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2Z3TRACT

This report is the second iz z series of su=zary briefings to the
National Academy of Science's {XAZ) Cocmittee on Radioactive Waste Manage-
ment dealing with the feasibili:zy =f disposal of heat-producing radio-
active waste in silicic tuff. e 2iscuss the interim status of studies of
tuff properties deterxined or s:exles obtained from Yucca Mountain and
Rainier Mesa (G-tunnel) located -z the Nevada Test Site (NTS). In parti-
cular, we describe progress cz= res>lsing issues identified during the
first briefing to the KAS whict imclude behavicr of water in tuff when
heated, the effect of the presence or absence of water and jvints on the
thermal/physical properties of zoZf and the detailed/complex sorptive
properties of highly altered a=2 wraltered tuff. Initial correlaticas of
thermal/physical and sorptive pcoperties with the highly variable porosity
and mineralogy are described. Three in-situ, at-depth field experiments,
one nearly cocpleted and two izst getting underwsy are described. In
particular, the current statcs cf mineralogy and petroleogy, geochemistry,
thermal and mechanical, radistios effects and wvater behavior studies are
described. The goals and initizl results of & Mine Design Working Group
are discussed. Regional factors sich as seissicity, volcanism and

hydrology are not discussed.
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EXECUTIVE SUMMARY

cic tuff.

This sezort is the sez2nd in a series of briefings to the Nstional
Academy of 3zience's Comxritzee on Radicactive Waste Management dealing

with the frasibility of ¢diemsal of heat-producing nuclear waste in sili-
This document is an interim status raport of ongoing studies of
the propertievs of tuff determined within the framework of the Nevada
Nuclear Wasie Storage Inveszizations Project (KNWSI).
tirs of tuffs from two loczzions on the Nevada Test Site; Yucca Mountain
and G-tunnel fRainier Mesai.

some cases, raises new issuss for future consideration.

We discuss proper-
In particular, the veport discusses progress
in resolving tssues raised 2zxring the first briefing to the NAS and, in

such as se¢iszicity, volczaien and hydrclogy are not discussed.

Regional issues

Mineralogy an4 *etrology of Tuffs of Yucce Mountain

1.

Mineralezy and petrolzry of the Tertiary aze Faintbrush and Crater
depositional processes whick resulted in replacement of original glassy

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

drill hole TE252-1 (Yucca ¥omtsin) and test well J-13 (Jackass Flats).
Results indicate these uzits have largely been altered by post-
material with crystalline ;zases.

Devitrification, ¥~ ich involves crystallization of
glass to feldspar ;ius cristobalite or quartz during
sect:

post-explacement ca~ling, is the dosinant slteration

prncess in densely welded horizons throughout the
hyZrces (up to

T
-

Zeslitization, vhi=% results in t-e formation of
l'.'.-

0), low-density silicate minerals

13



by the interaction of glass with proundwater, occurs at
UE25a-1 and J-13 in stratigraphically equivalent hori-
zons: (1) the nonwelded base of the Topopah Sprinags

Mezher throuzh the nonwelded Bedded Tuffs of Calico

Hills (upper torizon), and (2) the nonwelded ,irtion of

R R R R A

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

- clinoptilolite with Ca > K > Na comprises up %o 90% ct
sacples from the upper horizons of both sections, and
is also dozinant in the lower zeolitized horizon at

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

LR £ Y VT L AT RS Tig ML O

horizon, and forms by replacement of scme precursor

7 L

zeolite, probably heulandite or clinoptiloli.e, The

kB

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

in drill hole UE25a-1) also contains minor analcime,

Sttt ¥ PRIV A

3. Stratigraphic units are thinner at J-13 than at
UE25a~-1; this is most likely due to the greater dis-
tance of J-13 from source areas rather than paleotopc-

graghy. Differences in authigenic phases in the two

T TRTH PPN wriwedmh w4tV A,

sites are probsbly due to the greater depth of the J-!3

hole, different hydrologic settings, or some

co=bination of these factors.

Geocheaistry - Sorptive Properties of Tuffs

Sorption varies with tne 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 sigrificant regults to datsa indicate that:

1. Cesium, stronzium end barium generally sorb better on
zeolitized tuff (2000 to 130,000 mL/g) than on

14



devitrified tuff {52 to 1500 mL/g). Ko atmospheric

effects were cobserved.

Plutonium sords acderately well (50 to 150 mL/g) in air
on both zeolitized, fevitrified, clayey tuffs. Sorp-
tion ratios in 3 nit-ogen atmosphere are high (>600
wl’g) for zeolitized tuff and moderate to high (100 to
60J al/g) for éewitrifiea tuff.

Sorption ratids for mmericium and the lanthanides cover
a rather large range and do not correlate with minera-
logy except that sorzZion appears highest for a tuff
coataining clarx. Thez chemistry of the actinides and
lanthanides in grouniwaters is complex and poorly
understood and a sigrificant effort will be necessary
to achieve proper unierstanding and adequate prediction

of transport bdehavicrs.

Sorption of aniozic species -~ jodine, technetium, and
uranium which is comslexed by the carbonate in the
groundwater - is quite low (<25 el/g) for all tuffs
studied., Sorptica of technetium and uranium was some-=

vhat higher ia a nitrogen atmosphere.

Sizple equilidrium czsnot adequately explein the obser- :
vations, Sorptica ratios are generally lower for batch

determinations than Zzsorption rztios. The values tend

to agree withie z factor of two for ions of strontium,

cesium, aad dsrim wviich are thought to sorb and desorb

predozinantly v an Ion exchange mechanism. For the

lsathanides, sctiridss, technetiux, and uranium the

values may differ by more than an order of magnitude. ;
The “irreversidle™ srrption or much slower desorption
way be due to specizzion changes, diffusion into

minersls, cryvstallizztion reactices on solids, or X

15
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non-ionic sorption of colloids or precipitates. These

possibilities require further investigation.

6. Migration rates determined from flow experiments in
colunns containing crushed tuff are sometimes faster
than values predicted from batch experiments with the

sape waterial.

Joint Flow Experiments and Modeling

We are modeling nuclide tramsport through jointed media. The experi~
ments use rock coluzns containizg 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 sferture, fracture length, fluid velocity and
sorption dis.r.bution coefficieat (including those factors that control

sorption).

Thermal Conductivity/Expansion

Because . the mineralogicazl variability of tuff and the need for
near- and far-fi.:)d thermal and thermomechanical modeling, considerable
effort has beeu aimed at understanding the thermal properties of tuff, We
have developed 3 means of predicting the minimum theoretical matrix ther—
mal conductivity of tuff based cn 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 meascrements have been limited to zmbient

pressure studies. Results to cdate indicate that:

1. The thermal expansioa of devitrified welded tuffs is

generally linear with teamperature and independent of

16




both porosity and heating rate. The only mineralogic
factors affecting expansion behavior were the presence
or sbsence of cristobalite and altered biotite. The
presence of cristobalite causes markedly nonlinear
expansion above 200°C. T:e altered biotite causes
contraction at the beiling point of water followed by

expansion at higher temperature,

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 (clinmoptilolite,

heulandite), hydrated glass, and/or clay.

Mechanical Properties

To date, the mechanical property studies have concentrated on smbient

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) 2nd porosity (degree of welding) has been
deconstrated. Welded tuff (low porosity) is as much as
3 times stronger than the nonwelded tuff (high

porosity).

Water content p.ays a significant role in the strength
of tuff. The compressive strength of dry welded tuff
is about 257 greater than for saturated samples tested

under the same conditions.

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

17




to bedding. This may have an impact on the mechanical

modeling of tuffs.

4. Preliminary compressiosn tests at 200°C on welded and
partially welded tuff show a 302 decreasse in strength

compared to room temperature data.

S. Both saturated and dry samples of welded tuff show an
approximate 61 decrease in compressive strength per
decade of decrease in strain rate (for rates from 10”2

to 1076 s71).

6. The coefficient of friction of artificial fractures in
wvelded 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 demcnstrated a very strong strain (displace-
ment) rate effect but we have rct 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.uigration of water into the :.u.te canister holee. The
studies have shown that significant drying of small sazples c& occur with-
in & pericd of days (902 of the water lost withia 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 wvater in the weided tuff around 2 heat-producing
waste canister was one of the issue3 raised before the KAS during tne ini-
tial briefing. Ap ir~situ experiment designed to assess the water
response to a thermal source in a deep underground environment is in ﬁro-
gress. In addition, the experiment provides support for computer code and
instrumentation development, and attempted to measure in-situ rock thermal
properties. Developmentsl instruments in this experiment included remote
stress gauges, relative humidity gauges 2nd a laser interferometer for

measuring rock displacenent.

Water was collected continuously during the heating phase (63 days)
+f 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 vhen the heater power was shut off. Preliminary analysis
suggests that, iac the immediate vicinity of the heater hole, water move-
ment is by vapor diffusion into the hole. Water migration into the savel-
lite holes appears to be by Darcy flow driven by the high partial pressure

of water at the vaporization front. Posttest activities ar= in progress.

Mine Design Working Group

A Mine Desiga 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 experimeats, to define the enviromment for & repository in welded
tuff sbove and below the water table, and to integrate the result~ into a
data base for a conceptuzl repository design. The Mine Design Working
Group is composed of representatives from Sandia National Laboratories,

Los Alamos Scientific Laboratory, RE/SPEC, Inc., and Texas AsM University.

19



To date, a series of thermal scoping studies has been completed for
spent fuel and reprocestsed high-level waste. Input parameters include
boiling conditions and the property changes due to boiling, gross thermal
loading, canister pi;ch 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 plaaning to
support the Mine Design Working Group activities. The workimg zroup will
formalize the plans for in-situ experiments tc study vock mass properties,
test analytica® models, and evaluate the application of laboratory data to

a field experiment.

Nuclide-Migration Experiment in G-Tunnel

We (with Argonne National Laksratory) 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 s~e measured in the labora-
tory, can accurate predictions of nuclide m: 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 groundwatnr in order
to predict the nuclide migration behavior, detailed characte izaticn 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 cne "hot" (radiocactive nucli&es),

and detailed post flow enalyses of the rock involving removal of the

20



entire fracture flow path. Two flow expericznts are required because we
intend to use actinides in the "hot" experiment. The cold experiment is
to demonstrate the safe handlirg procedures and mineback and fracture

recovery techniques as well as the experimentsal method itself.

Other Studies

Two other studies are ia progress but have cot produced any results

yet.

o Soaking Tests. A series of long-term, exploratory,
hydrothermal experiments are underway to identify
possible mineral szlteration and to determine what
changes result in the thermal/physical and chemical

properties due to tkese alteratio=ns.

e 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. IKTRODUCTION

This report is the second in a series of status reports to the
National Academy of Sciernce's Ccmmittee on Radicactive Waste Management
dealing with feasibility of long-term isolaticn of heat-producing nuclear
vaste in silicic tuff as part of the Kevada Nuclear Waste Storage Investi-
gations (NNWSI) Project. The first report, late ic 1978, summarized the
relatively young progran estsblished to evaluate tuffs on the Nevada Test
Site (NTS). During that oeeting and in the letter following from Chairman

1

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

tuff as a repository medicm. These issues are:

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

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

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

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

e. Seismic end voleznic factors
f. Hydrology

g. Ability to charzcterize and model complex bodies and
media

h. Resource conflict potential

This document is an interiz status report of ongoing studies on the proper-
ties of tuff. It is supported by several published reports and unpublish~
ed memorands that sre attached fer the Committee's use. In it we will
discuss, however briefly, the effects of water on the properties of tuff
(Items a, ¢, and d); the sorptive properties of tuff (Item b); and

*
Our parentheses
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property variastion azd initial modeling attempts (Item g). ‘In sdditionm,
although not spacifically mentioned previously, the effects of joints
caused by coolizg or tectonic szctivity on the properties of tuff are
included where zpplicable. Tre repo}t will not discuss area seismicity,

volcanism, hyir=logy, or rescurce potential (Items e, f, and h).

At first giance, this report presents a series of independent studies
on tuff, 1In 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 fros Sandia Nationsl Laboratories, Los Alsamos Scientific Labora-
tory, Re/Spec, Inc., &nd Texas ASM 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 wa.te loadings repre-
sentative of a repssitory. As a consequence, deficiencies im laboratory
data, in-situ experizent needs, and model limitations are identified for
each of the individual activities. The ultimate goal is assembly of an
information base vhich will z2llow 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 frox two locations--Tucca Mountain in the southwest quadraant of
the NTS and G-tuvanel irn the nortkh-central region of the NTS--are being
used in the current studies. Omnly Yucca Mountain is presently considered
& potential repcsitory locaticz. The value of G-tunnel is that it offers
8 supply of tuff not lirited by core avsilability (limited range of litho-
logies) and it is a deep (~400 m), 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 Stuly 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 &nd porosity of tuffs, the studies constant-

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

3.1 Mineralogy and Pe:rolegy

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

Tuff is a geoclogical term for rocks composed principally of indu-
rated volcaniclastic m:zzerial. Such rocks may be deposited either direct-
ly by explosive volcznic events, or they may be reworked and redeposited
by surface processes. 3ecause silicic volcanism (e.g., rhyolitic) tends
to be more explosive ttsa the eruption of more mafic magmas, silicic tuff
tends to be much more vcluminous and widespread tha- basaltic tuff despite
the much greater volumes of basaltic volcanic rocks on a global scale., Inm
the western United Stztes, particularly in the Basin-and-Range physio—
graphic province, sccxmclations of tuff locally exceed 3000 m in thick-
ness, and individual ocics may be tens of kilometres in lateral extent,
Our understanding of ttese rocks has increased greatly over the past 20

years due in large par: to the work of Swith?s3 and Smith and Bailey.‘

Eruptions of silicic magnas vary in volume from s few cubic kilo-
metres to massive, catas=rophic events depositing hundreds of cubic kilo-
metres of ash and lava iz & single eruptive event. On eruption, gilicic
magmas most cocmonly cozzsin <102 primary crystals (phenocrysts), and
incorporate <10 lithic fragments, so that generally >80% of the material
deposited is gless. Escption may occur as a relatively small, quiescent
flow of very viscous lzva that comuonly quenches to form an obsidian,
However, in large erupticas, the great majority of materiszl is ejected
explosively as fine ash, shards, and pumice because of the high viscosity

and high volatile contezz of silicic magnas.

Large explosive eruptions commonly begin with ejection of pumice,
shards, and aeh that gre deposited downwind of the vent as & cool, unsort-

ed layer of low-densitr mzterial termed an sir-fall or ash-fall deposit.
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As eruption proceeds and incr.ases in intensity, clouﬁs of incandescent

ash propelled by evolving gases are formed over the vent and collapse down-
slope, depositing heated materiel 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 compsct and weld by viscous
deformation of the glass, Compacted material that cools rapidly (i.e.,
weeks to months) may remain slessy, while that which cools more slowly

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

The net result is & complex deposit up to several hundred metres
thick, which has cooled as a gsingle unit, and is commonly rveferred 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 materisl,
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 materisl that has not crystzllized,
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, ccherence, and
strength. Commonly at the base of the ash-flow deposit is an unsorted,
nonwelded, horizon of loosely aggpregated pumice and ash called the air~
fall unit. Because the surface material is also lcosely 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 eievated temperatures quartz, cristo-

balite, and feldspars crystallize, as found in welded zoaes. If porosity
is high and water of suitable composition is present, glass may alter com-

pletely to zeolites in as little as 10,000 yeanS

even at temperatures
below 100°C. If such water is not present, or if the porosity is low as
in vitrophyres, alteration will not occcur and the material may remain

glassy for millions of years, There is no evidence that materisl once
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crystallized to quartz an. feldspar will later alter to zeolites under
conditions common in these rocks, although feldspars may elter slowly to

clays particularly in the presence of acid groundwaters.

BRK DENSITY GRAIN DENSTY

10 20 10 20 3¢
T

NON#E 2D GLASS

~AIPHYRE ZEOLITE

PRI DISTANCE FROM SOURCE DISTAL

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

3.1.2 Location-Specifiz Studies

3.1.2.1 Yuccs Mountzis (M. L. Sykes and J. R. Smyth, LASL)

a. General — Characterization of tuff units (at NTS) under
investigation as potectial repository media began in 1977 with studies of
core recovered from wzrer-well DPrillhole J-13 (Test-well 6) near Forty-
Mile Wash in western Jackass Flat (Figure 2). This drillhole extends to a
depth of 730 m and pcnetr<tes 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.5 The mineralogy
and gsome physical properzies of the units are outlined in Figure 3. The
units under investigatics represent an extreme range of lithologies, and
physical properties and data should be relevant to most sites in silicic
tuff.
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In tze surmer of 1973, Drillhole UE258-1 was drilled zo a depth
of 700 o in txe western margir of KIS on the eastern flank of Tucca Moun-
tain. The locarions of the tw> holes gre shown in Figure 2., This drill-
hole penetrated essentially tte same units as J-13. Detailed jetrographic
descriptions of the units are given by Sykes et al,7 and the wmineralogy
and properties of the various units are cutlined in Figure 4. A schematic
cross section through the two holes is given in Figure 5. A drillhole to
e planned depta of 1829 m (6030 ft) ~1 mi west of UE25a-1 is cicrently

under way.
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Figure 2. Gererzlized Geologic Mzp of the Yucca Mountain Ares, XIS,
Showirg Positions of Drill Sites UE25a-1 and J~13 (&fter Lipman
gnd H:!ays)
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b. Stratipraphv —— 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 sbout 6.1 km (3.8 mi) apart
(Figure 2). Thickness variations may be caused either by thinning away
from source areas or paleotopograpny. Differences in authigenic phase
mineralogy are more difficult to interpret, but hydrologic setting is

probably an important factor.

(1) Unnazed Tuff Unit Below the Crater Fiat Tuff -- This
gray-green, nonwelded, ash-flow tuff is the ocldest unit encountered and is

pene-trated only at J-13. Total thickness is unknown but exceeds 205 m.
The 10 to 141 phenocrysts consist mostly of sanidine, plegioclase, and
resorb-ed quartz, with minor biotite, hornblende, and opaques. Lithic
fragments of rhyolitic gless 2nd altered andesite and welded tuff increase

from 5 to 12X with depth. Authigenic feldspar and quartz with minor
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clinoptilolite and analcime (both zeclites) replace glass in abundant
punice pyroclasts. Clinoptilolite also occurs as vug filling as does

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

Correlation of this unit with knows, mapped tuff units has
not been possidle due to limited dats., Petrographically it is somewhat
similar to the Redrock Valley Tuff.9:10 Altercatively, it may correspond
to the Fraction Tuff.ll or may be a previously uzarecognized unit of the

Crater Flat Taff.lz

(2) Crater Flat Toff

(2) Bullfrogp Member — This gray, biotite-rich, largely

welded ash-flow tuff is the oldest unﬁt encountered at UE25a-1. Fifty one
metres of the Sullfrog Member were penetrated a: UE25a-]1 without going
through the uwzit, compared to a2 total thickness of 250 m at J-13. The 10
to 20Z phenocrysts include sanidine, plagioclase, quartz, biotite, and
magnetite. Occasional xenocrysts of mafic phases, now altered to phlogo-
pite plus hematite, &lso occur. Lithic fragmects of welded tuff and
rhyolitic zlass are concentrated near the base of this member at J-13, but

otherwise are rare.

At J-13, authigenic phases replacing pyroclasts in the
lowver part of the Bullfrog Member consist primerily of fibrous to spheru-
litic quartz acd R-feldspar vith winor erionite (zeolite). Analcime
occurs in addition to the above in the upper part of the member. At
UE252-1 the primary mode of alteration is grancshyric devitrification to
K-feldspar plus quartz, which obscures relict textures. Ro zeolitizatien

is observed.
An immature coarse sandstone inrerbedded with thin air-
fall layers occurs between the Bullfrog and Prow Pazs Members of the

Crater Flat Tuff at J-13.

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

sists of & 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 » at UE25a-1 to 50 to 60 m at J-13., Phenocrysts of sanidine, resorbed
quartz, and plagioclase, with minor anorthoclase, biotite, pyroxene, and
magnetite make up 18 to 202 of J-13 ssmples., At UE25a-1 crystal content
varies from 5 to 8% in nonwelded samples, to 10 to 142 in welded samples.
Lithic clasts of altered welded tuff and mudstone vary from <1% to 5% in

abundance.

At J-13, nonwelded tuffs are altered to analcime +

quartz + K-feldspar with minor clinoptileolite. 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 UE25a-1 the nonwelded zone is also zeolitiz-
ed, but the Zominant phase is high silica Ca, XKa-clinoptilolite as defined
by Boles.)3 var® tions in zeolite composition and mineralogy with depth
for UE252-1 are shown in Figure 6. Welded samples are devitrified to feld-
spar and quartz; vapor-phase crystallization occurs as coarse vug lining:

or fillings.

(3) Bedded Tuff of Calico Hills

This complex unit consists of a sequence of bedded, air-
fall and ash-flow tuffs, end volcaniclastic sedizents, Thickness varies
from 141 m at UE25a-] to 95 m at J-13. At J-13 this unit has been called
the Indian Trail Formationl4 but is now correlated with the Bedded Tuff of
Celico Hills.l3

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 occcasional biotite. Lithic

clasts of altered welded tuff and flow rocks comprise 3 to 92 of samples.
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Figure 6. Chemical Variatiozs in Zeolites as a Function of
Depth in Drillhole UE2S5a-1. (All zeolites are
classified as cliccptilolite except where noted.)

At UE25a-]1 the uvpper 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 linited Calico Hills samples from J-13
are similar to those at UE25a-1, vithk the exception of the presence of

minor analcime.

(%) Paintbrush Tuff

(a) Topopah Spriczs Member =—— The geology and petrology
of this compositionally zoned ash-flow tuff has been described by Lipman,

et a1.16 Welding variations are typical of thick, compound cooling units:
the nonwelded base grades upward icto a densely welded vitrophyre over-

lain by a thick sequence of devitrified welded tuff. Thickness varies
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from 333 m at UE25a-1 to 230 m at J-13. Crystsl content varies from <IZ
at the base to 171 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 127 of the non-

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

The uppernost densely welded zone and ﬂasal vitrophyre
are nearly unaltered; glass is of dacitic to rhyolitic composition, respec=-
tively. The rest of the uvpper welded zone is extensively devitrified to
fibrous/spherulitic or graanclar intergrowths of feldspar and cristobalite.
Vapor-phase crystallizatioa aad lithophysal cavities are developed vari-

ably.

The stal'owest occurrence of zeclite in the drillholes
is at ~385 m depth in UE25a-1 and ~400 m depth in J-13. Heulandite here
occurs as fracture filling 2ad minor vug lining in the basal vitrophyre of
the Topopah Springs. The lower nonwelded tuffs are extensively zeolitized
to clinoptilolite. Yery micor 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 Capyon 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 lower bedded, air-fall tuff and an upper ash-flow tuff.
This member is oaly 64 o thick at UE25a-]1 end 80 = at J-13, corresponding
to the lowermost crystal-poor sanidine and hornblende-bearing zone of
Byers et a1.% Presunably erosion has removed the upper parts of this

member; 9 m of alluviu= cover it at UE25a-1 and ~125 m at J-13.

The bedded tuff and basal nonvelded ash~flow tuff con-
tain ~112 and 143, respectively, phenocrysts of plagioclase, sanidine,
biotite, magnetite, snd orthopyroxene. The upper welded ash-flow tuff

contains <5% sanidine, mazaetite, plagioclase, hornblende, and sphene,



Lithic fragments, usuvally of altered welded tuff, make up 2 to 6% of

nonwelded samples 2ad 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 sasmples are devitrified to

very fine fibrous/spherulitic or granular intergrowths of alkali feldspar
and cristobalite. Vapor-phase crystallization occurs as coarse vug

linings or Zillings.

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

a. Generzl — The Ul2g 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 approxisately N30E and dips 7° northwest. Seversal fully
cored holes have been drilled in the welded tuff in order to characterize

the formation.

Characterization studies have included determiration 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. 1In genersl, the formation
is hi>hly fractured. The joint frequency depends upon the measurement
method and increzses witk 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
wmineralized, and intense zrgillization was observed in several of the

fracture zones. These zones are apparently water-transmissive,

b. Straticraphv =~ The tuff is composed glmoet 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 dominact. Widespread accessories include faya-

17 The tuff is rarely zeoli-

lite, apatite, zircon, and scdic Fe-pyroxene,
tized. Devitrification textures are common, but not masked by growth of
authigenic phases. The welded tuff, which lies at least 200 m above the

18

water table,'® contains 13 to 25 voll porosity and is >85% saturated with

perched water.

3.1.3 Zeolite Stability Studies (J. R. Smyth and M. 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 zeclitized nonwelded tuff way be con-
sidered as end members with respect to thermal stability. Devitrified
welded tuff may contain as little as 1 to 2 wtX adsorbed (loosely bound)
water; constituent phases are mostly anhydrous and stsble to high tempera-
ture. Nonwelded tuff masy contein >80 zeolite, which can have up to 182
structural water plus several percent adsorﬁed 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 imstability.

The most sbundant zeolite ir samples studied is clinoptilolite,
which is isostructurel with t-ulandite but vith sodium and potassium as
the dominant cations rather then calcium. Heating of cored samples con-
taining 30 to B0X clinoptilolite to 200°C under ambient pressure, produced
7 to 10 wtZ water loss, respectively, and volume decreases of up to 1.3%7,
Heating these same samples to 4C0°C produced further losses of 2 wt? water
and 12 in volume. (Note Eha: both of these temperatures are well above
those expected in nonwelded units surrounding & repository.) These weight
and volume changes sre reversible. X-ray diffraction analyses indicate
retention of structural integrity at 400°C 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 thern#lly induced contraction is revers-
ible below 700°C for clinoptilolite and 350°C for heulandite. Supple-
mentary data on type (i.e., adsorbed or structural), amount, and tezpera-
ture of water loss through dehydraticn will be obtained from experizments
planned to measure hydrogen and oxygen isotopic contents of zeolitized

tuffs.

The second most-abundant zeolite present in studied semples is
analcime, which forms by reaction of groundwater with less stable zeclites
such as clinoptilolite at lowv temperatures. Analcime may itself break
down to form feldspar ¢ quartz at temperatures and pressures as lov a3
200°C and 1000 bar.1?

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 atmospheric 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-terperature
stability indicate that the breakdown reactions and dehydration effects
should be greatly dependent on water pressure. Further, the kinetics of
reactions betwveen silicates at temperatures <500°C 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 expericents 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 represcacing 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 <5Z, 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 2
burial depth of 500 =, snd above the static water level with a confining
pressure of 100 bars (10 MPa) and & por: pressure of 5 bars (0.5 MPa).
The second simulates a burial depth of 5300 m, 500 m below the water
table, with a confining pressure of 200 bars (20 MPa) and a pore pressure
of 50 bars (5 MPxz). Before and after heating, the following measurements
will be made on each sample: mineralogy and petrology (X-ray and thin sec-
tion), thermal expacsion, 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 breachirg 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 geclogic medium for isclation 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,20 ghould 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.
Detsils of this work can be found in Reference 21 and 22, Sorptive prop-
erties of tuff ere cospared to those of granite and argillite from NTS in
References 23, 24, a=nd 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 aad controlled conditions, and by dynamic techniques, in wvhich
water flows through crushed cr 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 tramsport of
nuclides in geologic formazicns, the number of such studies is limited by
equipment requirements and the time necessary for each study., Batch pea-
surements &re reletively easy and fast, They allow for intercomparison of
many experiments and reveal the effects of numerous variasbles. Variables
investigated thus far wick batch techniques include lithologic type of
tuff, nuclide or element studied, rock particle size, temperature, time,

atmosphere, 2ad compositions of groundwater.

The distribation coefficient K  is conventionally used to define
the distribution of activity between & solid and liquid phase at equili-
brium. We uvse & similar quantity, the sorption ratio R4, to express the
distribution of activity between phases, It is identical t. ¥, but &oes

not imply equilibrium, I+ is defined as

o activity in solid phase per unit mass of sclid

Ba activity in solution per unit volume of golution °*

Ideally a X, value should te the same whether equilibrium is approached
from a condition with the activity initially all in solution (sorption) or
with the sctivity initially on the solid (desorption). This is not ususal-~

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

As might be expected, there is & 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-1 on Yucca Mountain Sdesignated JA and YM, respectively),
we identify a rough relationship between sorption ratios and two catego-
ries of tuff. 1In 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, cristcbalite, alkeli feldepars, and glass, In the other categsry
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of tuffs are the Zevitrified tuffs that are high in silica minerals
(quartz and cristobalite) and feldspars and that contzim <57 clays or zeo-
lites. Table ] scomarizes the ranges of sorption ratios obtained for
these categories. It is r,ted in this report that many tuff samples fit
into one of these categories (Appendix A). Highest sorption retios are
generally found fer 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; hovever, any water intruding intoc the reposi-
tory would later Lave to pass through tuff with high zeolite content
before reaching tbe biosphere. Fractures in the tuff aquifer zones are

often also lined with zeolites or other secondary minerals.’

Study cf tte 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 eleanents, which in macro smounts 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 znd of separating solutions from celloids, Although sorp-
tion ratios for americium and plutonium are generally high, with the high-
est values for zeclitized tuff, a problem that must be addressed involves
the possible transport of colloids, perhaps even of fine particulates,
through tuff. & more general problem that should be given a high priority
is to gain a fundzmental understanding of the chemistry of these elements

in near-neutral sclutions.

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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atmasphere. Except for plutonium these elem~nts exist in only one oxida-

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

Table 1

Eanges of Sorption Ratios (mL/g)*

Element Devitrified Tuff Zeolitized Tuff
Cs, Sorption 150 to 870 8600 to 29 000
Cs, Desorption 310 to 630 13 000 to 33 000
Sr, Sorption 53 to 190 1800 to 20 000
Sr, Desorption 56 to 200 2700 to 20 000
Ba, Sorption 430 to 1500 15 000 to 130 000
Ba, Desorption 440 to 1300 34 000 to 190 000
Ce, Sorption §0 to 15 000 550 te 2000

Ce, Desorption

400 to 15 000

1200 to 13 000

Eu, Sorption 90 to 7500 1200 to 2500
Eu, Desorption 800 to 7300 2100 to 8700
Am, Sorption 130 180

An, Desorption 2200 1100

Pu, Sorption 110 120

Pu, Desorption 1100 340

Tc (air), Sorption 0.3 0.2

Tc (air), Desorption 1.2 2.0

Te (Nz), Sorption B to 26 13

Tc,(Nz) Desorption 18 to 79 118

U (air), Sorption 1.6 to 2.2 2.3 to 5.1

U (air), Desorption 6 to 13 15

€ (K,), Sorption 0.5 to 1.5 15

C (N;), Desorption 2 to 14 57

I, Sorption 0 0

*Summarized from Appeadix A.
ranging from 1 to 12 wk.

These values are average values for times

Determinations were made under ambient

atmosphere and room temperature conditions except where anoxic conditions

(Nz) are noted.
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in sorption may be due to a lower carbonate concentration in the water

under the nitrogen stmosphere.

Sorption of uraniwm(VI) and technetium(VII) on tuff is generally
low in both air and 2 nonoxidizing nitrogen atmosphere (<0.2 ppm oxygen
and <20 ppm carbon dioxide) with higher sorption (10 to 100 times in the
case of technetiu=z) in the nitrogen atmosphere. Values for both atmo-
spheres are listed in Table 1. The increzsed sorption in the nonoxidizing

- atnosphere 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 sorptioq 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 emsure containment of some anionic
species from nuclear waste, However, the nuclide 1294 may or may not be a

component of high-level wastes.
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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 wineral fractions. We plan to obtain such samples by performing

mineral separations can selacted 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 vhen 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 surption

ratios by the two routes sgree in many instances to within 20%; hcwever,

e m——— e s

there are other cases where the values differ by as much az a factor of 3.
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Ratios deternined by desorption differ from those determined by sorption
for the lanthanides, smericiuw=z, and plutonium, often by factors between 5
and 10, and for technetiuz br as much as 70, The "irreversible" sorption
or slower desorption may be due to speciation changes, surface alteration,
diffusion into minerals, or conionic sorption of colloids or precipitates;
the result of such phenomernaz nay be greater retardation along an actual
flow path ia comparison with that expected, assuming equilibrium, from

bulk sorpiion data alone,

In general, sorption is greater at 70°C than at 22°C, with differ-
ences varvieg from very little to factors of S. Decreases im sorption
have been noted for some lezmthanides or actinides with increasing tempera-
ture; these oay be caused by increased solubility of the sorbed (or precip-

itated) species,

The effects of groundwater composition and changes in groundwater
compositiosn are important irm the understanding of sorption mechanisms and
in predictizg migration if water intruding intoc 2 repository is of a dif-
ferent composition from the local groundwater. Conceantrations of major
consituents of the waters have been shown to be a significant factor inm
sorption. The effect of concentration of minor constituents will be inves-
tigated. VWork so far has been performed mostly with elemental concentra-
tions of tracers <1076 M. Sorption of technetium does not vary between
103 ana 10712 M; nor does that of Pu vary significantly between 1078 and

10713 M. Further experimenzation on concentration effects is in progress.

It is not krown whether systems of tuff, porewaters inm tuff, and
waters flawing through tuff aquifers involve reduciag or oxidizing condi-
tions. The redox conditiorms will influence the solubility of the waste
and also the species of som* muclides present. In-situ measurements of Eh
‘are diffizult and expensive, aad it will probably be some time before they
2re made as part of the hyldrology program. In the interim we are plaaning
to make iron(Il)/iron(III) ritio measurements on rocks and groundwaters
studied, as vell &s Eh meascrements in the laboratory to gain some knowl-
edge of the redox conditions. Kuclides of plutcnium, neptunium, uranium,

and technet.um are among those whose oxidation state can be affected by
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redox conditions. We ara 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 wanner and their elutions exhibit "leaking"
behavior. Sorption ratios determined from peak positions by the column
method are generally less *han 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 ~107% cn/s
(~30m/y) compared to geologic flow rates of 1077 to 103 cu/s. with flow
rates of ~30 m/yr it is practical to measure only those sorption ratiocs
less than ~1000 mL/g in the laboratory. We are running one column (zeoli-
tized tuff) at a much faster rate, ~0.012 em/s, corresponding to ~32
colunn 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 sorptioa ratio
>5700 mL/g. After 25 days a slowly increasing peakless el:ution begen.
After ~80 days, 50% of the activity had been eluted (a peak would corre-
spond to a Ky 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 noasorbing) was partially eluted from
other rock cores, wvhich were then sectioned and examined by autoradiogra-
phy to determine flow pathe 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 methed 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 alsc 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 inform:tion while
extending the generic data base on sorptive properties. In addition,
tuffs from the G-tunnel at KTS 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 achiteve an adequate understanding of the migration rate of radio-
nuclides in tuff: (1) rate constants of the reactions involved in a rock-
fluid systex, (2) solubility products for tke precipitated compounds, (3)
long-term stable oxidation states of the radionuclides in a tuff environ-
ment, and (&) the effect of the redox potentials of the tuff media on tuff
retardatien properties and groundwater chemistry. There is alsc 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 sre planned. Some experiments oust 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 nonpermeasble tuffs. The emall-core
experiments must be scaled up to larger cores and blocks st the lsboratory
“bench" scale as an intermediate size to "field" experiments. Sorption
and transport must be investigated for other rock types along potential
pathways froa tuff formations to the biosphere, e.g., the Paleozoic rocks

in the carbonate aquifer underlying tuffs in Revada.

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 intaractions. 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
hyirology 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 sectioen.

Effects of those "near-field" phenomena in tuff formations that are
expected tc result from the presence of a repository must be addressed.
Heat and radiation, along with the presence of porewater, may czuse min-
eralogic alteration and fracturing. We are altering tuffs hydrothermally
in the laboratory to investigate the effects of such a change. These near-
field phenczena may cause changes in chemical and wineralogic properties,
such as expansion and phase changes, vhich affect transport and retarda-

tion. Some nuclides may be ejected or excluded from the changed minerals,
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and diffusion characteristics may chaﬁge. Migration uander the influence
of temperature gradients should be studied. Buffer materizls 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 2 basis for analyzing radionuclide traasport in jointed
geologic media, The modeling effort was initially applied to argillite
and is currently being applied Eo tuff, A trinsport model for relatively
simple joint systems was developed and limited transport analyses were
performed that identified some of the important parameters contreclling
radionuclide transport in jointed media and scme 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 equiiibrium exists at the interface between

mobile and immobile phases.

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

30 e expected diffusion into the relatively long,

ary layer thicknesses,
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 assunming
local sorptiuvm 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 fundamentzl radionuclide {ransport model for cesium solutions in
laminar, one-dimensinal flow through linear fractures was obtained by com-
bining the materisl bslance for the immcbile phase and the interfacial
flux expression with the general continuity equation for the mobile phese
and by then assuming constant, uniform dimensions and tonstant, continuous
properties for the fractures. Furthermore, the parabolic velocity profile
was replaced by an appropriate average vélocity; the fracture wall spacing
wvas 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.31'32

Initial batch equilibration and rate experiments have been con-
ducted using tuff ssmples 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 ~102, Reasonably characteristic dimensions of
the micropores are on the order of 5 pyua equivalent diameter and ~50 um
equivalent length, The surfaces of tie 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
diemeter. For 30 to 60 mesh particles, surface areas determined by the '
BET method were ~7 nzlg. The cesium sorption equilibrium isotherm at room
temperature, determined from batch equilibration experiments, was found to

be represented by the expression

€ =[0.0014 cm +( 0.10 cm ) c (1)
c

1+ 100 L
mole
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where € is the immobile-phase concentration, C is the molar mobile-phase

concentration, and 10~3M<c<10™ 10y,

Sorption rate dats were cbtained 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 0.0] cm or less, which was consistent

with the surface area measurcvments 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 concentratica range obtained in
the experiments, and it has not been possible to rigorously anslyze the
data. However, experiments using argillite were smenadle to analysis, and
the agreement between calculated and experimental data appeared suffi-
ciently good to support the validity of the equations and paramerer values

used .

Initial experiments were conducted in which stsble cesium solutions
(Cy, = 1073M) were punmped th-ough artificial (saw cut) fractures in argil-
lite samples. Quantitative analysis of the data was complicated by the

nonlinear nature of the sorption isothemm.

Values for the various modeling parameters determined from the
batch experiments and physical characterizations for argillite sre given
in Table 2. Based on quslitative comparisgons, 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 anslyses indicated
that important parameters controlling radionuclide transport include the
intergranular porcsity 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,28,29
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These criteria were developed in terns 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 joisct 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 Parsceters Determined
from the Batch Experiments and Physical Characterizations

Parameter Value
a Surface roughness 1
af Intergranular tortuosity 2
D Solution-phase diffusion coefficient 2 x 1075 cn?/s
h Perimeter/surface area for inter- 6 x 105 co”!
granular region
a, Intergranular roughnass V2
K Distribution coefficient 0.05 cm
K 1+ahk 4 x 10°
%, D/X a, 2.5 x 10711 cn?/s
H Intergranular penetration depth - - 0.005 cm
P Intergranular surface porosity 0.03

3.3 Thermal Properties (A. R. Lappin, SKL)

3.3.1 Thermal Conductivity

As shown in 3.1.2.1.b and 3.1.2.2.b, one of the fundamental charac-
teristics of gilicic tuffs is their mireralogical and textural variabil-
ity. Because of this varisbility, and the need to perform both near-field
and far~field thermomechanical modeling, it is important that a predictive
formalism be developed for tuff thermal conductivity, and that this formal-

ism be used conservatively. The brief discussion givén below is taken
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fron Reference 33, which represents the present staztus of this development

‘effort.

The available data on the thermal conductivity of many of the
phases occurring in silicic tuffs are sumarized 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 & result of mineralogical
reactions. Primary silicic glass should have a conductivity of near
1.35 W/m®C. Hydration of this glass will almost certainly decrease this
value by an unknown amount. Devitrification, ia which the original glass
is replaced by a very fine-grained intergrowth of feldspars and cristoba-
lite, occasicnally vith some quartz, should cause increasing conductivity
and grain density, within the region labeled "A" in Figure 8, Curve 1I,
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., 1If 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 somevhere between Curves
I1 and 111, 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 & 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 & process should decrease the conductivity markedly. Silicification
of tuffs, by reaction with groundwater either below or sbove the water
table, is represented by Trend E in Figure 8, and should alwaye increase

conductivity.
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Point 1: Assumed conductivity and grain density of primary silicic glass

Trecd A: Devitrificstion to cristobslite plus feldspars

Curve 1I: Uncertainties in conductivity of simply devitrified tuff ss
function of varizble cristobalite/feldspar. Specific points

shown {with increasing conductivity are 25/75, 35/65, 45/55

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

Curve II1: Uncertainties it conductivity of quartz-besring tuffs ss
function of variable quartz/feldspars. Specific points shown
(vith increasicg conductivity) are 25/75, 35/65, and 45/55

Trend C: Zeolitization of iritially vitric tuff

Trend D: Zeolitization of devitrified tuff

Trecd E: Silicification of zeclitized to quartz-rich tuffs. End points
are cristobalite {low-density) and quartz

Tresd F: Argillic alterstioas
Trend G: Propylitic alteration

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

Figure 8. Theoretical Variations in Tuff Zero-Porosity Matrix Conducti-

vity as a Function of Postemplacement Mineralogical Reactions
(See text for defiaition of individual trends and curves.)
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In Figure 8, a bounding curve (dotted line) tas been drawn on the
lower conductivity side of the trends cescribed thes far, and would appear
to predict minimum zero-porosity conductivity valves iszr tuffs that have
undergone reactions represented by Trends A through E. This curve, end
the predictive curves related to it, do not apply ts tzffs that have under-
gone eithor argillization (Trend F), by which clay zinsrals are formed in
altered tuffs, or propylitic alteration (Trend G), as s result of which
one or more of the minerals epidote, calcite, or ctlorite are formed. The
zero-porosity matrix conductivity of tuffs that ere partially devitrified,
fully devitrified (in which cristobalite has fully inverted to quartz), or
which have undergone simple zeolitization, should fsll 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
conauctivities at O porosity are shown as 2 functica of grain density in
Figure 9 and compared with the theoretical curves z=4 tounding envelopes
in Figure 8. Although the data extrapolated from experiment are sparse,
they do fall in zones parallel to the theoretical bee=nding curve, but con-
sistently below it. This is similar to results of cther studies, in vhich
the measured conductivity of silicate rocks falls below theoretical
values.3%:35 There is, howvever, good general agreement between the min-
eralogical composition of the analyzed sazples and the general portion of
the theoretical curves near which they lie. Samples 1%59, 1966, 2365,
2432, and 2443 are all from the Crater Flat Tuff st Tucca Mountain, KTS,
and consist almost entirely of quartz and feldspars. Czlculated zero-
porosity conductivities for these samples fall on a well-defined curve
that is parallel to the theoretical curve showing variazions in conductiv-
ity of quartz-bearing tuffs as a function of quartz centent. Sample 1253,
from the devitrified lower portion of the Topopah Spripzs Member of the
Paintbrush Tuff, has a calculated zatrix conductivity falling along a
curve parallel to the theoretical curve representirng c=zertainties 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 ssmple. Sample 82 is paé-
tially devitrified welded tuff, and Samples 22 and 25 are both very glass-
rich, though partially cevitrified. 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 pimice

clots.

For purpases of application to feasibility studies in tuff, tne pre-
dictive curves showa in Figure 9 appear capable of predicting the natural-
state conductivity of analyzed samples tc within better than 15%, when com-
bined with porosity ssd saturation data in a geometric-means formulation.
Except for Sazples 1555, 63, and 64, the sgreement is to within ~10Z.

Since wvazste explacement might result in rock temperatures >100°C,
it is also necessary to be able to predict the thermal conductivities of
fully dehydrates tuffs. Comparison of measured and predicted dehydrated
conductivities of the analyzed tuffs indicates that this is possible to
within ~15%, but reguires usze of an average thermal conductivity of air of
0.12 W/m°C, as opposed to the literature value of 0.026 W/m°C. This con-
clusion is similar ta that reached in other studies of silicate

34,35 -, i< not clear at present vhether this discrepancy is

rocks .
because there is radiant-heat transfer across poras spaces in these rocks,
even at low tecperatures, or is a result of some inedequacy in the thermal

formalism.

It is obviocsly risky to base & 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. 1In 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-Tunzei tuffs. In these cases, more detailed petrography
does not appear to be essential. Since the Bedded Tuff of Calico Hills

forms an exteansive layer in the Yucca Mountain srea, and appears to Lkave &
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low thermal conductivity (but higher than predicted br the curves devel-
oped here), ~everal more ceasurements 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,
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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 B; (2) Theoretical Bounding Curve Lying Below
Trends A throcugh E of Figure (dotted line); and (3) Lower
Bounding Curve Zased on Experimental Data (solid line)).
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Measured naturzl state and fully d:hy !rated conductivities on sam-
ples of the partially wslded Bullfrog Tuff at Yucca Mountain range from
2.19 to 2.65, and 1.3% =20 1.74 W/e®C, respectively. The samples have an
average porosity of Zi%. At an average porosity of 24%, calculated fully
saturated and measured Zully dehydrated conductivities of the Grouse
Canyon Tuff in G-Tuntel range from 1.69 to 2.20 and 0.98 to 1.19 W/wm°C,

respectively,

3.3.2 Therns! Expansiax

Just zs temperziires resulting from waste emplacement strongly
depend on rock therma! zonductivity, so the stresses resulting from waste
emplace tent devend upoa the thermai~expansion response of the host rock
mass, The brief discussiocn given here summarizes the present state of
knowledge abouvt the themmal expansion behavior of tuffe and points out

remaining research neels.

The results of a2 large number of ambient-pressure measurements made
on small blanks are swmmarized in Figure 10 and described in detail in
Reference 36. Measurammts on devitrified and quartz-bearing tuffs rang-
ing frez 8% to 271 porcsity, indicsted by circles in Figure 10, are consis-
tent and suppest a gezezal insensitivity to both mineralogy and porosity
in these samples. For eight samples, regardless of origin, the asverage
linear expansion coeffiriects between ambient temperature and 100°C and
between 100° sad 200°C #re 6.9 » 1.5 and 11.3 + 2.6 x 1076°¢c™1, respec-
tively. Individual mezsurements appear accurate to within +]1 x 10-6°¢c-1,
Bas2d on these results, it zppears that the matrix thermal expansion of
devitrified and quartz—zich welded tuffs is largely insensitive to detail-

ed mineralogy.

In many cases, biwever, mineralogical effects seem capsble of domi-
nating expansion behavioe. In Figure 10, the two squares represent the
results obtaired on two samples of anhydrous (0.1 to 0.3 wtZ H,0) obsid-
ian. These two samples, mostly siliceocus glass, expand continuously to at
least SC0°C, with no :kxsteresis on cooling. 1In contrast, all samples of

devitrified tuffs striiei to date show positive hysteresis or cooling.
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Note that the expansion of the cbsidians is less than that of the devitri-
f'ed tuffs, with a2 temperature-independent expazsion coefficient of ~5 x
1076ec"1,

.

In most tuffs, however, the silicic glass is at least partially
hydrated, with water coatents of up to 7 wtXZ not uncommon. Expansion
results on one densely welded szmple that is zlmost 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 abcve the local boiling
point of water could cause major contractions it the heated rock mass.
Likewise, many nonwelded sazples, represented by triangles in Figure 10,

contain hydrated glass.
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Figure 10. Average Linear Expansion Coefficient on Tuffs Between
Ambient Temperature and 200°C as a Function of Perosity

Three other types of wminerals can also cazare complexity in thermal
expansion results, however. 1In zany samples of welded and nonvelded

tuffs, small amounts of expandable clays are present. Upon dehydration
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near the local beciling point of water, these clays will contract; even
very small azounts of clay can result in zeroc net expansion after dehydra-
ticn., Figure il shows one exzzple of the effects of clay contraction. In
this figure, sa=ple E25a-1-2494 is shown to contract to the zero-
expansion line at near 80°C. This behavior, vhich is consistent in sever-
2l saﬁples at this depth, can be explained by only 35 to 40% 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, alterztion of this phase nust be understood to with-
in well-definel limits, since it can greatly reduce the expansion expected
from otherwise simple tuffs. Expandgble clays are particularly abundant

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

1.0 T | 1 T |
— Le25ARL~2549%
—=——Cu25A01~186

600
T (°C)

Figure 11. Linear Expansion to S00°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 & mixture of cristobalite and feld-
spars, the preseece of cristobalite causes some irregularity in expanei~
largely at temperatures of ~200°C or above. This is shown in Figure
as represented by Sample UE25a-1-186, from the devitrified portion of th.
Tiva Canyon Hember of the Paintbrush Tuff. The behavior reflects theo-f
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 2 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 KIS, in the
generally reported order of decressing abundance. Except for heulandite
and phillipsite, the relevant zeoclites 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 genersgl, the most dominant zeolite in silicic tuffs is reported to be
clinoptilolite. Recent mineralogical investigations of the tuffs at or
near Yuccsa Hountain,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 asbove 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 decreazsed 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
MPa yields an average linear expansion coefficient between ambient and
200°C of 6.1 x 1076°C™!, as compared with 8.9 x 1076°C~! based on
unconfined measurements. The difference is probably at least partly due

to closing of microcracks under prexsute.33
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Table )

Thermal, Thermogravimetric, and Structural Dsta for the Moat Common Zeolites in Silicic Tuffs*

Differential Thermal Themmogravimatrie e
Type of Zeolite and Comments Analysis (DTA) Analysis (TGA) Structural Stability
Cliroptilolite Endotherm, 125° to 300°C Continuous; I 14% Stable to at least 750°C
Analcime (major, Endotherm, 200° to 400°C Continuous weight loss Stable to 700°C

especially at depth)

Mordenite, fndotherm, 25° to )00°C
not uncommon

Erion{te, minor Endotherm, 50° to 400°C

Heulandite, variable; Endotherm, 25° to 300°C;
some old literature discrete at 350°C

reports clinoptilolite
as heulandite; new
literature suggests
heulandite fairly cowmon

Phillipsite, traces Endotherma at 100°,
200°, 300°C

Chabazite, minor Endotherm, 2%° to 100°C

*Modified from Reference 37
**Limited to the duration of the experiments

- T —————— - Ay e = | —— i << & mn —h—

to 400°C; X B.7%;
dehydreation revevnible

Continuous; T 162

Continuous; ¥ 15%

Stepwise weight loss,
near 100° and 250°C;
TN

Stepwise weight loss,
starting near 130°C;
X 182 @ 300°C

Continuous; T 23%

Stable to at least 800°C

Stable to at least 750°C

Transforms to heulandite
"B" near 250°C; structure
collapsee above 360°C; aome
lattice contraction at 180°C
the start of transformation

New structure forms at 160° to
200°C; small change,
“metaphillipsite”

Stable to at least 700°C



At present, however, only cenfined expansica measurements, in wvhich
there is no control of pore fluid pressures, have been made. Thus the
detsils of responses to mineral dehydration &t known fluid pressures cea
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 probzably would be necessary to understand the behav-
ior of both expandable clays and zeolites in considerable detail. Failing
this level of detailed information, bounding estirmates of contraction
resulting from mineral dehydration can be made on the basis of measure-

nents 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 linited number of heat capacity measurements
on dehydrated samples indicate that the heat capacity of the silicates in
both devitrified and glassy tuffs sbove 100°C is 0.20 cal/g®°C, to within
0.01 to 0.02 cal/g®C. Accordingly, heat capacities for modeling studies
have been estimated from the relation Cp (cal/g®*C) = 0.2 (1 - ¢) + ¢S,
vhere ¢ is porosity and S is the saturaton of the material, the neat capac-
ity of liquid water is assumed constant at 1 cal/g®C, #nd that of air neg-
ligible. Increasing heat capacity c¢f liquid water with increasing tempera-
ture and even slight bonding of water within zeclites and/or expandable

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

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

lated from the relation

= K
O e (2’
c 1
P P

vhere @ 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 &nd L. W. Teufel, SKNL)

Through the years, a large emount of mechanical data has been collect-
ed for KIS 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 cttained 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 enviromment 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-1 are
given in Table 4. Unless otherwise noted, all intact tests were run at a
strain rate of 107% sl All stresses and strains are referred to

original dizensions.

Representative examples of unconfined (Figure 12) and confined
(Figure 13) coapression 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 modvlus. 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

Max imum
Confining Stress Young's Bulk Calculated P-Wave
Specimen Pressure Temperature Difference Modulus Poisson's Modulus Poroaity Velocity

Number (MPa) (°C) (MPa) (GPa) Ratio (GPa) (%) (km/8)
1692 0 RT 40.83 14.02 0.20 ———— 36.6 2.59
1490 0 RT 47.72 12,29 0.14 —— 28.1 ———
1634 20.7 RT 67.45 8.50 0.27 2.7 32.2 (est.) ———-
1605 20.0 RT 26.14 7.99 0.22 1.74 29.5 ———
1662 20.0 RT 70.28 9.57 0.25 6.03 34.9 v ——-
2452 0 T 54,69 6.37 0.05 —— 20.3 2.78
2039 0 RT 32,21 7.84 0.18 ——— 31 (est.) ———
2491 20.7 RT 140.00 22.10 0.28 3.25 17.7 2,77
2421 20.0 RT 145,24 19.24 0.23 5.09 22 (est.) ———-
2401 50.0 RT 173.93 18.74 0.19 $.52 21.9 ———
1948 100.0 RT 298.97 21.95 0.20 ———— 19.1 ——
723 0 RT 137.70 40,40 0.22 —— 12.9 ———
2014 0 RT 129.70 47.90 0.30 ——— 16.7 3.28
1985 20.7 RT 206.80 31.00 0.25 5.45 14.5 3.72
1968 20.0 RT 175.90 27.01 0.20 ———— 18.0 c———
739 20.7 200 133,20 23.90 0.15 ——— 11.3 )
185 20.7 200 105.00 ———— ———— ———— 26.7 ——
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By independently measuring the linear axiszl and transverse strains
during hydrostatic loading we observed aa elastic moduli anisotropy. Thie
ceasure of elastic anisotropy has been plotted vessus percent porosity in
Figure 14, There is a definite systeczatic 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. .
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Figure 14. Anisotropy of the Elastic Moduli as a Function of Porosity.
The Welded Tuff is Stiffest Perpendicular to Bedding and the
Nonwelded Tuff is Stiffest Parallel to Bedding.
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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 inAnonwelded tuffs,
Figure 15 shows peak differential stress ﬁlotted against porosity for con-
fining pressures of 0 and 20 MPa. There is a clear, systematic relation-
ship of power-law form that has 1lso beer found for sandstone.39 The
scatter of the data is considersble, 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
- n
Oy - O3 = AP (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

Azo - A
O -0. =]A *——30’ Pn (4)
1 3 0 20 3

vhere Ay and Ay, 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 fsilure envelopes (necessary
for input in mechanical models) to be calculated as & 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 Confininf
Pressure for Air-Dried Samples and a Strain Rate of 1677 s~

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 ret:eﬂtly"‘0 for welded tuff from G-tunnel.
Average values for the tensile strength, Young's modulus, and Poisson's
ratio were 2.75 + 0.62 MPa, 7.43 + 2.30 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 strenath and porosity vary widely for

samples from the Topopah Springs formation.

The fracture toughness as given by KXc for welded tuff from G-tunnel
is ~0.50 MPa m' /2. This is a measure of the stress at the crack tip at
the onset of propagation. By comparison, Kic values for Indiana lime-
stone, Westerly pranite, and rock salt are respectively 0.95, 2.60, and
0.4 MPa mI/Z. Thus, tensile fracture propagation through ash-flow tuff is

~relatively rasy,

We have run two elevated temperature (200°C) tests on tuff, and the
data are given in Table 4. Both the welded (739) and partislly welded
(1R5) specimens showed a 3N decrease in strength compared to room-
temperaure data. These studies have just begun, and much more work is

planned,
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Figure 16. Brazil Tersile Strength V:rsus Porosity for Samples
of Calico Hills and Tonopi:h Springs Tuff ‘
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Water can affect the properties of rock throuzh chemical or mechaai-
cal mechanisms. The mechanical effect arises through the coupling of
diffusion and deforzation, 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. OUne group was saturated with
tap water under a vacuus until weight was constant; the second was dried
at 100°C until weight stabilized. Figure 17 shows that both the diy and
wet groups demonstrate a significant strair-rate effect. Both wet and dry
samples show sbout a 6% strength decreasz rer decale decrease in strain-
rate. Figzure 17 suggests that the wate ‘ect i5 not due to mechanical
coupling because if pore pressures were Lu.reasing at high rates of

strain, the material would exhibit anomalour wezkening.
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Figure 17, The Effect of Strain Rate and Water Content on
the Maximum Compressive Stress of Welded Tuffs
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The c2eaisiry and physics of the weakening by vater is not well

understood. The concepts of stress-corrosion cracking‘l

or hydrolytic
veakeningL: applv to silicate rocks, and are based ca a mechanism of
hydration =f Si0 bonds at crack edges or dislocatior cores. The stress-
corrosion theory may be more applicable under conditions to be found near
a repositcry. Hydrolytic weakening has been observed in s 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 prriods of time.  Stress corrcsion, although certainly
temperatursz-dependent, significantly affects crack propagation at room

temperatura.

The c>zpressional 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 minirg research workers to
gain insig®t into the amount of damage caused by blasting, for instance.
Because th2 P-wave velocity is proportional to the Toung's modulus and
inversely related to the density, one expects the velocity to be a func-
tion of porosity. Data obtained on materisl from Yucca Mountain and
G-tunnel®3 shows a clear trend. As expected, P-ware velocity increases as
porosity cacreases, Comparison to theoretical predictions will be done

after mcre testing.

The s>ear streigth of jointed rock has also been considered. Investi-
gations have concentrated on the properties of a sirzle joint, which forms
the weakes: and therefore deciding link in the stability of a rock mass.,
Limiting t*e scope of interest to a single element of & discontinuous rock
mass pfcviies, 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 behaviar of a single joint is determined.

We det2rmined the shear strength in triaxial compression of a simu-
lated joir: of welded tuff from G-tunnel as a functicn of confining pres-

sure, dicp.acement rate, and water saturation. Joirnts are simulated by
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using a right circular crlinder with a polished precut that is inclined at
35° to the cylinder (loai) axis. Room~-temperature tests were conducted &t
confining pressures from 5 ro 40 MPa, axial displicement rates from 1072

to 1076 em/s, and water saturation of 0% (dry) ani 100%.

The shear strength of the simulated joint in welded tuff fits the -

linear relation
T = po _ (5)

where T is the shear stress, p is the coefficient of friction, and ¢ is

the normal stress.

‘Accordingly. the coefficient of friction at the izitiation of slip wvas
independent of the normal stress,'vith a value of 0.64 at a displacezent
rate of 10™% cm/s. Similar results were obtained for partially welded
tuff from Yueca Mountain at a displscement rate of ~1073 cn/s (k = 0.59).
The independence of u on the confining pressure a=d the corresponding
normal stress across the sliding surface is consistent with the rock-

friction literature as reviewed by Byetlee.aa

To determine the effect of displacement rate on the coefficient of
friction, & series of dry, room-temwperaiure tests were conducted at 10 MPa
confining pressure and constant axial displacement rates from 1072 to 1678
cm/s. With decreasing displacement rate the coefiicient of friction
increased from 0.62 ~t 1072 cm/s to 0.66 at 10~% cz/s as shown in Figure
18. These results are ccasistent with the work of Dieterich® and Teufel
and Logan,%® who attributed the velocity dependence of friction to time-
dependent growth of asperity contacts by creep. An increase in the area
of individual asperity centacts at any given normal stress increases the

real area of contact and hence the shear strength of the sliding surface.

The coefficient of friction, nu, of a water-saturated precut is also
independent of normal stress and linear with respect to rv/o. However, p

for the water-saturated precut is 9% greater thaa 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 MPa

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 102 ¢o 1676 cm/s, the coefficient of
friction increases from 0.67 to 0.74. 1In comparison to dry tuff, p for
the wet tuff is 77 greater at 1072 cm/s and 112 greater at 1078 ca/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 tuat, for long time durations,
the strength of jointed tuff rcck 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 estsblished 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 aormal 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, aad mineralogical alteration. Samples
will be irradiated in Soth sasturated and dry states with duplicates as
unexposed controls. The irradisztion facility contains & source that is
107 rad/h (~0.7 MCi) %7Co (1.2 mev y). The ambient temperature in the
exposure cavity is 90°C. The total exposure will be 1010 rad. so far

we have no results.

Future tests may include cozbinations of components including simu-

lated waste forms, canister materisls, 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 coatained in zeolites, hydrated glass, and clay.
Each source is capable of contrituting large quantities of water. The
unknown effects of water in tuff were raised as an issue before the NAS
during the last briefizg. Since that time, two studies were undertaken to

characterize the behavior of water under differeat stimuli.

3.6.1 Water Loss by Drring from Welded Tuff (G. R. Hadley, SNL)

Water transport through porous rock can occur as & flow of liquid
water or water vapor as well as by diffusion of water vapor through air.
Although much is known abecut the first process, the role of the two other
‘processes for geologic materisls has been largely ignored. Drying theo-
ries have been developed and applied in several other areas, but until
recently the loss of wvater froe prrous rock due to drying has mot been of
great interest. Expected conditions in a waste-disposal scenaric, how-

ever, sake evaporative drying an important mechanism to consider.

A set of preliminacy experiments has been conducted in vhich water-
loss rates due to dryisg in dry nitrogen were measured for tuff core sec-
tions (4.7 cm dia x 6 o= long) at temperatures from 25° to 150°C. A com-

plete description of the experiments is found in Reference 47.

Results for the érying rate at room temperature are shown in
Figure 20, together with wodel predictions. For this particular run, over
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60X of the pore water was lost from the sample within 72 hotrs. The rest
was later removed by heating. Other runs at elevated temperatures (up to

150°C) 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). 1In 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 thac the vapor region consists of both water vapor and air, with

molecular diffusion the dominant mode of water transport.
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Figure 20. Results of Drying Welded Tuff at Room Temperature
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Figure 2). 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 scme

other unknown phenomenon.

One obvious spplication of this research is for drying drill holes,
mine pillars, etc, vhen exposed to & 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 spplication is the determination of water collect-

ed during waste emplacement (or heater experiments). Whenever the humid-
ity in a heated chanber drops below 100Z, -vapor from the hot rock may

diffuse into the chazber and recondense. Because tuff contains a sizable
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volume percent ot water, significant smounts 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 ss 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:

e Is the water-loss rate controlled by a well-defined
evaporation front?

e If a front exists, is its motion governed by mass
balance or energy bslance?

& What role does capillarity play in the transport
process?

Experiments are being planned that will try to answer these questions.
Gamua~ray absorption seems the most promising technique for measuring
saturation as a function of position and time. 1Its use should allow
adequate spatial resolution to investigate front motion,

3.6.2 In-Situ Tuff Water-Migration/Heater Experiment -
{J. K. Johnstone, SKL)

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 enviromment (>400 m) in response to a thermal source.
The rock is 95 to 997 saturated (20 to 25 voll 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. 1In 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 coaplete 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
Three

tail tte thermal profiles, and one to measure thermally induced stresses.

zoncentrically about & central heater hole as shown in Figure 22.

*oles are designed to measure water behavier, two to measure in de-

In adéition, & 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 ﬁoles from the heater
wvas gselected after evaluation of the pretest thermal and thermomechanical
Each hole is located
All the holes

were 110%-cored during drilling and, where possible, visually scanned with

modelizg results and current drilling capabilities.

so that it is not shadowed from the heater by another hole.

a boretole TV camera.

The instrument "cavity" in each of the experiment holes is arranged
as symmetrically as possible at the midplane of the heater, as shown sche-
maticaily in Figure 23. Two of the water-migration holes were located so
that jcints intersect the water collection cavity, and the other hole so

that jazints do not intersect the water-collection cavity.
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Figure 23. Schenmatic of Symmetrical Oriemcation of the
Experizental Holes &znund.shimHester 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 25). As a result, the water drained away frx

the heater and prevented the refluxing observed in other tests.

An electrical heater, 1.2 @ long x 10.2 cm 0D, and operated between
7€0 and 1000 W for 63 days, was used for the experiment. Because of the
neac horizontal orientatioz, the heater was designed to minimize convec~

tion currents. The maxizun temperature at the heater hole rock wall was
~240°C.
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Figure 24. Vertical Orientation of the Experimental
Holes in Relation to the Alcove and G-Tunnel

Water was collected coatinuously 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-]1. 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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In addition to the water data, detailed i-formation was obtained con

the thermal grofil

these data are currently undergoing evaluation.

All
Detailed posttest activi-

es and thermally iaduced stress and displacement.

ties are in progress, including permeability testing, TV examination of

the holes, corebacks, mineralogical examination, and instrumentation evalu-

ation.
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4. MINE DESIGN WORKING GROUP (L. D. Tyler and B. S. Langkopf, SNL)

The main objectives of the Mine Design Working Group are to

e Define the anticipated environment for a repository in
welded tuff located above or below the water table

e lIdentify model needs and critical data needs for
confident <esign in using welded tuff as the host rock
for a high-level waste (HLW) repository

e Develop conceptual test plans for in~situ tests designed
to resolve the issues identified above

e Integrate 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 tonsists of representatives from Sandia
National Laboratories, Los Alamos Scientific Laboratory, RE/SPEC, Inc.,

and Texas A&GM University.

A base case has been established for a repository inm welded tuff
below the water table in Yucca Mountain. Scoping calculations are under
way ucing available host-rock data and models, along with reasonable
assumptions (where necessary) to complete & 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 irterative. Feedback is required in several stages of
tihe calculation to maintain internal consistency; for exazple, if substan-
tial opening of fractures is predicted, then the impact oo the .alculated
tempergture distribution must be evaluated. The base-case calzulatio. is

outlined in more detail below.
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Initial Assuzotions -- As alreadr stated, a basis was

defined that include canister geomnetry, thermal pcwer,
and implantation density and geo==try. Engineered
barriers will be considered later. If, in the course of
the calculation, it is found that the basis is for some

reason untenszble, a new basis will be defined.

Characterizazion of the Mine -- A mine layout with

sufficient ssecification to allow subsequent thermal,
mechanical, znd chemical characterization was estab-
lished. Practical factors such as mining and mine-
stabilization methods will be considered because they
a{fect mine geometry and the types of materials, respec-
tively, that will be interacting to establish the nire's
chemical environment. Ventilation requirements will be
considered because they impact heat transfer and rock
drving. Rate of water inflow, which affects heat trans-

fer and the chemical environment, will be cunsidered.

Thermal Analvsis -- The temperature distribution a2t re~

presentative points within the repository will be deter-
mined as a function of time. Approximate femperature
histories will be determined for the local (canister
well), near-field (mine floor and pillars), and far-
field (overlyingz rock strata) environments. In all
cases, the effe~ts of convecting steam or water wili be

considered ip addition to thermal conduction.

Mechanical/Szrretural Analysis —- The anticipated dis-

rlacement and rock failure as a function of time at
representative positious -'ill be scoped. Calculated
temperatures will be used to estizmate expected therzal
stresses. These will be used. along with available
constitutive relatiuns (probably simple elastic be-
havior) and strangth data, to calculate stress, dis-

placement, and any failure at representative points in



the repository. (Some analysis of the sensitivity of
this output to assumed constitutive relations and
strength should be possible.) As glready discussed, if
any substantial fracturing is predicted, its effoct on
heat transfer will be evaluated and new temperature

histories will be calculated if warranted.

e 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 enviroument 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 resalts of there scoping studics alone will clearly indicate &
preferabie location; in any event, data and model needs will be identi-
fied. A preliminavy estimate of the anticipated repository environment

will also be completed.

Three mectings 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 th-rmomechanical scoping calculations.

4.1 Thermal Scoping Studies

Initial heat-transfer ~alculations were used to develop an under-

standing ¢f the thermal environment of a repository in welded tuff for

e Boiling conditions (hydrostatic and stmospheric pressure)
¢ Gross thermal loa? (GTL) (25 to 150 kW/acre)
e Canister pitch* (function of GTL)

ko . .
Linear spacing
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e ZIy:cactien ratio* (ER) (10 to 30%)

e T-2r=al property chanpes due to wazer boiling.

Both spenz Iiel and reprocessed HLW were c:2sidered. The initial condi-
tions use? i1 most of the modeling are showz in Figures Cl and C2 and

Tables Cl-C+ in Appendix C.

The t<rpose of the very near-field cal:zulations was to determine the
thermal ezvironment of the canister and surrounding rock for different
heat- loads. The room-and~-pillar calculaticas were to determine the ther-
mal envirocment of the room and pillar czusad by different gross thermal
loadings z=2 extraction ratios. The far-fizld calculations were to deter-
mine the rezsponses of the far-field stratigraphy to different gross ther-

mal loadiz:s.

An uooer limit GTL of 100 kW/acre at 2 205 ER has been established as
a2 referecze condition for both spent fuel a=d high level waste. Scoping
calculatioas were done uiing the boiling limits of atmospheric pressure
(i.e., 1G2°C) and hydrostatic pressure (i.e., 225°C for the static water
level). Tais reference condition will be ra2assessed as additional studies
are completed. Results from the thermal czlculation for a GTL of 75

kW/acre 3z an ER of 20% are presented below for both spent fuel and HLW.

4.1.1 S2 :z-Fuel Results

Results** of the 75 kW/acre GTL cal:z:lation for the very near field
are shown Iz Figures 26 and 27. Figure 25 shows temperature histories for
selected »rints at the midplane of the spez:-fuel canister for an ER of
20%, GTL 2f 75 kW/acre, and 100°C boiling tagperature. Figure 27 shows
the spatiz_ temperature distribution throuzt the repository at the mid-

plane of :zze spent-fuel canister at the ti== wvhen the caznister temperature

*Rzzie of the room width to the suw c¢f the room + pillar width.

*k .

Th2se results assume an ambient rock temperature of 55°C at the
repositerr <2pth. Recent field work indicaztes a lower ambient temperature
approachi=z 33°C.
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praks; boilinp was assumed to occur at 100°C. Figure 28 illustrates tem-
peratures of the floor and ceiling centerlines, and room midheight with
time for the r&nm-and—pillar calculation of 75 kW/acre and 100°C boiling.
The far-field temperature profiles along the vertical cen-terline for a 75
ku'acrE repository are piven in Figure 29. The far-field calculations
indicate that the radial temperatures outside the repository boundary for
CTL below 150 kW/acre will be <100°C.
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Figure 26. Temperature History at Selected Points Through Midplane
of Spent-Fuel Canister for ER of 202, GTL of 75 kW/Acre,
and Boiling of Porewater (Ambient Rock Temperature of 55°C)
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4.1.2 Bigh-Level Waste Results

Representative examples of results* from the
studies are also included as figures.

culatiens are summarized in Figures 30 and 3l.

K.« computer modeling
Results of the very near-field cal-

These figures show maximum

canister and tuff temperatures (at the cazaister centerplane) as a function

of tuff thermal conductivity, assuming 102°C boiling for different canis-

ter powsrs. Figures 32 and 33 show the floor and pillar centerline peak

* . Py
Axbient 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, extracrion ratios, initial temperatures, and types of backfill);
these figures are the results from the room-and-piliar calculations. The
room mid-height temperatures zre 5°C or less higher than the pillar center-
line temperatures. Figure 34 is from a far-field calculation. It illus-

trates the temperatures at dep:th 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 +20%, and
these variations are combined in differernt ways, the

results do not vary sore than +10%
b. The use of unsaturazed instead of saturated backfill
does not significantly affect the thermal results of

room-and-pillar spext-fuel and HLW calculations.

4.2 Thermomechanical and Hydrcthermal 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 expaasion, 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 jointéd-materia! model will be used for
these calculations. As a result of initial thermal calculations and avail-
able thermal criteria, the theromechanical studies will use & more limit-
ed range of GTL (25, S0, 75, az2 100 kW/acre). In order tc reduce the
number of calculations required, the room-and-pillar calculations will use

a 20% ER and a 100°C boiling temperature.
In the second step of the mechanical scoping studies, a three-

dimensional jointed-material wodel will be used to perform calculations

for the very near-field, room-znd-pillar, and far-field environments.

92



500

400

300

200

100

Maximz Canister Temperature (centerline-midplane) (°C)

Figure 30.

£6

-
— -
ad -
Thermal Conductavity
{W/m*C)
T € 100°C T > 100°C
197 TI7T @
2,880 1.2 8
2.4 Ton & |
1.92 1,9 @
Jebil leun @
| | |
0 1.0 2,0 3.0 4,0

Canister Power Output (kW)

Effect of Tuff Conductivity on Maximum

Canister Temperature (Time = 2 yr,
75 kW/acre, ER = 20%, Ambient Rock
Temperature = 55°C)

[ N N T

490

Maxioum Tuff Tcmperature
(canister hole wall-centerplane) (°C)

™

<

<
|

200+~

-,

Q

(=]
T

Figure 31.

t | T
-
Thersal Conductivity
(W m°CY =~
T e 100°C T~ Jlug®c
e WAL R
L] IR
Sed J.6un A
1,0 [ 4
Soln 1.9 @
| | |
1.0 2.0 3.0 4.0

Canister Power Output (kW)

Effect of Tuff Conductivity on Maximum
Tuff Temperature (Time = 2 yr,

75 kW/acre, ER = 20%, Ambient Rock
Temperature = $5°C)



%6

Floor Centerline Peak Temperature (°C)

180 T | T

160 160 ] T T

140 149
120

120

100 100

80

[<-]
(=]

o
[=

60

Pillar Centerline Peak Temperature (°C)

40 r— - 4o -
20 l ! l 20 ! ] |
0 50 100 150 200 0 50 100 150 200
Gross Thermal Loading (kW/Acre) Gross Thermal Loading (kW/Acre)
Figure 32. Peak Floor Temperature vs GTL Figure 33, Peak Pillar Centerline

{(Ambient Rock Temperature = 55°C) Temperature vs GTL (Ambient

Rock Temperature = 55°C)




G

26U b=

400 -~

600

40 yr
Repousitory
Depth

1000 r

1200 i~

800§

bepth (m)

1400 I~ Inltial
Temperature
1600 b~

18001~

1 i | | {
0
200 0 20 40 60 80 100 120

Temperature (*°G)

Figure 34. Temperature Profile Along the Vertical Ceaterline
for HLW and 75 kW/Acre GTL

Calculations of hydrologic effects at Yucca Mountain are also under
way. Preliminary icdications 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 resulticg in temperatures so low that fluid pressurization,

vaporization, and transport will be further restrigted.
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4.3 Future Studies

As studies p.ogress, data needs and ba#ic 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 need2d data. Additional conputer'modeling may be required
after completing laboratory and in-situ experiments. Some of the concerns

to be addressed include:

e Far-field hydrothermal circulation effects

e Very near-field hydrothermal circulation effects
e Pressurization as a result of boiling water

e Radiation effects

e Engineered barriers

o Phase transitions of water

e Mine ventilation (and/or blast cooling)

® Recharze of the mine
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S. IN-SITU (FIELD) EXPERIMENTS

5.1 Undergraurd Rock-Mechanics Laboratory (J. K. Johnstone, SXL)

Planning is currently under way to mine a rock-cechanics laboratory
in the welded Crouse Canyon Tuff in G-tunnel. The uszble portica of the
welded unit in the proposed vicinity of the laboratory is 12 to 15 m
thick.

The underzround rock-mechanics laboratory is a major facility in sup-
port of Mine Desipgn activities. As discussed previoucly, the ¥ine Design
Working Group is currently evaluating a mine opening in tuff in an attempt
to identify Zeficiencies and unknowns in existing data and models. The
working proup 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 therzal and mechanical response of the rock mass
¢ Verify jointed-rock models currently under development
e Detersine rock mass thermal conductivity
e Deterrine in-situ permeabiiity during heating

e Verify oredicted thermal and mechanical response for
specific canister spacing and room geometry

e Cenerally evaluate the application of laboratory data to
a field environment.

5.2 Nuclide-Mizration Field Experiments (B. R, Erdal, LASL)

In order to estimate the concentrations and travel times to discharge
areas for radiozuclides that may leave z repository, predictive models
must be developed based on understanding the dynamic processes that occur

at each locatioz in the total repository-rock system. These mcdels must
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include appropriate chewical équilibrium and rate expressiqns that ade-
quately describe the varicus chemical phenomena involved; i.e., dissolu-
tion, complexation, precipitation, ion exchange, surface adsorption, hydro-
lysis, coprecipitation, formstion of solid solutions, colloid aznd polymer
foraation, etc. Knowledze of the repional hydrologic regime must ther de
superimposed on the chexistry. This includes effects such as avdrodynamic
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. 1In this case it is particularly izportant to establish
reliable bounds for fracture dimensions and fluid velocities. %atheaati-
cal methods must be developed to handle al! the processes that occur in a
three-dimensional system of this type. These models must be varified by

se'acted 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 poroas media. Two methods of approach to
transport in fractured media have been proposed. In the first approach,
one relies upon the observed regularity of zany fracture systems to con-
sider the rock mass as a network of intercoannected discrete fractures, and
each fracture must be separately identified. The other approach treats
the rock mass as a porous medium in which thé hydraulic characteristics of
the fractures are averaged. The first approach is reasonably apgplied only
in the near field, where the detailed identification of fra-ture flowpaths
is so-etimes 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 retentiim in the
complex flow systems that can occur in rock, serious problems =mav arise in
dete:zining (1) if laboratory studies are beirz performed under conditions
appropriate to natural systems, and (2) if models of nuclide t-aasport

derived frcr laboratory results correctly handle nuclide movement under
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- rr T
“atural conditions. These gue-tions can he answered orly by xncreasin:lx

r& ¢nmplex laboratory and field tests at depth

A mroject tn address thess nroblems has rocvntly begun with suppo

.,1-

vy

v the Office of Nuclear waste Isonlation.
72t Joaintly by the Lo Alamos Scientific Laboratery, Sandia Hatlonal

steratories, and Argonne Natie..:. Laboratory.: The work has three pr

pal objectives:

e Drvelop the experiment:si, instrumental, and safety
techniques necessary to conduct controlled small-scale
field radionuclide-mizration experiments

e Use thess techniques to define radionuclide mipration
throuah rock by perforzing generic field experinents at
depth oder closely centrolled conditions

e Determine whether available lithologic, eeochemical, and
hydraulic properties, together with existing or devploppd
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.

®
.
(4]
)

e Formations are accessible ¢! depths that will allow
comparison of laboratory results vith field meacurements
and testing of models

® Support facilities already exist

. %iwing and drilling costs and time should be reduced
since the cquipment and subcontractors are onsite

e Mining in G-tunnel/bedded tuff is relatively easy

Since G-turnel is not a potential nuclear waste repository, the

propnsed experiments will not compromise the integrity of an actual

T field experiment ie coaposed of several key elements. Tha2 first

is detai'ed characterization of the groundwiter in tuff. Tris will Le. . . - - T




_,Tho f:rst expexxnpnt s:rves'as a demonstrat:on oi the experimental groce-

foro COﬂmPn.?ﬂPﬂt of the se ond acttntde—ronta:nnng experiment. Dstailed

Tl

postflow anaXvses of tbe rock solu:xon-rock interactions, radionuclide

etudnes.

The fundazental éuestion being addressed .e: If the physical =nd
chemical properties of a2 rock and a solution are neasured in the labar-
—. atory, can accrvrate models of radionuclife wipration through tuat recw in
the field b2 fyrwrulated? The specific results using G-tunnel tuff may not
directly apply to radionuclide wigration in other lithologic varieties of
tuff, but methods of fornmulatirg models that describe field behavior a=zd
the understandizg of which laboratory data are important will apply. The
ﬁﬁneric #xperizental, instrumental, and safety techniques developed fnr
;_-jf . the field tests can be aprlied to other field experiments and will! ba

-useful for plamning large-scale field tests.
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The follewing preliminary conclusions are based on work completed to

§. CONCLUSIONS

date on the ongoing studies described herein.

1.

No single property or group of properties that would
disqualify tuff as a potentisal repository medium has

emerged.

At least one property--thermal conductivity--suggests
potential limitations on repository therwnal loadings.
Therzal 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.

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.

Extensive variation in tuff properties has been demon-
strated. However, initial correlations of properties

with porosity, grain density, mine:alog; and water con-
tent have established the frarawork for future develop-

ment of a substantial capability for predicting
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prererties. These relationships are in their infancy

ar present, but appear very promising.

Czrreatly the majority of studies are laboratcry-
orieated. A substantial expansion of field z=d
mxCaling activities, as we)l as laboratory studies, is

regzired to meet the 1985 deadline for selacting a

wedim.




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 _avironment, remains the major unresolved issuve. The
studies so far show that the presence or absence of either water or joints
has a major eifiect on thermal and mechanical properties. Current state-of-
the-art thermal and thermomechanical modeis are only jﬁst beginning to
account for joints and variable water content. Initial experiments imply
that welded tuff may easily dry in a mine envirconment, 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 s significant problem.

Effects of radiation on saturated tuff are unknown. Ladoratory
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 Retardsation

Our sbility to model the total geochemical system involved in trans-
port of radionuclides from a repository to the biosphere is severely limit-
ed for sny 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

e The complex chemistry of lanthanides and actinides
(e.g., plotonium and americium) in neutral to slightly
basic groundwaters
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e The effect of probable reducing conditions on elements
that can exist in several oxidation states (e.g.,
ptutonium, technetium, uranium)

e 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. 1In
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 therzophysical
properties of tuff remains an issue. The complexity of this variability
has been demonstrated. Dehydration of zeclites 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 cocplex and it occurs in complex blocks. Contin-
ued characterization and correlation of the mineralogical variation with

‘properties is necessaiy 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-avaluation is based on the mineralogic composition datal! 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.? S

Tf most of the tuff samples studied are classified as either devitrified
ar zeeliired based on mineralogic composition, we find that sorption data
falls iato .roups with relatively small ranges for individual elements in
each c,as;.. Of the thirteen samples studied, five are in the category of
zeuticize! tuffs 7>20% clinoptilolite or heulandite), five are devitrified
tufix {;rincipally 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 Al1-A3. The data for the elements
for which the mechanism of sorption-desorption is most ] _.kely 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 problems® 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 intc 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
vroup G-9. We will do additional experiments with appropriate samples selec-
ted by LASL Groups G-9 and CNC-11 to try to clarify the roles of clays and
glasses in sorption. Perhaps enrichment in the desired mineral fractiom will

be possible.
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The sorption ratios listed in Tables Al-A3 are average values for contact
times ranging from 1 to 12 weeks. Values for sorption of technetium and
uranium under both the ambient atmosphere and under nitrogen (0.2 ppm oxygen,
€20 ppm carhon dioxide) are also given.

To give a meaning to sorption ratios, we list in Tabtle A4, the fraction
of a3 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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TABLE Al

- ZEOLITIZED TUFF

JA-18 YM-38 -462 ™H-49 ™H-48 Range or Value
Cooposition, Percent
Hontmorillonite 25 tr tr tr 0-5
11late/Muscovate
Clanoptilolite 20-30 40-60 20 50-70 10-20 10-70
Quartz 5-10 5-10 35-40 10-15 0-40
Cristobalite 15-30 10-15 0-30
Alkali Feldspar $-10 20-30 &0 10-20 20-30 S-40
Calcite
Glase $0-70 &0-70 0-70
Average Sorptico Ratio, af/g

Cs, Sorption 1¢ 000® 8 600 19 000 29 000 17 €00 8 600-29 000
Cs, Desorption 13 000 33 060 27 000 13 030-33 000
Sr, Sorption 20 000 12 000 4 000 2 700 1 800 1 £30-20 000
Sr, Desorption 20 000 3 s00 2 700 2 700-20 ©0O
Ba, Sorption 130 000 €6 000 96 000 33 000 15 000 15 000-130 000
Ba, Desorption 190 000 51 000 34 000 34 000-190 000
Ce, Sorption 2 000 830 —_ 550 1 900 550-2 000
Ce, Desorption 3 800 1 200 13 000 1 200-13 000
Eu, Sorption 1 500 2 300 1 200 2 500 1 200-2 S00
Eu, Desorption & 700 2 100 8 100 2 100-8 700
Am, Sorption 180 180
An, Desorption 1 100 1 100
Pu, Sorption 120 120
Pu, Desorption 340 340
Tc (air), Sorption 0.21 6.15 0.2
Tc (air), Desorption 2.0 1.7 2.
Tc (N2), Sorption 13.3 13.
T (N;), Desorption 118. 118.
U (Air), Sorption 2.3 5.1 2.3-5.1
U (Air), Desorption 15.2 14.6 15.
U (X;), Sorptieon 15.1 15.
U (X2), Desorption 56.9 S7.
I, Sorptien 0. 0.

*From Table XVI1, Ref. 2.

read 16 000.

The value 6 000 listed in Table OXXII, Ref. 2 and Table XOXOVIII, Ref. 3 should




TABLE A2
DEVITRIFIED TUFF

JA-32 YH-22 YN-54 m-45 n-46 Range or Value
Composition, Perceat
Hontmorillonite
J1lite/Muscovite 5-10 0-10
Clinoptilolite :
Quart2z 40-50 40~-60 50-70 40-60 50 40-60
Cristobalite 10-20 tr tr 0-20
Alkali Feldspar 30-40 20-30 20-40 30-50 &5 0-50
Calcite
Glass
Average Sorption Ratio, mf/g
Cs, Sorption 150 340 250 $30 870 150-870
Cs, Desorption 440 400 310 630 310-630
Sr, Sorption 57 53 S0 150 190 53-150
Sr, Desorption 56 (%] . 97 200 56-200
Ba, Sorption 430 980 620 1 200 1 500 430-1 500
Ba, Desorption 440 1 000 €60 1 300 440-1 300
Ce, Sorptien 80 1 400 140 130 15 000 80-15 000
Ce, Desorptijon 400 6 100 990 5 200 400-15 000
Eu, Sorption $0 1 400 500 1 600 7 500 90-7 SO0
Eu, Desorption 800 3 600 1 800 7 300 800-7 300
Am, Sorption 130 3t
Am, Desorption 2 200 2 200
Pu, Sorption 110 110
Pu, Desorption 1 100 1 100
Te (air), Sorption 0.3 0.3
Tc (air), Desorption 1.2 1.2
Tc (N;), Sorption 26. 1.7 8.-26.
Tc (K,), Desorption 18. 75. 18.-79.
U (air), Seorption 2.2 1.6 1.6 1.6-2.2
U (air), Desorption 8.0 6.0 12.8 6-13.
U (Nz), Sorption 0.5 1.5 0.5-1.5%
U (Nz), Desorption 1.8 13.7 2.-14.
I, Sorption 0. 0.

- .
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TABLE A3

OTHER SAMPLE.

JA-37 YM-5 YH¥-30

Composition, Percent

Montmorillonite 10 10
I1lite/Muscovite

Clinoptilolite tr 15
Quartz 40-50 0-5 30
Cristobalite 0-5 20
Alkali Fledspar 30-40 15 35
Calcite tr

Glass 70

A§erage Sorption Ratio, mf/g

Cs, Sorption 290 6 000 1 300
Cs, Desorption 310
Sr, Sorption 620 480 270
Sr, Desorption 850
Ba, Sorption 750 1 100 3 500
Ba, Desorption 920

Ce, Sorption
Ce, Desorption

Eu, Sorption 6 000
Eu, Desorption 130 000
Am, Sorption 670
Am, Desorption 1 700
Pu, Sorption 500
Pu, Desorption 8 200

Tc (air), Sorption
Tc (air), Desorption

Tc (N;), Sorption
Tc (N;), Desorption

U (air), Sorption 4.2
U (air), Desorption 8.4

U (Nz), Sorption
U (N2), Desorption

I, Sorption 0.
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TABLE A4

FRACTION IN SOLUTION

Solution/Solid
“atme/g) 0 033
20 8.0 x 10-l 1.6 x 10-2
100 1.7 x 107! 3.3 x 1073
600 3.2 x 1072 5.5 x 10°%
10 000 2.0 x 1073 3.3 x 1072
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Status Report

CRUSHED ROCK COLUMNS
A COMPARISON WITH BATCH MEASUREMENTS

E. N. Vine and B. P. Bayhurst

1.  MEASUREMEKTS

The migration of radionuclides through crushed rock columns of tuff, granite,
and argillite has teen studied. The geologic materials chosen were those on
which batch sorption ratio (Rd) measurcments had previously been made in order
to provide o compariscn with results obtained on the columns. The waters used
for infaltration were Jescribed 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. 1 and 4).

A summary of the crushed rock columns studied and of the parameters measured
is given in Tabhle B1.

Each column was characterized in terms of the total column volume V (the
s1ze of the column calculated from column dimensions), the free column volume
FCV (measured and used to calculate tue effective column porosity), the dry bulk
density, the particie 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 a2 steady flow was
established. Upward-flow rates ranged from 0.041 to 0.082 mf/h with one column
run at ~4 to 5 m2/h. (A flow rate of 0.045 mf/h for a 2.1-cm-long C.5-cm diameter
column with a free column of 0.224 m2 corresponds to a flow velocity of ~37 m/y.)

The free column volumes of approximately one-third of .the columns studied
were determined by use of both HTO and 1311-. In the iodide case, the 1311
breakthrough (leading edgze) curve and the rinse (trailing edge) were both used.
There was essentially no difference in the values obtained with HTO or with
1311-, and all measurements for a given column were averaged irrespective of the

method used. For exazple, the FCV for a YM-54 column obtained with iodide
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(Preakthrough) was 0.177 m2 and with HTO was 0.182 mf. On the YM-22 coiumn, the
iodide breakthrough nmethod gave 0.249 mf and the iodide rinse gave 0.239 mf.
The values for the CS-5 and CS-7 granite columns, the CN-1 and CN-2f/1 argillite
131

1

only. However, since a small retardation factor (2 to 6 m2/g) had recently been

columns, and the JA-18, JA-37, and YM-45 tuff columns were reasured using

measured (Ref. 5) for "iodide"” on argillite, columns CN-2{2 and CN-3 were run

131

with both tritium and I (as well as technetium). The tritium data have been

analyzed for only one of these columns; however the breakthrough curve was
1311.
Several parameters have been investigated, to a limited extent, with crushed
rock columns. Flow rates were varied from 0.082 m2/h to 18 mf/h on three JA-32
85 l311, and HTO,

tuff columns loaded with ~Sr. Argillite columns, with 95mTc,
were run under controlled atmosphere conditions (£0.2 ppm oxygen, $20 ppm carbon

identical to that obtained for

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 l37Cs in a 5- to 15-pf spike at a concentration of ~10.6 M. Another YM-54

column was also run with a continuous feed of 137

9

Cs at a concentration comparable
to that of the batch measurements, ~10~ M, to see 1f the Rd value of cesium

increased with the decreased cesium ion concentration.

I11. 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. 1 and 4).
I11. RESULTS AND CONCLUSIONS

A description of the crushed rock columns studied is given in Table I. The

calculated column distribution coefficients for the isotopes 85Sr, 137Cs, 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
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TABLE Bl
CRUSHED ROCK COLUMNS

Geologic Coluan Porosity Density
Hateraals ‘isotopes Studied Size (cad) (%) Ss!ggfl
T s 835p, 133p,, V3¢, 0.295 29.3 0.98
"” 137, 0.294 61.2
03 55, 133, 13, 0.511 66.9
™-3801 835, 0.785 9.9 0.90
Iy e, 0.266 35.7
" e, 0.390 35.0
JA-320 Bsr 0.830 54.9 0.89
” sy 0.432 61.8
" 8y 0.353 63.5
JA-1811 8¢, 137 0.251 $6.2 0.98
2 Wi, 152, 0.239 a1.7
IA-37 8gr, 137¢ 0.342 4.4 0.95
™-22 8sr, 133, ¢, 0.3713 65.4 1.16
™-45 Wlg, 0.264 3.8 3.08
N-5486 237y 0.353 8.7 1.09
At:éfille' s, 137¢ 0.382 59.2 1.15
N-211 8, e 0.386 64.4
CN-262 $5mp, 134 0.616 82.0
-3 $5mp., B 0.732 7.9
bt o 855, 133p,, 137¢, 0.412 59.2 1.26
cs-5 835, 133g,, 137¢, 0.422 59.7 1.25
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Cosments

.GH 137,

137c‘

10°n

1076 3¢,
Activity decayed before it was eluted
Activity decayed before it was eluted

Fast flow rate (4.5 al/k)

Fast flov rate (18 at/b)

Activity decayed before 31t was eluted

<0.2 ppe oxygen conditicns

’J’Cs

37Cs

Slov “peakless™ elutioa of

Slov “peakless” elutioa of 1



TABLE B2

83Sr: 5 COMPARISON OF BATCH AND COLUMN R, VALUES
Rd (m2/3)
Column Batch Column Comments
CS-5 14 £.5
cS-7 18 15
YM-22 50 30
JA-32 56 42
YM-54 84 44
CN-1 138 43
CN-21#1 156 52
JA-37 300 106
JA-18 16000 381(9%) 23% removed, 9% of which was in a peak
YM-38#1 12000 >460 Activity decayed prior to eluting
TABLE B3
. 13cs: A COMPARISON OF BATCH AND COLUMN R, VALUES
Ry (uf/g)
Column Batch Column Comments
YM-54 247 97 . Peak, with 90% 137Cs; average of 3 columns
YH-22 287 122 Peak, with 95% 137Cs (broad peak)
Cs-7 328 >606 20% removed in 314 mf (52 weeks)
CS-5 347 >665 8% removed in 352 mf (52 weeks)
JA-37 740 >560 3.6% removed in 182 mf (26 weeks)
CN-2{f1 1580 >520 0% removed in 235 m€ (40 weeks)
CN-1 1830 >570 0% removed in 243 mf (40 weeks)
YM-38#3 8600 "21900" 50% removed in 7680 mf (no peak was observed)
JA-18 6600-15000 13% removed in 200 m2 (27 weeks)
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TABLE B4

133ga: A COMPARISON OF BATCH AND COLLMN R, VALUES

Ry (m2/g)
Column Batch Column
C€s-5 154 32 .
Cs-7 175 44
YM-54 620 124
Y4-22 899 355

85Sr have fallen

and YM-3R tuff columns (see Table B2), the elution curves of
into the first category, “symmetric peaks", with the column Rd value being one

to three times lower than the corresponding batch Rd value. Three JA-32 columns
were loaded with 85

0.082 m2/h to 18 m2/h. The effect of flow rate on the calculted distribution

Sr to compare the effect of varying the flow rate from

cocfticients was negligible.
The YM-3841 column wa: loaded with 8
(12000 m2/g) was completed. XNcme of the strontium (T5 = 65.2 d) was eluted

5Sr before the batch Rd measurement

before the activity decaved. A Polaroid film exposed to the YM-38 column several
months after elution was started indicated that the 85Sr remained in the top
quarter of the column. The JA-18 column was the only other one loaded with 855r
for which a large batch Rd valve (16000 mf/g) had been measured. The strontium
on this column was eluted at a rate of ~0.07%/d for ~72 days, then 2 small,

sharp peak (Rd = 381 m£/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 eluticn may be due to a gradual dissclution of the
glass. This, however, would not explain the weak, sharp peak whick seems to
indicate that more than one "sorption" mechanism exists. The JA-18#1 and YM-38#3

137

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 85 137Cs might also be the result of exchange of the sorbed radioactive

Sr and
species with stable isotopes in the pre-treated waters used, which contain ~10-9H

cesium and ~6 x 10-7H 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 daile where elution of the activity occurred in a

137Cs concentrations, 10-6H and

peak. The three YM-54 columns were run at two
-9
10

ion concentration. No effecy. was observed. On two granite columns a slow elu-

M, to see if the Rd value calculated for-cesium was affected by the cesium

tion of 137Cs began at about day 48 and has continued for one year. On argillite,

137

after 40 weeks, no Cs 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

137

JA-37 column, elution of Cs began on day 95 and the activity has increased

from 25 to S00 dpm/mf. 1In 184 d, 3.6% of the total cesium has been removed.

855r had indicated that retardation factors

Since tuff columns loaded with
137Cs was loaded onto a YM-38 column and run at a

137Cs was not detected until 1150 mf had been
137

were independent of flow rate,
fast (4-5 mg2/h) flow rate. The
passed through the column. Since then, 10.3% of the total Cs has been eluted
in 3250 m2, 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 reduired to collect the total of 4400 m? 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,
cne can calculate a "lower limit"” column Rd value of >12 500 m¢/g from the
volume eluted to date. This is a value well above that obtained from batch
measuremenis (8600 m2/g) and is indicative of the "complications" revealed by
flow experiments.

All of the columns run to date with 133

Ba 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; -hey are 2.5 tc 4.8 times lower than the corre-
sponding batch Rd values. It is also apparent from Table B4, that only materials
vith 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 YM-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 1“Ce,
95mTc, 237U, and 1311. The cerium which was loaded on a3 YM-45 tuff column
(batch Rd of 730 m2/g (sorption), 5700 (desorption)) was not eluted in 165 d at
a flow rate of £1.020 mg/d. Since the 4!
period of time and the column ciuld not be continued much longer, the flow rate

was increased to 0.6 m2/h until a total of 250 mf had been collected from the

Ce had decayed significantly in that

column. No lMC(: was detected, indicating that the Rd value is >880 mf/g;
however counting the whole column loaded with l“Ce, both before and after
elution, indicated that ~6% of the lMCe had been removed from the column. The

YM-38¢¢ column was run for 112 d at a flow rate of 0.911 m£/d with no l“Ce

detected in the eluate; it was stopped due to insufficient activity remaining on
the column. The "lower limit" column Rd was >430 mf/g. Batch values were

830 m¢/g for sorption and 3800 m2/g for desorption.

Another column, JA-18#2 was recently loaded with lMCe as well as 152Eu.
No 1MCe has been detected in 14 weeks, although the elution of a small amount
of lSZEu (~50 dpm/m2) has begun.
131 237

A tuff column, YM-54#4, loaded with spikes of tritium, 1 and U gave
an Rd value of 0.72 m2/g for uranium, compared with an average batch Rd value of
1.5 m2/g. The uranium peak was quite asymmetric and the activity eluted per m#
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 m2/g) and desorption (11 m2/g) ratios. '

With technetium, breakthrough curves were obtained simultaneously with
tritium and l311 on argillite CN-2#2 (atmospheric conditions) and argillite CN-3 .
(controlled-atmosphere conditions, £0.2 ppm oxygen and $20 ppm carbon dioxide).

The l311 and HTO gave identical breakthrough curves, indicating no retardation
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of iodide on argillite, as was previcusly indicated by batch measurements.5 The
column Rd values for QSmTC, 0.40 m2/g on CN-2 and 9.31 mg/g on CN-3, were consid-
erably less than those obtained by batch techniques, 30.5 =&/g for CN-2, in air
(Ref. 2) and 175 m2/g for CN-3, in 0.2 ppm oxygen, £20 ppm carbon dioxide
(Ref. S). However, the coulumns were run at a fast flow rate (~2 m2/h), reducing
the time of contact between technetiuve and the rock by 80 to 700 times that of
the batch measurements. This could z2lso explain the appareat lack of effect of

. the £0.2 ppm oxvgen afmosphere; 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

‘!

conditionss, the difference between batch and coiumn 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, particularl;
from the data of 85Sr, 137Cs, and 13383 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 radicnuclides
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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Tabie Cl

Repository Geometry and Initial Conditionms

Repository depth (to top of heat-producing zone): 800 m

Thickness of heat-producing zone for generalized repository: 10 m
Repository area: 2000 acres

Ceothermal heat flux: 1.6 pcal/cmzs

Static water level (depth): 470 m

Air surface temperature: 20°C

Initial temperature at disposal horizon: 55°C

(Note: Recent field results indicate a different geothermal
condition giving a disposal horizon temperature near 35°C)

Table C2 .

Canister Dimensions and Initial Power Output

Spent-Fuel Canister Description
Total length: 4.67 m

Oatside Dia: 0.355m

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

Powver at Time of Emplecement (Waste Assumed 10 yr old)
HLW: 3.5 kW/can and 2.16 kW/can
Spent Fuel: 0.55 kW/can




Table C3

Normalized Decay - Heat Generstion¥®

Year After
Emglacement**

WOONODWVNEWN—-=O

180
290
390
490
590
690
790
890
990
1990
5990
9590

*See Y/OWI/TM-34, "Nuclear Waste Projections and Source
The HLW decay rates correspond
to waste arising from fuel which is a 3:1 mix of fresh

Term Data for FY 1977".

UOZ and MOX fuels.

HLW

1.0
0.95
0.507
0.871
0.851
0.810
0.783
0.769
0.734
0.714
0.692
0.600
0.529
0.402
0.313
0.246
0.157
0.0864
0.029%¢6
0.0215
0.0163
0.0145
0.0127
0.0113
0.0100
0.00897
0.00810
0.00404
0.00230
0.00175

Spent Fuel

1.0
0.956
0.919
0.889
0.861
0.838
0.819
0.799
0.782
0.763
0.750
0.681
0.622
0.525
0.449
0.387
0.301
0.238
0.137
0.108
€.0919
0.0806
0.0711
0.0633
0.0569
0.0514
0.0466
0.0247
0.0148
0.0114

**pssumes waste is 10 years old at ezplacement.
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Table C6

Aesumed Stratigraphy and Material Thermal Preperties for Far-Field
Modeting--Tuff Mine Design Activity

v 3
Bulk Crain pC (cal/cm ' *°C)
Density Density T . 3T < T X {W/et) ST Thoi1 ()
Depth m(ft) Porosity (Mg/m) (Mp/w’) boil boil boil boil {hydrostatic)
0~ 53 ¢ o0-173) 0.11 2.38 2.56 (m) 0.66 0.46 2.6 2.3 100 Tiva
53- 63 ¢ 173- 208) 0.28 2.07 2.53 (w) 0.82 0.6 1.9 -- 100 g::;::
63- 8% ¢ 208- 276) 0.50 1.9 2,46 (w) 0.84 0.2% 0.9 0.7 100 -
9
[ =]
86-11% ( 276- 437) 0.12 2.9 2.56 (a) 0.67 0.4% 2.6 2.3 100 .
-
139-192 ( 457- 631) 0.50 1.78 2,56 (a) 0.%0 0.26 0.8% 0.7 100 Tonopsh 2
£
192-286 ¢ 631~ 939) 0.12 2.9 2.57 (m) 0.67 0.45 2.6 2.3 100 :::::g' o
vt
286-328 ¢ 939-1076) 0.50 1.78 2.56 (a) 0.50 0.26 0.85 0.7 100 o
328-388 (1076-1273) 0.1) 2.38 2.56 (m) 0.67 0.46 2.6 2.3 100
388-401 (2n-11n 0.13 2.26 2.43 (w) 0.68 0.43 1.2 1.0 100
401-416 (1317-1364) 0.28 2.05 2.45 (a) 0.86 0.3% 1.10 0.7 100
- - 1.05 (cale) 0.67 (eale) Tuffacecus
416-54% (1364-1789) 0.31 1.97 2.40 (m) 0.89 0.33 110 (neas)  0.71 (meas) 100 Peds of
$65-560  (1789-1836)  0.23  2.12  2.50 (a)  0.8% 0.37 1.1 0.8 175 Calico Hille
$60-578 (1836-1897) 0.29 2.15 2.61 () 0.92 0.%7 1.5 1.0 187
S7# 594 (1897-1950) 0.25 2.21 2.61 (m) 0.88 0.39 1.63 1.1 189 Prov
Pass
- . _ 1.80 (meas) 1.9 (calc)
$94-614 (; 930-2014) 0.18 2.3 2.62 (w) 0.80 0.43 1980 (cale)  1.33 (meas) 193 Member -
614-64) {2014-2110) 0.32 2.13 2,55 (m) 0.98 0.36 1.90 1.2 203 é
o
643-6v7 (2110-2208) 0.29 2,10 2,95 (o) 0.90 0.6 2.0 1.3 214 2
697111 (2288-2333) 0.29 2.17 2.6% (&) 0.93 0.8 2.1 1.4 221 -
v
o
-
- - 2.6 (weas) 1,63 (meas) Bullfrog &
71 (2333~ =) 0.23 2.28 2.66 (m) 0.87 0.4) 2°35 (cale) 1.7 (eate) 223 Hombe r

(2) = sssumed
(m) = measured
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Figure C-1. Initial Room Design for Spent-Fuel Repository in Welded Tuff

133



B i o

134

Rib ' Plan View

Canister

- rpintar |-
N
Pitch

°T

(o]

{ \\\\x\\\\\\%
A

T o
¢ °
Room
Room Pillar
Centerline Centerline
Room Cross Section
5m
ﬁ;l m rad Y
S5m
klp.s n rad -
Plug
(same —_—1
properties 3
as tuff) o
0.37 m = o=
0.32 m— Im
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