are

given in Table 4. Unless otherwise noted, all intact tests were run at a

strain rate of All stresses and strains are referred to

original dimensions.

Representative examples of unconfined (Figure 12) and confined

(Figure 13) compression tests show the effects of degree of welding (poro-

sity) and increased confining pressure. A more complete degree of welding

(lower porosity) causes higher strengths and higher Young's moduli.

Higher confining pressures tend to cause increased strength and increased

Young's modulus. Increased ductility, in the sense of higher strains at

fracture, also results from higher confining pressures. At 200-C the

gross shapes of the stress-strain curves are unaffected but the peak

stress is lower.
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Table 4

Mechanical Properties of Tuff from Hole UE25a-1
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Representative Compressive
Stress-Strain Curves for
Unconfined Samples with
Different Porosities (P)

Figure 13. Representative Compressive
Stress-Strain Curves Showing
the Effect of Confining
Pressure (20 MPa) on Samples
with Different Porosities
(P) (Compare with Figure 12)
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By independently measuring the linear axial and transverse strains

during hydrostatic loading we observed an elastic modeli anisotropy. This

measure of elastic anisotropy has been plotted versus percent porosity in

Figure 14. There is a definite systematic relation between degree of weld-

ing and degree of anisotropy. The welded tuff is stiffest perpendicular

to bedding, and nonwelded tuff is stiffest parallel to bedding. This may

complicate modeling efforts.

Figure 14. Anisotropy of the Elastic Modali as a Function of Porosity.
The Welded Tuff is Stiffest Perpendicular to Bedding and the
Nonwelded Tuff is Stiffest Parallel to Bedding.

67



A significant result that helps to understand the mechanics of defor-

mation of tuff and to correlate among the various types is that the degree

of welding is reflected by the porosity. Densely welded tuffs have low

porosity, and this grades uniformly to high porosity in nonwelded tuffs.

Figure 15 shows peak differential stress plotted against porosity for con-

fining pressures of 0 and 20 MPa. There is a clear, systematic relation-

ship of power-law form that has also been found for sandstone.39 The

scatter of the data is considerable, but since other variables such as

mineralogy may also vary with degree of welding, the correlation between

strength and porosity is remarkable. The power-law relation is given by

(3)

For these data, the maximum stress difference can be expressed as a func-

tion of the confining pressure and the porosity as shown by

where Ao and A20 are the values of A for 0 and 20 MPa confining pressures,

respectively. The fact that strength depends on porosity, and that this

dependence differs for the two confining pressures, shows that the other

strength parameters such as cohesion and angle of internal friction are

also functions of porosity.

Further analysis permits Mohr-Coulomb failure envelopes (necessary

for input in mechanical models) to be calculated as a function of poro-

sity. In general, agreement between the calculations and experiments has

been very good. However, the in-situ state of stress may have a strong

influence on the amount of deformation for a particular application that

occurs before failure. Consequently in-situ stresses must be determined.
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Figure 15. Compressive Strength as a Function of Porosity and Confining
Pressure for Air-Dried Samples and a Strain Rate of IC 5 sf

Tensile fracture may be the dominant failure mechanism of brittle

materials. Even in triaxial compression at low confining pressure, many

extension fractures on both the microscopic to macroscopic scale have been

observed. Thus, understanding tensile fracture propagation may be of

fundamental importance. A limited amount of tensile strength and fracture

toughness data has been obtained recently40 for welded tuff from G-tunnel.

Average values for the tensile strength, Young's modulus, and Poisson's

ratio were GPa, and 0.17 + 0.04,

respectively.

Brazil tensile strength also correlates with porosity as shown in

Figure 16. These data were obtained before commencement of the soaking

experiments on Topopah Springs welded and devitrified tuff and Bedded Tuff

of Calico Hills. Note that the tensile strength cannot be determined
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solely by the formation since both strength and porosity vary widely for

samples from the Topopah Springs formation.

The fracture toughness as given by KIC for welded tuff from G-tunnel

This is a measure of the stress at the crack tip at

the onset of propagation. By comparison, values for Indiana lime-

stone, Westerly granite and rock salt are respectively 0.95, 2.60, and

Thus, tensile fracture propagation through ash-flow tuff is

relativetly easy.

We have run two elevated temperature (200-C) tests on tuff, and the

data are given in Table 4. Both the welded (739) and partially welded

(185) specimens showed a 30 decrease in strength compared to room-

temperaure data. These studies have just begun, and much more work is

planned.

30

Figure 16. Brazil Tersile Strength Versus Porosity for Samples
of Calico Hills and Tonopah Springs Tuff
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Water can affect the properties of rock through chemical or mechani-

cal mechanisms. The mechanical effect arises through the coupling of

diffusion and deformation, which can cause nonequilibrium pore pressures

and resultant alterations in strength. We have studied the effects of

strain rate and degree of saturation together. Specimens of welded tuff

from G-tunnel were divided into two groups. One group was saturated with

tap water under a vacuum until weight was constant; the second was dried

at 100C until weight stabilized. Figure 17 shows that both the dry and

wet groups demonstrate a significant strair-rate effect. Both wet and dry

samples show about a 6 strength decrease per decade decrease in strain-

rate. Figure 17 suggests that the waste is not due to mechanical

coupling because if pore pressures were increasing at high rates of

strain, the material would exhibit anomalour weakening.

Figure 17. The Effect of Strain Rate and Water Content on
the Maximum Compressive Stress of Welded Tuffs
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The chemistry and physics of the weakening by water is not well

understood. The concepts of stress-corrosion cracking or hydrolytic

weakening: apply to silicate rocks, and are based on a mechanism of

hydration of SiO bonds at crack edges or dislocation cores. The stress-

corrosion theory may be more applicable under conditions to be found near

a repository. Hydrolytic weakening has been observed in a regime of very

high temperature (>380'C) and leads to increased dislocation mobility and

consequent strength reduction. It may occur at lower temperatures after

extended periods of time. Stress corrosion, although certainly

temperature-dependent, significantly affects crack propagation at room

temperature.

The compressional or P-wave velocity nondestructive test can provide

useful information. Microstructural damage is known to reduce P-wave

velocity, and this phenomenon has been used by mining research workers to

gain insight into the amount of damage caused by blasting, for instance.

Because the P-wave velocity is proportional to the Young's modulus and

inversely related to the density, one expects the velocity to be a func-

tion of porosity. Data obtained on material from Yucca Mountain and

G-tunnel 3 shows a clear trend. As expected, P-waxe velocity increases as

porosity decreases. Comparison to theoretical predictions will be done

after more testing.

The shear strength of jointed rock has also been considered. Investi-

gations have concentrated on the properties of a single joint, which forms

the weakest and therefore deciding link in the stability of a rock mass.

Limiting the scope of interest to a single element of a discontinuous rock

mass provides, of course, only fundamental empirical information. How-

ever, it also determines and explains the behavior of the entire system

since the stability of the rock mass depends on the behavior of individual

joints as well as joint interactions that can be adequately modeled, once

the behavior of a single joint is determined.

We determined the shear strength in triaxial compression of a simu-

lated joint of welded tuff from G-tunnel as a function of confining pres-

sure, displacement rate, and water saturation. Joints are simulated by
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using a right circular cylinder with a polished precut that is inclined at

35 to the cylinder (load axis. Room-temperature tests were conducted at

confining pressures from 5 to 40 MPa, axial displacement rates from 10-2

to 10 6 cm/s, and water saturation of 0 (dry) and 100%.

The shear strength of the simulated joint in welded tuff fits the

linear relation

(5)

where is the shear stress, is the coefficient of friction, and is

the normal stress.

Accordingly, the coefficient of friction at the initiation of slip was

independent of the normal stress, with a value of 0.64 at a displacement

rate of 10-4 cm/s. Similar results were obtained for partially welded

tuff from Yucca Mountain at a displacement rate of -10-3 cm/s

The independence of on the confining pressure and the corresponding

normal stress across the sliding surface is consistent with the rock-

friction literature as reviewed by Byerlee.44

To determine the effect of displacement rate on the coefficient of

friction, a series of dry, room-temperature tests were conducted at 10 MPa

confining pressure and constant axial displacement rates from 10 2 to 10-6

cm/s. With decreasing displacement rate the coefficient of friction

increased from 0.62 cm/s to 0.66 at 10i6 cm/s as shown in Figure

18. These results are consistent with the work of Dieterich45 and Teufel

and Logan,46 who attributed the velocity dependence of friction to time-

dependent growth of asperity contacts by creep. An increase in the area

of individual asperity contacts at any given normal stress increases the

real area of contact and hence the shear strength of the sliding surface.

The coefficient of friction, A, of a water-saturated precut is also

independent of normal stress and linear with respect to However,

for the water-saturated precut is greater than for dry precuts, with a

value of 0.70.
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Figure 18. Coefficient of Friction (35-C Saw cut) Versus Displacement
Rate for Dry Samples and a Confining Pressure of 10 MP

The increased frictional resistance of welded tuff due to water satu-

ration is enhanced as the displacement rate decreases (Figure 19). As the

displacement rate decreases from 10-2 to 10-6 cm/s, the coefficient of

friction increases from 0.67 to 0.74. In comparison to dry tuff, for

the wet tuff is 7 greater at 10-2 cm/s and 11 greater at 10 6 cm/s. The

increased velocity-dependence of the frictional resistance of the wet tuff

is attributed to time-dependent hydrolytic weakening and stress corrosion

of asperity contacts on the sliding surface, which increases the real area

of adhesive contact. The observed time-dependent increase in the fric-

tional strength of simulated joints and the time-dependent decrease in the

failure strength of intact tuff suggests that, for long time durations,

the strength of jointed tuff rock mass may increase sufficiently to

approach that of the intact rock.
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Figure 19. The Effect of Water on Increasing the Coefficient of Friction
(35 Saw cut) as the Displacement Rate Decreases. (Confining
pressure was 10 MPa)

To date, these studies have established a clear relation between

strength and porosity, and a definite effect of water content (tempera-

ture) and strain (displacement) rate on strength and coefficient of fric-
tion. Future studies will expand on those reported here, in addition to

determination of pore pressure effects, joint normal and shear modulus,
creep effects, joint and matrix permeability as a function of time, tem-

perature and normal stress, and suspected mineralogical effects (soak

tests) on mechanical properties.

3.5 Radiation Effects on Tuff (J. K. Johnstone, SNL)

Radiation effects are restricted to the very near field; consequent-

ly, these studies are limited to welded tuff. Samples are being prepared

to measure the effects of y radiation on density, weight loss, thermal

expansion, thermal conductivity, mechanical properties (unconfined, axial
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compression), sorption behavior, and mineralogical alteration. Samples

will be irradiated in both saturated and dry states with duplicates as

unexposed controls. The irradiation facility contains a source that is

The ambient temperature in the

exposure cavity is 9 The total exposure will be 101 rad. So far

we have no results.

Future tests may include combinations of components including simu-

lated waste forms, canister materials, and engineered barriers.

3.6 Behavior of Water in Tuff

The two main sources of water in tuffs are pore water and mineralogi-

cal water such as that contained in zeolites, hydrated glass, and clay.

Each source is capable of contributing large quantities of water. The

unknown effects of water in tuff were raised as an issue before the NAS

during the last briefing. Since that time, two studies were undertaken to

characterize the behavior of water under different stimuli.

3.6.1 Water Loss by Drying from Welded Tuff (G. R. Hadley, SNL)

Water transport through porous rock can occur as a flow of liquid

water or water vapor as well as by diffusion of water vapor through air.

Although much is known about the first process, the role of the two other

processes for geologic materials has been largely ignored. Drying theo-

ries have been developed and applied in several other areas, but until

recently the loss of water from porous rock due to drying has not been of

great interest. Expected conditions in a waste-disposal scenario, how-

ever, make evaporative drying an important mechanism to consider.

A set of preliminary experiments has been conducted in which water-

loss rates due to drying in dry nitrogen were measured for tuff core sec-

tions (4.7 cm dia x 6 cm long) at temperatures from 25 to 150C. A com-

plete description of the experiments is found in Reference 47.

Results for the drying rate at room temperature are shown in

Figure 20, together with model predictions. For this particular run, over
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90% of the pore water was lost from the sample within 72 hours. The rest

was later removed by heating. Other runs at elevated temperatures (up to

150C) show even higher loss rates and consequently faster dehydration.

Two models were formulated in an attempt to understand the drying

process more fully. Both models assume two single-phase regions (one

liquid and one vapor) separated by a well-defined moving front

(Figure 21). In one case, the vapor region is treated as a Darcy flow

through the porous rock driven by the higher partial pressure of water

vapor at the front. This model has proved effective in describing the

motion of water vapor through rock salt in other tests. The second model

assumes that the vapor region consists of both water vapor and air, with

molecular diffusion the dominant mode of water transport.

RUN - WATER LOSS RATE

Figure 20. Results of Drying Welded Tuff at Room Temperature
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Figure 21. Schematic of Models Used to Explain Drying Behavior

The Darcy flow model requires the material permeability as input.

For the present experiments, the permeability was chosen to fit the high-

temperature data (not presented here). As can be seen in Figure 20, the

Darcy flow-model prediction is several orders-of-magnitude low for the

room-temperature case. On the other hand, the diffusion model fits the

data reasonably well until late times. By then most of the water is gone

and the major mechanism might change from being front-controlled to some

other unknown phenomenon.

One obvious application of this research is for drying drill holes,

mine pillars, etc, when exposed to a drying atmosphere. The results seem

to indicate significant drying over a period of days, the exact rate

depending on the geometry of the exposed rock and the humidity of the dry-

ing atmosphere.

Another important application is the determination of water collect-

ed during waste emplacement (or heater experiments). Whenever the humid-

ity in a heated chamber drops below 100, vapor from the hot rock may

diffuse into the chamber and recondense. Because tuff contains a sizable
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volume percent of water, significant amounts of water may accumulate over

time. If the process is evaporation-front-controlled, preliminary calcula-

tions suggest that the rate of water release may decrease only slowly or

not at all as the front recedes into the formation.

Experiments are necessary that include better diagnostics in order

to more fully understand the transport process. Specific questions to be

answered include:

* Is the water-loss rate controlled by a well-defined
evaporation front?

* If a front exists, is its motion governed by mass
balance or energy balance?

* What role does capillarity play in the transport
process?

Experiments are being planned that will try to answer these questions.

Gamma-ray absorption seems the most promising technique for measuring

saturation as a function of position and time. Its use should allow

adequate spatial resolution to investigate front motion.

3.6.2 In-Situ Tuff Water-Migration/Heater Experiment
(J. K. Johnstone, SNL)

An in-situ experiment in the welded Grouse Canyon Tuff is under

way. The experiment serves as an initial assessment of water behavior in

a deep underground environment (>400 m) in response to a thermal source.

The rock is 95 to 99% saturated (20 to 25 volt water) and is well above

the water table. While G-tunnel is not a potential repository site, the

Grouse Canyon Tuff has physical, thermal, and mechanical properties very

similar to those in tuffs now under consideration. In addition to an ini-

tial evaluation of water behavior, the experiment supports computer code

and instrumentation development and attempts to measure in-situ thermal

properties. A complete description of the experiment is contained in

Reference 48.
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The experiment is composed of six satellite holes arranged at three

radii concentrically about a central heater hole as shown in Figure 22.

Three soles are designed to measure water behavior, two to measure in de-

tail the thermal profiles, and one to measure thermally induced stresses.

In addition, a hole aligned as nearly perpendicular to the heater axis and

along the midplane as possible is included for a laser interferometer for

measuring displacement. The radial distance of the holes from the heater

was selected after evaluation of the pretest thermal and thermomechanical

modeling results and current drilling capabilities. Each hole is located

so that it is not shadowed from the heater by another hole. All the holes

were cored during drilling and, where possible, visually scanned with

a borehole TV camera.

The instrument "cavity" in each of the experiment holes is arranged

as symmetrically as possible at the midplane of the beater, as shown sche-

maticaily in Figure 23. Two of the water-migration holes were located so

that joints intersect the water collection cavity, and the other hole so

that joints do not intersect the water-collection cavity.

Figure 22. Experimental Hole Array
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Experimental Holes Heater Midplane

Since the welded tuff lies in the ceiling over G-tunnel, all of the

drill holes except the laser interferometer hole were oriented at 20

above horizontal (Figure 24). As a result, the water drained away from

the heater and prevented the refluxing observed in other tests.

An electrical heater. 1.2 m. long x 10.2 cm OD, and operated between

760 and 1000 W for 63 days, was used for the experiment. Because of the

near horizontal orientation, the heater was designed to minimize convec-

tion currents. The maximum temperature at the heater hole rock wall was
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HOLE

THERMOCOUPLE HOLE,

WATER MIGRATION HOLE

Figure 24. Vertical Orientation of the Experimental
Holes in Relation to the Alcove and G-Tunnel

Water was collected continuously during the heated phase of the

experiment in the heater hole and in two of the three water-migration

holes. The water-collection rates are shown in Figure 25. The total

amount of water collected was -60 L from the heater hole, -3.6 L from

WM-2, and -1.5 L from WM-I. Water generation ceased abruptly when the

heater power was shut off. The water collected is undergoing chemical

analysis.

Preliminary analysis suggests that around the heater hole, water

movement is by vapor diffusion into the hole. Water migration into the

satellite holes appears to be by Darcy flow driven by the high partial

pressure of water at the vaporization front.
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Figure 25. Water-Collection Rates for the Heater Hole (HH-1)
and Two of the Water-Migration Holes (WM, 1, WM 2)
as a Function of Julian (J) Days

In addition to the water data, detailed information was obtained on

the thermal profiles and thermally induced stress and displacement. All

these data are currently undergoing evaluation. Detailed posttest activi-

ties are in progress, including permeability testing, TV examination of

the holes, corebacks, mineralogical examination, and instrumentation evalu-

ation.



4. MINE DESIGN WORKING GROUP (L. D. Tyler and B. S. Langkopf, SNL)

The main objectives of the Mine Design Working Group are to

Define the anticipated environment for a repository in
welded tuff located above or below the water table

Identify model needs and critical data needs for
confident design in using welded tuff as the host rock
for a high-level waste (HLW) repository

Develop conceptual test plans for in-situ tests designed
to resolve the issues identified above

Inregrate the results of the in-situ tests and both
laboratory and model studies into an engineering design
data package for use in completing a conceptual design

The Mine Design Working Group consists of representatives from Sandia

National Laboratories, Los Alamos Scientific Laboratory, RE/SPEC, Inc.,

and Texas A&M University.

A base case has been established for a repository in welded tuff

below the water table in Yucca Mountain. Scoping calculations are under

way u ing available host-rock data and models, along with reasonable

assumptions (where necessary) to complete a timely estimate. The tuff

properties and stratigraphy used in the modeling are based on information

from UE25a-1. Inadequate models and/or data will be identified. The

calculation will be interative. Feedback is required in several stages of

the calculation to maintain internal consistency; for example, if substan-

tial opening of fractures is predicted, then the impact on the Calculated

temperature distribution must be evaluated. The base-case calculation is

outlined in more detail below.
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Initial Assumptions -- As already stated, a basis was

defined that include canister geometry, thermal power,

and implantation density and geometry. Engineered

barriers will be considered later. If, in the course of

the calculation, it is found that the basis is for some

reason untenable, a new basis will be defined.

Characterization of the Mine -- A mine layout with

sufficient specification to allow subsequent thermal,

mechanical, and chemical characterization was estab-

lished. Practical factors such as mining and mine-

stabilization methods will be considered because they

affect mine geometry and the types of materials, respec-

tively, that will be interacting to establish the mine's

chemical environment. Ventilation requirements will be

considered because they impact heat transfer and rock

drying. Rate of water inflow, which affects heat trans-

fer and the chemical environment, will be considered.

Thermal Analysis The temperature distribution at re-

presentative points within the repository will be deter-

mined as a function of time. Approximate temperature

histories will be determined for the local (canister

well), near-field (mine floor and pillars), and far-

field (overlying rock strata) environments. In all

cases, the effects of convecting steam or water will be

considered in addition to thermal conduction.

Mechanical/Structural Analysis The anticipated dis-

placement and rock failure as a function of time at

representative positions will be scoped. Calculated

temperatures will be used to estimate expected thermal

stresses. These will be used. along with available

constitutive relations (probably simple elastic be-

havior) and strength data, to calculate stress, dis-

placement, and any failure at representative points in
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the repository. (Some analysis of the sensitivity of

this output to assumed constitutive relations and

strength should be possible.) As already discussed, if

any substantial fracturing is predicted, its effect on

heat transfer will be evaluated and new temperature

histories will be calculated if warranted.

Chemical Analysis -- The chemical and radiation environ-

ment will be identified at each representative reposi-

tory point. Chemical thermodynamics or kinetics calcu-

lations will not be performed.

After the analysis of the base case is completed, work will begin on

evaluating how the repository environment would be modified if the reposi-

tory is located above the water table. A major difference now anticipated

for any such repository is change in the heatup history. It is possible

that the results of there scoping studies alone will clearly indicate a

preferable location; in any event, data and model needs will be identi-

fied. A preliminary estimate of the anticipated repository environment

will also be completed.

Three meetings of the Mine Design Working Group have been held as of

the end of April, 1980. At present the working group is using the results

of the completed conductive heat-transfer scoping calculations as input

for the thermomechanical scoping calculations.

4.1 Thermal Scoping Studies

Initial heat-transfer calculations were used to develop an under-

standing of the thermal environment of a repository in welded tuff for

Boiling conditions (hydrostatic and atmospheric pressure)

Gross thermal load (GTL) (25 to 150 kW/acre)

Canister pitch (function of GT)

Linear spacing
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ratio* (ER) (10 to 30)

property changes due to water boiling.

Both spent fuel and reprocessed HLW were considered. The initial condi-

tions used in most of the modeling are in Figures Cl and C2 and

Tables CI- in Appendix C.

The purpose of the very near-field calculations was to determine the

thermal environment of the canister and surrounding rock for different

heat loads. The room-and-pillar calculations were to determine the ther-

mal environment of the room and pillar caused by different gross thermal

loadings and extraction ratios. The far-field calculations were to deter-

mine the responses of the far-field stratigraphy to different gross ther-

mal

An upper limit GTL of 100 kW/acre at a 20: ER has been established as

a reference condition for both spent fuel and high level waste. Scoping

calculations were done using the boiling limits of atmospheric pressure

(i.e., and hydrostatic pressure (i.e., 225 for the static water

level). This reference condition will be reassessed as additional studies

are completed. Results from the thermal calculation for a GTL of 75

kW/acre an ER of 20 are presented below for both spent fuel and HLW.

4.1.1 Spemt-Fuel Results

Results** of the 75 kW/acre GTL for the very near field

are shown Figures 26 and 27. Figure 26 shows temperature histories for

selected points at the midplane of the spent-fuel canister for an ER of

20, GTL 7f 75 kW/acre, and 100C boiling temperature. Figure 27 shows

the spatial temperature distribution through the repository at the mid-

plane of the spent-fuel canister at the time When the canister temperature

Ratio of the room width to the sum of the room + pillar width.

These results assume an ambient rock temperature of 55'C at the
repository depth. Recent field work indicates a lower ambient temperature
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peaks; boiling was assumed to occur at 100C. Figure 28 illustrates tem-

peratures of the floor and ceiling centerlines, and room midheight with

time for the room-and-pillar calculation of 75 kW/acre and 100C boiling.

The far-field temperature profiles along the vertical cen-terline for a 75

repository are given in Figure 29. The far-field calculations

indicate that the radial temperatures outside the repository boundary for

GTI. below 150 kW/acre will be <100C.

Figure 26. Temperature History at Selected Points Through Midplane
of Spent-Fuel Canister for ER of 20, GTL of 75 kW/Acre,
and Boiling of Porewater (Ambient Rock Temperature of 55 C)
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Figure 27

Spatial Temperature
Distribution Through
Midplane of Spent-Fuel
Waste Canister
(Ambient Rock Temper-
ature of 55C)

0 5 10 15

Horizontal Distance From Centerline of Room (m)

20

Figure 28

Time-Temperature History
for Three RODS Locations
for ER
GTL 75 kW/Acre,
100 Boiling, and
Saturated Backfill
(Ambient Rock Temper-
ature of



Figure 29. Far Field Temperature Profile Along the Vertical
Centerline for GTL of 75 kW/Acre

4.1.2 High-Level Waste Results

Representative examples of results from the HLW computer modeling

studies are also included as figures. Results of the very near-field cal-

culations are summarized in Figures 30 and 31. These figures show maximum

canister and tuff temperatures (at the canister centerplane) as a function

of tuff thermal conductivity, assuming 100C boiling for different canis-

ter powers. Figures 32 and 33 show the floor and pillar centerline peak

Ambient rock temperature conditions the same as for spent-fuel
calculations (see footnote, p88).
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temperatures for different GTL also included are different boiling temper-

atures, extraction ratios, initial temperatures, and types of backfill);

these figures are the results from the room-and-pillar calculations. The

room mid-height temperatures are 5C or less higher than the pillar center-

line temperatures. Figure 34 is from a far-field calculation. It illus-

trates the temperatures at depth for various times for a 75 kW/acre case.

Two observations follow from the thermal scoping calculations:

a. When the before-and-after boiling thermal conductiv-

ities in the very near field are varied by and

these variations are combined in different ways, the

results do not vary more than +10%

b. The use of unsaturated instead of saturated backfill

does not significantly affect the thermal results of

room-and-pillar spent-fuel and HLW calculations.

4.2 Thermomechanical and Hydrethermal Scoping Studies

Thermomechanical scoping studies are presently under way. These

studies will use the same initial conditions as the thermal studies, but

will add mechanical properties such as thermal expansion, Poisson's ratio,

Young's modulus, and in-situ stress. The first calculations in these

studies will be far-field and room-and-pillar calculations for HLW and

spent fuel. A two-dimensional jointed-material model will be used for

these calculations. As a result of initial thermal calculations and avail-

able thermal criteria, the thermomechanical studies will use a more limit-

ed range of GTL (25, 50, 75, and 100 kW/acre). In order to reduce the

number of calculations required, the room-and-pillar calculations will use

a 20% ER and a 100C boiling temperature.

In the second step of the mechanical scoping studies, a three-

dimensional jointed-material model will be used to perform calculations

for the very near-field, room-and-pillar, and far-field environments.
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{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 30. Effect of Tuff Conductivity on Maximum
Canister Temperature (Time - 2 yr,
75 kW/acre, ER 20, Ambient Rock
Temperature 55C)

Figure 31. Effect of Tuff Conductivity on Maximum
Tuff Temperature (Time - 2 yr,
75 kW/acre, ER - 20, Ambient Rock
Temperature = 55C)



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 33. Peak Pillar Centerline
Temperature vs GTL (Ambient
Rock Temperature - 55C)

Figure 32. Peak Floor Temperature vs GTL
(Ambient Rock Temperature 55 C)



Figure 34. Temperature Profile Along the Vertical Centerline
for HLW and 75 kW/Acre GTL

Calculations of hydrologic effects at Yucca Mountain are also under

way. Preliminary indications are that the far-field effects of hydro-

thermal transport would be minor. This is especially true if in-situ boil-

ing is assumed to occur at the hydrostatically controlled temperature,

since, even for thermal loadings in excess of 100 kW/acre, no boiling is

predicted under this assumption.

As regards very near-field considerations, in addition to the limit

established previously (i.e., 100 kW/acre), it must be kept in mind that

the use of engineered barriers will, if anything, require further reduc-

tion of GTL resulting in temperatures so low that fluid pressurization,

vaporization, and transport will be further restricted.
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4.3 Future Studies

As studies progress, data needs and basic assumptions of the pheno-

mena modeled will be evaluated. Uncertainty in available data may require

sensitivity analyses to determine if the uncertainty is critical, followed

by or in conjunction with laboratory and in-situ experiments designed to

acquire the needed data. Additional computer modeling may be required

after completing laboratory and in-situ experiments. Some of the concerns

to be addressed include:

Far-field hydrothermal circulation effects

Very near-field hydrothermal circulation effects

Pressurization as a result of boiling water

Radiation effects

Engineered barriers

Phase transitions of water

Mine ventilation (and/or blast cooling)

Recharge of the mine
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5. IN-SITU (FIELD) EXPERIMENTS

5.1 Undergrourd Rock-Mechanics Laboratory (J. K. Johnstone, SNL)

Planning is currently under way to mine a rock-mechanics laboratory

in the welded Grouse Canyon Tuff in G-tunnel. The usable portion of the

welded unit in the proposed vicinity of the laboratory is 12 to 15 m

thick.

The underground rock-mechanics laboratory is a major facility in sup-

port of Mine Design activities. As discussed previously, the Mine Design

Working Group is currently evaluating a mine opening in tuff in an attempt

to identify deficiencies and unknowns in existing data and models. The

working group will then formalize the rock-mechanics plan for in-situ

experiments. we expect to

Study the effects of joints and matrix water release on
the thermal and mechanical response of the rock mass

Verify jointed-rock models currently under development

Determine rock mass thermal conductivity

Determine in-situ permeability during heating

Verify predicted thermal and mechanical response for
specific canister spacing and room geometry

Generally evaluate the application of laboratory data to
a field environment.

5.2 Nuclide-Mirration Field Experiments (B. P. Erdal, LASL)

In order to estimate the concentrations and travel times to discharge

areas for radionuclides that may leave a repository, predictive models

must be developed based on understanding the dynamic processes that occur

at each location in the total repository-rock system. These models must
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include appropriate chemical equilibrium and rate expressions that ade-

quately describe the various chemical phenomena involved; i.e. dissolu-

tion, complexation, precipitation, ion exchange, surface adsorption, hydro-

lysis, coprecipitation, formation of solid solutions, colloid and polymer

formation, etc. Knowledge of the regional hydrologic regime must then be

superimposed on the chemistry. This includes effects such as hydrodynamic

dispersion, distance, pore/fluid velocity, and saturated or unsaturated

flow. For many rocks, including tuff, there is the additional complica-

tion of having flow that is dominated by the hydrology and mineralogy of a

fracture system. In this case it is particularly important to establish

reliable bounds for fracture dimensions and fluid velocities. Mathemaati-

cal methods must be developed to handle all the processes that occur in a

three-dimensional system of this type. These models must be verified by

selected tests specifically designed to address this problem.

Transport of radionuclides through fractured systems is a relatively

new field for which much research will be required before it is understood

as well as the more familiar porous media. Two methods of approach to

transport in fractured media have been proposed. In the first approach,

one relies upon the observed regularity of many fracture systems to con-

sider the rock mass as a network of interconnected discrete fractures, and

each fracture must be separately identified. The other approach treats

the rock mass as a porous medium in which the hydraulic characteristics of

the fractures are averaged. The first approach is reasonably applied only

in the near field, where the detailed identification of fracture flowpaths

is sometimes feasible. A mixed fracture-porous medium model may be appro-

priate for the intermediate case where only the largest fractures are of

concern. In the far-field, only a strictly porous medium model will

probably be feasible.

In considering groundwater flow and radionuclide retention in the

complex flow systems that can occur in rock, serious problems may arise in

determining (I) if laboratory studies are being performed under conditions

appropriate to natural systems, and (2) if models of nuclide transport

derived from laboratory results correctly handle nuclide movement under
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natural conditions. These questions can be answered only by

laboratory and field tests at depth

A project to address these problems has recently begun with

the Office of Nuclear waste Isolation. The project will be
jointly by the Los Alamos Scientific Laboratory Sandia National

Develop the experiment instrumental, and safety
techniques necessary to conduct controlled small-scale
field radionuclide-migration experiments

Use these techniques to define radionuclide migration
through rock by performing generic field experiments at
depth closely controlled conditions

Determine whether available lithologic, geochemical, and
hydraulic properties, together with existing or developed
transport models are sufficient and appropriate to de-
scribe real field conditions (i.e., to scale from labor-
atory studies to bench-size studies to field studies.)

The tests will be performed in bedded tuff exposed in G-tunnel

The location was selected because of the following factors:

Formations are accessible depths that will allow
comparison of laboratory results with field measurements
and testing of models

Support facilities already exist

Mining and drilling costs and time should be reduced
since the equipment and subcontractors are onsite

Since G-tunnel is not a potential nuclear waste repository, the
proposed experiments will not compromise the integrity of an actual site.

field experiment is composed of several key elements. The first
is detailed characterization of the groundwater in tuff. This will Le



carried out tuff aceous wells, seeps in G-tunnel and rock

experiments Two nuclide migration experiments will be performed,

using the appopriate groundwater The first uses stable or short-lived

nucides and longer lived radionuclides, including

The experimental fracture will be covered after each experiment.

The first experiment serves as a demonstration of the experimental

and of safe-operating and mineback/fracture recovery procedure- be-

fore commencement of the second, actinide-containing experiment. Detailed

postflow analyses of-the rock, solution-rock interactions, radionuclide

distributions will They are essential for correlating the

of nuclides under actual conditions with laboratory and modeling

The fundamental question being addressed If the physical and

chemical properties of a rock and a solution are measured in the labor-

can accurate models of radionuclide through that rock in

the field be formulated? The specific results using G-tunnel tuff may not

directly apply to radionuclide migration in other lithologic varieties of

tuff, but methods of formulating models that describe field behavior and

the understanding of which laboratory data are important will apply.

generic experimental, instrumental, and safety techniques developed for

the field tests can be applied to other field experiments and will be

for planning large-scale field tests.



6. CONCLUSIONS

The following preliminary conclusions are based on work completed to

date on the ongoing studies described herein.

1. No single property or group of properties that would

disqualify tuff as a potential repository medium has

emerged.

2. At least one property--thermal conductivity suggests

potential limitations on repository thermal loadings.

Thermal conductivity of tuffs is a complex problem that

depends on porosity, water content, fracture frequency,

and mineralogy. Although there are currently no cri-

teria against which to evaluate thermal conductivity,

initial modeling results indicate that reasonable

limitations on repository thermal loadings can minimize

potential difficulties.

3. We have demonstrated that there are minerals in the

varieties of tuffs at NTS, particularly nonwelded tuff,

that exhibit excellent sorptive properties for cations

and that should provide a natural barrier against

migration to the biosphere. These studies are

continuing.

4. Extensive variation in tuff properties has been demon-

strated. However, initial correlations of properties

with porosity, grain density, mineralogy and water con-

tent have established the framework for future develop-

ment of a substantial capability for predicting
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properties. These relationships are in their infancy

at present, but appear very promising.

5. Currently the majority of studies are laboratcry-

oriented. A substantial expansion of field and

modeling activities, as well as laboratory studies, is

required to meet the 1985 deadline for selecting a
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7. UNRESOLVED ISSUES

7.1 Water and Joint Effects on Tuff Properties and Models

The effects of water and joints on the properties of tuff, especially

in an at-depth environment, remains the major unresolved issue. The

studies so far show that the presence or absence of either water or joints

has a major affect on thermal and mechanical properties. Current state-of-

the-art thermal and thermomechanical models are only just beginning to

account for joints and variable water content. Initial experiments imply

that welded tuff may easily dry in a mine environment, while the water in

the rock surrounding a hot-waste canister may migrate into the canister

hole. Our current inability to characterize the in-situ joint properties

(length, aperture, orientation, frequency, filling, degree of mineraliza-

tion, etc) may prove to be a significant problem.

Effects of radiation on saturated tuff are unknown. Laboratory

studies, field tests, and model development will continue to address the

water and joint problems. Much of the direction of this work will come

from the analytical results of the Mine Design Working Group.

7.2 Sorptive Properties and Transport or Retardation

Our ability to model the total geochemical system involved in trans-

port of radionuclides from a repository to the biosphere is severely limit-

ed for any rock type, including tuff, being considered for a repository.

This lack of understanding creates a significant uncertainty in estimating

the adequacy of a geologic medium to retard migration. Unresolved issues

that still require much work include

The complex chemistry of lanthanides and actinides
(e.g., plutonium and americium) in neutral to slightly
basic groundwaters
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The effect of probable reducing conditions on elements
that can exist in several oxidation states (e.g.,
plutonium, technetium, uranium)

The apparently poor sorptive properties of tuffs (and
many other rocks) for anions

Laboratory investigations to identify these and other parameters are

being made. A field test of nuclide (representative fission products and

actinides migration in a single fracture in tuff is being performed. In

addition to the development of techniques for such tests, a purpose of

this experiment is to test the state-of-the-art of extrapolating labora-

tory results and applying models to real situations. Efforts are being

made to develop a predictive model for tuff that incorporates the dynamic

and equilibrium processes occurring at each location in the total

repository-rock-groundwater system.

7.3 Creep

No information is available on creep behavior of tuff. Current

studies suggest that creep may be a factor in mine opening stability

during the operating phase of a repository. Studies are under way to

evaluate this phenomenon.

7.4 Mineralogy and Petrology

The effect of vertical and lateral variability on the thermophysical

properties of tuff remains an issue. The complexity of this variability

has been demonstrated. Dehydration of zeolites during possible heating

could affect the thermal and mechanical properties. Initial studies show

promise in developing relations to predict various properties as a func-

tion of porosity, grain density, and/or mineralogy. Such relationships

are essential for model development. Evaluation of the lateral and verti-

cal variability continues with the drilling of the current USW-Gl hole at

Yucca Mountain.
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Tuff as a medium is complex and it occurs in complex blocks. Contin-

ued characterization and correlation of the mineralogical variation with

properties is necessary for future modeling.
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Status Report

CORRELATION OF SORPTIVE PROPERTIES OF TUFF WITH MINERALOGY

K. Wolfsberg and E. N. Vine

We have re-evaluated our correlation of sorptive data with mineralogy.

This re-evaluation is based on the mineralogic composition data obtained by

LASL Group G-9 with the new Siemens X-ray diffraction spectrometer. Included

in our sorption data are both published and unpublished results.2 -5

If most of the tuff samples studied are classified as either devitrified

based on mineralogic composition, we find that sorption data

falls into roups with relatively small ranges for individual elements in

Of the thirteen samples studied, five are in the category of

clinoptilolite or heulandite), five are devitrified

quartz, cristobalite, or feldspars with <10 zeolites or

clays), and three contain 10 or 15% clay or zeolites. We summarize the

results for the three categories in Tables Al-A3. The data for the elements

for which the mechanism of sorption-desorption is most likely via ion exchange--

cesium, strontium, and barium--correlate well for the zeolitized and devitri-

fied tuffs.

Data for cerium and europium have much larger ranges, indicating that

other factors must be involved. Most likely the special problems3 that are

found for americium and plutonium in slightly basic solutions are also pre-

sent for the lanthanides.

The three tuff samples in Table A3 do not fit into any clear pattern for

samples containing clays, low amounts of zeolites, or glass. The two vitric

tuffs which contain zeolites seem to correlate well with the other zeolitic

tuffs in Table Al. More sensitive clay analyses are being performed by LASL

Group G-9. We will do additional experiments with appropriate samples selec-

ted by LASL Groups G-9 and CNC-ll to try to clarify the roles of clays and

glasses in sorption. Perhaps enrichment in the desired mineral fraction will

be possible.
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The sorption ratios listed in Tables AI-A3 are average values for contact

times ranging from I to 12 weeks. Values for sorption of technetium and

uranium under both the ambient atmosphere and under nitrogen (0.2 ppm oxygen,

20 ppm carbon dioxide) are also given.

To give a meaning to sorption ratios, we list in Table A4, the fraction

of a nuclide in solution in equilibrium for several Rd values and for solution

to solid ratios of 20 (the condition of our experiments) and 0.33 (saturated

condition for a porous tuff).
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Status Report

CRUSHED ROCK COLUMNS

A COMPARISON WITH BATCH MEASUREMENTS

E. N. Vine and B. P. Bayhurst

1. MEASUREMENTS

The migration of radionuclides through crushed rock columns of tuff, granite,

and argillite has been studied. The geologic materials chosen were those on

which batch sorption ratio (Rd) measurements had previously been made in order

to provide comparison with results obtained on the columns. The waters used

for infiltration were described in Refs. 1 (tuff), 2 (argillite), and 3 (granite).

A description of the columns themselves and the water delivery system(s) have

also been previously reported (Refs. I and 4).

A summary of the crushed rock columns studied and of the parameters measured

is given in Table B1.

Each column was characterized in terms of the total column volume V (the

size of the column calculated from column dimensions), the free column volume

FCV (measured and used to calculate the effective column porosity), the dry bulk

density, the particle size, and the flow rate. Flow rates were determined by

weighing the eluate sample delivered in a known time period. Upward-flow columns

had relatively constant flow rates with a given syringe and pump setting, while

gravity-flow columns tended to decrease in flow rate before a steady flow was

established. Upward-flow rates ranged from 0.041 to 0.082 with one column

run at -4 to 5 mg/h. (A flow rate of 0.045 mg/h for a 2.1-cm-long C.5-cm diameter

column with a free column of 0.224 corresponds to a flow velocity of -37 m/y.)

The free column volumes of approximately one-third of the columns studied

were determined bv use of both HTO and 131 In the iodide case, the 131

breakthrough (leading edge) curve and the rinse (trailing edge) were both used.

There was essentially no difference in the values obtained with HTO or with

and all measurements for a given column were averaged irrespective of the

method used. For example, the FCV for a YM-54 column obtained with iodide
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(breakthrough) was 0.177 and with HTO was 0.182 ml. On the YM-22 column, the

iodide breakthrough method gave 0.249 and the iodide rinse gave 0.239 .

The values for the CS-5 and CS-7 granite columns, the CN-l and CN-2#1 argillite

columns, and the JA-18, JA-37, and YM-45 tuff columns were measured using 131

only. However, since a small retardation factor (2 to 6 ml/g) had recently been

measured (Ref. 5) for "iodide" on argillite, columns CN-2#12 and CN-3 were run

with both tritium and 1311 (as well as technetium). The tritium data have been

analyzed for only one of these columns; however the breakthrough curve was

identical to that obtained for

Several parameters have been investigated, to a limited extent, with crushed

rock columns. Flow rates were varied from 0.082 mi/h to 18 mi/h on three JA-32

tuff columns loaded with 85Sr. Argillite columns, with 95"Tc, 1311, and HTO,

were run under controlled atmosphere conditions (00.2 ppm oxygen, 20 ppm carbon

dioxide) as well as in normal atmospheric conditions. The effect of the cesium

ion concentration on tuff was also investigated. Two YM-54 columns were loaded

with 137Cs in a 5- to 15-pk spike at a concentration of -10 6 M. Another YH-54

column was also run with a continuous feed of 137Cs at a concentration comparable

to that of the batch measurements, -10 9 M, to see if the Rd value of cesium

increased with the decreased cesium ion concentration.

11. DATA COLLECTION AND ANALYSIS

Methods of sample collection, detection of radioisotopes, data analysis,

and equations for calculation of retardation factors and corresponding distribu-

tion coefficients (Rd) have previously been described (Refs. I and 4).

III. RESULTS AND CONCLUSIONS

A description of the crushed rock columns studied is given in Table 1. The

calculated column distribution coefficients for the isotopes and
133Ba are given in Tables B2, B3, and B4, with data from batch sorption measure-

ments for comparison.

Several kinds of elution behavior have been observed: symmetric peaks

where fifty percent of the activity eluted corresponds closely to the peak of

the elution curve, asymmetric peaks, and "no peaks" - but instead a slow, usually

uniform elution of activity. Plots of elution curves having symmetric and asym-

metric peak shapes have been given in Refs. 1 and 4. With the exception of JA-15

121



TABLE 11

CRUSHED ROCK COLUMNS
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TABLE B4

A COMPARISON OF BATCH AND COLUMN Rd VALUES
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

The YM-38 1 column was loaded with 85Sr before the batch measurement

(12000 mQ/g) was completed. None of the strontium (T 65.2 d) was eluted

before the activity decayed. A Polaroid film exposed to the YM-38 column several

months after elution was started indicated that the Sr remained in the top

quarter of the column. The JA-18 column was the only other one loaded with 85Sr

for which a large batch Rd value (16000 mf/g) had been measured. The strontium

on this column was eluted at a rate of -0.07%/d for -72 days, then a small,

sharp peak (Rd =381 ml/g) containing 9% of the total activity was observed.

Elution of the JA-18 column has continued for 95 d since the peak was observed,

and the slow, uniform "leaking has resumed. The JA-18 material is a highly

glassy tuff and the slow elution may be due to a gradual dissolution of the

glass. This, however, would not explain the weak, sharp peak which seems to

indicate that more than one "sorption" mechanism exists. The JA-18#1 and YM-38#3
237

columns were also loaded with Cs and the same slow "leaking" without a

sharp peak, was observed. Besides dissolution of the glass, the slow elution

of 85Sr and 137Cs might also be the result of exchange of the sorbed radioactive

species with stable isotopes in the pre-treated waters used, which contain -10 9M

cesium and -6 x 10 7M strontium.



Other cesium column data are given in Table B3. The most straightforward

results are from tuff columns of YM-54 (3 columns) and YM-22 (1 column), where

the batch distribution coefficients are fairly small and values from desorption

and sorption experiments are approximately equal. They are the only columns

containing cesium analyzed to date where elution of the activity occurred in a

peak. The three YM-54 columns were run at two 137Cs concentrations, 10 and

10 , to see if the R value calculated for cesium was affected by the cesium

ion concentration. No effect was observed. On two granite columns a slow elu-

tion of 137Cs began at about day 48 and has continued for one year. On argillite,

after 40 weeks, no 137Cs has been eluted from either of two columns; however,

the cesium batch Rd values on argillite are approximately five times larger than

those for granite, and a similar slow elution behavior may still occur. On the

JA-37 column, elution of 137Cs began on day 95 and the activity has increased

from 25 to 500 dpm/ml. In 184 d, 3.6% of the total cesium has been removed.

Since tuff columns loaded with 85Sr had indicated that retardation factors

were independent of flow rate, 137Cs was loaded onto a YT-38 column and run at a

fast (4-5 ml/h) flow rate. The 137Cs was not detected until 1150 ml had been

passed through the column. Since then, 10.3% of the total 137Cs has been eluted

in 3250 ml, in slowly increasing amounts. (If the average flow rate used on the

majority of columns had been used in this case then about ten years would have

been required to collect the total of 4400 ml eluted to date.) Although a sharp

peak will probably never be observed, and the mathematical expressions relating

distribution coefficients with retardation factors are not valid for such cases,

one can calculate a "lower limit" column Rd value of >12 500 ml/g from the

volume eluted to date. This is a value well above that obtained from batch

measurements (8600 ml/g) and is indicative of the "complications" revealed by

flow experiments.

All of the columns run to date with 133Ba have shown peaks, followed in

some cases by a gradual elution of activity. The Rd values calculated from the

columns are given in Table B4; they are 2.5 to 4.8 times lower than the corre-

sponding batch Rd values. It is also apparent from Table B4, that only materials

with relatively low distribution coefficients for barium have been used in

columns. Thus, the more complicated situations, better revealed by high Rd

values, have not yet been studied with barium. On columns of YH-54 and YM-22

with batch Rd values of 620 and 899 ml/g, respectively, the batch sorption and

desorption ratios were found to be equal, implying a reversible interchange of
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ions. For "comparable batch sorption Rd numbers (see Table B3) with cesium on

columns of granite. JA-37, and argillite, simple peaks were not observed. This

was perhaps due to the fact that the desorption Rd values were at least a factor

of two larger than the sorption Rd values. This could suggest that more than

one species and/or mechanism with different rates of reaction is present during

sorption (and absent in batch desorption measurements) or that weathering in the

batch studes and mineral alteration is affecting sorption vs. desorption. For

the granite columns (batch desorption values were about twice those for sorption)

the peaks of the barium elution curves represented less than half of the total

activity and were followed by a slow, uniform, elution.

Other isotopes studied, but not indicated in Tables B2-B4, were 14 1Ce,

95 237U, and 131 The cerium which was loaded on a YM-45 tuff column

(batch Rd of 730 m/g (sorption), 5700 (desorption)) was not eluted in 16 d at

a flow rate of 1.020 mild. Since the had decayed significantly in that

period of time and the column could not be continued much longer, the flow rate

was increased to until a total of 250 bad been collected from the

column. No was detected, indicating that the R value is >880 mg/g;
141 d

however counting the whole column loaded with Ce, both before and after

elution, indicated that of the had been removed from the column. The

column was run for 112 d at a flow rate of 0.911 with no

detected in the eluate; it was stopped due to insufficient activity remaining on

the column. The "lower limit" column Rd was >430 mg/g. Batch values were

830 for sorption and 3800 for desorption.

Another column, JA-18#2 was recently loaded with Ce as well as 52Eu.

No 141Ce has been detected in 14 weeks, although the elution of a small amount

of 152Eu (-50 dpm/ml) has begun.

A tuff column, loaded with spikes of tritium, and gave

an Rd value of 0.72 for uranium, compared with an average batch Rd value of

The uranium peak was quite asymmetric and the activity eluted per

is slowly decreasing. Again, the marked asymmetry could be an effect of the

complicated "sorption" illustrated by the large difference between batch sorption

(1.5 mg/g) and desorption (11 ml/g) ratios.

With technetium, breakthrough curves were obtained simultaneously with

tritium and 1311 on argillite CN-2#2 (atmospheric conditions) and argillite CN-3

(controlled-atmosphere conditions, <0.2 ppm oxygen and <20 ppm carbon dioxide).

The 131 and HTO gave identical breakthrough curves, indicating no retardation
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of iodide on argillite, as was previously indicated by batch measurements. The

column Rd values for 95mTc, 0.40 mk/g on CN-2 and 0.31 mk/g on CN-3, were consid-

erably less than those obtained by batch techniques, 30.5 for CN-2, in air

(Ref. 2) and 175 m2/g for CS-3, in .2 ppm oxygen, <20 ppm carbon dioxide

(Ref. 5). However, the columns were run at a fast flow rate (-2 ml/h), reducing

the time of contact between technetium and the rock by 80 to 700 times that of

the batch measurements. This could also explain the apparent lack of effect of

the <0.2 ppm oxygen atmosphere; the fast flow rate would limit the time available

for reduction of pertechnetate. Since the sorption of technetium on argillite

has been shown to be strongly time dependent, particularly under <0.2 ppm oxygen

conditions5, the difference between batch and column Rd values is probably

reasonable. This could be most easily checked by short-contact-time batch

measurements.

If a general conclusion can be stated from these observations, particularly

from the data of and on granite, argillite, and tuff, it is

probably that--except in the simplest of cases, where sorption coefficients are

relatively low, and ion-exchange equilibria not only exist but are the dominant

mechanism for removal of radioisotopes from solution--the simple relation between

the distribution coefficient Rd or Kd and the relative velocity of radionuclides

with respect to groundwater velocity may be insufficient to permit accurate

modeling of the retardation of radionuclides. This indicates the need to isolate

and study the (probably many) mechanisms causing retardation which could lead

to an understanding of the relationship between the behavior in a dynamic labora-

tory experiment (and, ultimately, behavior in the field) and the many available

batch Rd data.
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Mine Design



Table Cl

Repository Geometry and Initial Conditions

Repository depth (to top of heat-producing zone):

Thickness of heat-producing zone for generalized repository 10 m

Repository area: 2000 acres

Geothermal heat flux: 1.6 pcal/cm2s

Static water level (depth): 470 m

Air surface temperature: 20C

Initial temperature at disposal horizon: 55C

(Note: Recent field results indicate a different geothermal

condition giving a disposal horizon temperature near 350C)

Table C2

Canister Dimensions and Initial Power Output

Spent-Fuel Canister Description

Total length: 4.67 m

Outside Dia: 0.355 m

Inside Dia: 0.30 m

Heated Length: 3.66 m

Air-Filled

Canister material: carbon steel

HLW Canister Description

Total Length: 3.05 m

Outside Dia: 0.32 m

Inside Dia: 0.30 m

Heated Length: 3.0 m

Canister Material: stainless 304

Power at Time of Emplacement (Waste Assumed 10 yr old)

HLW: 3.5 kW/can and 2.16 kW/can

Spent Fuel: 0.55 kW/can
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Table C3

Normalized Decay - Heat Generation*
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



Table C4

Assumed Stratigraphy and Material Thermal Properties for Far-Field
Modeling--Tuff Mine Design Activity

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



Plan View
{COULD NOT BE CONVERTED TO SEARCHABLE 

TEXT}

Figure C-1. Initial Room Design for Spent-Fuel Repository 
in Welded Tuff



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure C-2. Initial Room Design for HLW Repository in Welded Tuff
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