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WATER AS A FUNCTIGN OF TEMPERATURE
bS]
KEVIN G. KNAUSS, J. M. DELANY, W. J. BEIRIGER, AND u. W. PEIFER
Earth Sciences Department, Lawrence Livermore National Laboratory,
Livermore, CA 94550

ABSTRACT

In support ot tne Nevaua Nuclear Waste Storage Investigations Pruject
experiments were conducted to stuay the hydrsthermal interaction of rock
ana water representative ot a potential repository in turt. Tnese
experiments provided data relevant to near-fielu repository conditions
that can be usea to: assess the ability to use "accelerated” tests based
on the SA/V (surtace area/volume) parameter and temperature; altlow the
measuretent of chemical changes in phases present in the tuff before
reaction as well as tne identitication and chemical analysis of secondary
phases resulting trem hydrothermai reactions; amna demonstrate the
usefuluess ot geochemical mooeling in a repository environment using the
Eys/6 thermodynamic/kinetic geochemical modeliny code. Crushea tuft ana
polishea waters of tuff were reacted with a natural growad water in
Uicksun-type gold-cell rucking autoclaves which were periogically sampled
unger insttu conditions. Kesults were compared witn predictiens based on
tne EQ3/o geochemical modeling code. Eight shori-term experiments (2 to
3 montns) at 150°C ana £50°C nave been completed using tuft from botn
driiicore dnd outcrop. Long-term experiments at 90°C and 150°C using
driticore polished wafers are in progress. This paper will focus on the
results of tne 150°C and 250°C experiments using drilicore polisheu
wafers.

INTROOULTLON

Under anticipataa conditions the 1nitial response of the near-field
environment to the heat generatea by the emplacement of nuclear waste
packayes 1s an increase in :emperature sutficieat to ary out the
partially-saturated host rock. Foilowing tne thermal pulse the rock
cools and l1Guid water re-enters the near-field. As the water passes
through the heated rock 1ts composition is altered by interaction at
temperatures of ~100°C. This alterea water interacts witn the waste
packages by corroding canisters and daissulving the waste form, To
estimate the magnituoe of these reactions, the water composition must ve
known. Repository scale therma! modeling suggests potential for the
existence of liquid water in pores at up to 140°C in cases witn no
venting [ 1], and package scale modeling shows waste centeriine
temperatures up to 230°C {¢]. These estimates place upper buunas on
experimental conaitions appropriate tor unanticipated put possible
scenarios. Testing at these temperatures also aids in developing
geochemical mogeling computer coaes by accelerating rates ot reaction.
Tnis paper presents the results of such tests and compares the results to
those predicted by the £EQ3/6 geochemical moageling coage 3.
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MATERTALS AND METHUOS

The rock wafers were cut from drillicore sampies taken from potential
repository aepth in hole USW b-1 at Yucca Mtn. The rock is a densely
welged, devitrifiea, vapor-phase altered, crystal-poor, rhyotitic asafiow
tuft, the Topupan Spring Menber of the Paintbrush Tuff [4]. The wafers
were 1.0 in. dia. X 0.1 in, thick, hand-poiished ana ultrasonically
cleaned in distillea water. The water was taken from well J-13 n
Jackass Flat east of Yucca Mtn wnich produces largely from the Topupah
Spring Memper. This ground water is peing used by the NNWSI Program as
representative of water fram the unsaturated zone and is
well-characterized [5].

Experunents were run ai 150°C and 250°L for b6 days using
Urckson-type yold-ceil rocking autoclaves [6] moaified to hola rock
wafers. Flulu samples were taken perioaically ¥or pH, cation {ICP-ES)
and antun (I1C) analyses. The Ar BET gas adsorption surface areas
measureu un tne rock wafers 1ndicate typical experimental SA/V ratios of
4U cm-1. At the termination of each run the rock wafers were removed as
rapialy as possible and rinsea thoroughly in distilled water, dried and
C-coatea for SEM observation and EMP analysis using poth EDS and WOS.

DISCUSSION UF ANALYTICAL RESULTS

Tne tlura analyses are plotted versus time in Figures 1 ana 2 fur the
150°C ana 250°C experiments, respectively.

In the 150°C experinent the Al concentration increased rapidly at
first from tne initiat J-1s value (0.03ppm) to a maximum ot 1.2ppm but
Lnen uecreaseu to a concentration ot U.5ppm, which suggested kinetically
inhioitea precipitation. The Si concentration increasea exponentiaily
from the J-1s value (<9ppm) to a value close to cristopalite saturation
(lZ¢ppm) by the ena of the run. The Ca concentration decreased quickly
from 12ppm to 6ppm ana Mg initially ¢t 1.9ppm was removed t¢ low leveis
(<U.tppm}. K resemblea Al and after an 1nitial rise from 4.6ppm to
6.5ppm aecreasea to 4.Yppm. Na showea a somewhat irreguliar sliuw rise
frum approximately 41ppm to 45ppm. The quencheda pH dropped to a value ot
v.8 ano remained constant. OQther than a decrease in CUy there was no
signiticant cnange in anion content, The more complex behavior of Ca, K,
and Al reflect tne ¢ffects of dissolution of reactants ana precipitation
of metastebie run products.

The effects of hydrothermal alteration of the host rock phenocrysts
at 150°C were seen as highlighting of twinning by the formatiun of etch
pits on feidspars, and the general coriosion of piotite. The smaller
aikali felaspar crystals formed by granophyric aevitrificatian ot the
nost rock matrix and from vapor-phase ceposition in lithophysal cavities
appeared Lu De particularly prone to hydrothermal attack as did the other
fine-grained aevitrification products making up the matrix. Quantitative
W0S analyses showed no compositional changes in the phenocrysts or matrix
phases of the nost rock as a result of hydrothermal alteration.



SEM observation of the surface of the core waver was used to study
secondary minerals tormea at 150°C (Figure 3). Baseo on chemical
compositiun getermined oy tDS analyses and on SENM morphology these are
thougnt to 1nclude: iili1te, Mg-, Ca- &/or Fe-rich clays, ginbsite,
calcite anu a pure Si phase (cristobalite?). The “clays"
(illite/montmorillonite) were dominant and the other phases much less
abundant. The total amount of reaction products was quite small.

The solutivn analyses in the 66-day 250°C experiment (Figure 2)
showea that Al increased rapidly at first tu 3.6ppm, then decreased
exponentially to a minimum of 1.6ppm, and finally began to rise again
towerds the ena of the experiment reaching 3ppm. S1 increased
exponentially to cristobalite saturation {350ppm) taking 2 wks to redch
steady-state. Ca was removed quickly to low levels (<lippm) and Mg was
completely removea (<0.Ippm). The K generally followed the Al trena as
at 150°C, except that afrer initially rising to 6.5ppm it feli in an
erratic manner and reachea concentrations appruxumately egual tv the
starting value. Na showed a slight decline ftrum the starting
concentration, Tne guenched pH dropped to about 6.3 ant remained
constant. Tne CUp decreased while F and Cl increased slightly and
other anions remainea constant. Al, K and La again displayea tne most
complex pehavior.

Hyarothermal alteration of the tyff at 250°C resulted in a4 secvndary
mineral assenmpiage that was aifferent trum that formed at (50°¢ (Figure
4). Tne aominant seconaary mineral produced was the zeolite
aachiaraite. Aounaant large prismatic crystals with smaller
1nterpenetrant crystals aud rosettes of crystals were prouuced., A
cluster oi crystals hand-picked from the surface gt the water was run in
a Gandoliti X-ray camera to make a positive igentirication and to meosure
a-spacings for calculatiori of cell constants using a linear regression
technigue. A polished grain mount uf dachiaruite crystals was analyzea
vy WOS and these results as well as the characterization descriveu avbove
nave been reported elsewnere {7]. In the 290°C experiment other
seconrdary minerals vbserved were: mordsnite, clay
{ili1te/montmorilivnite), and a pure 5i phase {cristubalite?).
Dacniardite and mordenite were far more abundant than the other phases.
The total amount of reaction progucts was much greater at 250°C than at
150°C.

GEOCHEMICAL “ODELING OF 150°C EXPERIMENT

The rock/water interactions observea between the Topopan Spring Tuff
and J-13 groundwater at 150°C in a closea system were simuiated using the
Ey3/o reaction path code. Water frow well J-13 analyzed at aay U was
used as the 1nitial solution composition. EQ3NR was usead tc generate the
mode | agueous solution. The dissolved aluminum concentration in the
moeael solution was constrainea to satisfy the wineral solubility
equilioria for kaolinite in order to initially reduce the number of
supersaturatec minerai phases 1n the solution. The Topopah Spring Tutf
was represented by an assemblage of cix minerals; alkali felaspar,
plagioclase, cristovalite, quartz, biotite, and montmorillunite based un
tne petrologic description given by Warren et al., [8). The surface area
ot the core wafer (determined by BET Ar methoa) ana the volume percent of
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eacn phase were used to estimate the specific surface area for the
individual minerais. Dissolution rate constants for quartz and
cristobalite were calculated at 150°C using the data given by Rimstiat
and sarnes [9]. Tne rate constants used for the feldspars and biotite
were based on estimates that assume aissolution of tne soliu is
controlled by surface reactions (Eact = 14 kcal for grain size ~100u
L10J). 7The estimated values were then reduced by approximately an order
ot magnitude to account for the smaller surface area of the wafer and
decreased surface reactivity causeu by ultrasonic cieaning. A relative
rate cunstant was used for montmorillonite that assumed dissolution of
the phase was cumplete within b cays. Tne code was constrainea to
suppress alt s1lica minerals less soluble than cristobalite. An
aduitional phase, maximum microcline was eliminated from phases alluowed
1o precipitate because the primary feldspar is represented by sanidine,

Tne EQ3/b calculations redlisticaily preaict that none of the initiatl
reactants are exhausted and a relatively minor amount of the rock
gissolves during the given run interval. The final concentrations ot all
majur cations 1n sulution predicted by the model closely approach the
tinal measurea cation compositions for these elements (Figure 1). As
silica (prmarily cristobalite and quartz) dissolves, its concentration
is shown 1o increase to a steady-state value that approaches cristopalite
solup1lity near the latter stages of thne experiment. Na, Al, and Mg show
tairiy constant trends over the run interval. The sharp rise in Al
concentration can be attrivutea to rapia dissolution at 150°C of the
small amount of montmorilionite present in the host rock. The initial
arop in Ca concentration 1s due to the formation of minor calcite. The
continued gradual decrease in Ca throughout the experiment is due to the
precipitation of Ca-smectite. The formation of smectite also coincides
with a arop 1n Al concentration in the same interval. The sharp rise in
the K concentration during the first few days of the experiment cannot be
accounted for by the dissolution of the major potassium phase, sanidine.
The oniy ather phase present containing significant K in the host rock is
biotite. The kinetic rate laws available in the current version ot EQob
provide only far uissolution reactions. Precipitation appears in EQ6
oniy as an instantaneous process once saturation is reached, although the
incorporation of precipitation rate laws is currently in progress. These
results can be used to estimate the rate of precipitation of secondary
phases opserved in the alterea wafers. It is probanly redasonaule to
assume tnat the secondary phase represented by the K-sink will have to ve
represented theoretically by a metastable illite or smectite, becduse
metastable phases typically precipitate quickly from solution, often with
variable cation composicions that change as the composition of thc
solution changes. Althougn these preliminary modeling results can not
account for all secondary pnases determined by SEM observation and EDS
analysis, tnese results indicate the importance of the careful
characterization of secondary mineral assemplages, and the great need for
theoretical representation of metastable phases when modeling low
temperature natural systems. O0ata for the 250°C experiment have nat been
modeled because no thermodynamic data exists for the dominant minera]
(aachiardite) vbserved in the alteration assemblage.



CONCLUSIUNS

These experiments investigate the pore water chemistry in tuff as 1t
15 muaified vy a heat source such as a HLw repository. The altereu water
chemistry differs primarily in dissolved silica, which is deterinined by
cristobalite solubility. The water remains relatively benign with
respect to waste package survivability, especially with regard to 1ts
anion content ana pH [11]. The dominant secondary minerals produced
{clays and ceolites) have nigh surface areas, high CEC and positive
sorption capabilities and thus may help to reduce raaionuclide mobility
in the near-field. In the far-field silica may precipitate as the
altered water moves down the tnermal gradient away from the heat source.
These experiments showed that increased temperature yields a different
metastaple mineral assemblage ana probaply can not be used as a airect
relatiun to eacceierate rock/water interactions and must be used with
caution. In general the mineral assemblage produced in short time at
high temperature resemdles that produced by nature in long time at low
temperature, but the fiuid compositions in each case are considerably
di1fferent. The model simulation can closely approximate the evolving
fluid composition put it does nat account for all the secondary phases
dactuatly observea. The relative success in modeling these experiments
with the EQ$/v geochemical modeling code suggests that long term
prediction uf water chemistry is a potentially achievable goal.
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Fig. 1. a) Siand Na concentrations for Topopah Spring tuff reacted with J-13 water at 150°C,
b} Ca, K, Al and Mg concentrations for Topopah Spring tuff reacted with J-13 water at 150°C.
Lines show calculated reaction path model concentrations.
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Fig. 2. a) Siand Na concentrations for Topopah Spring tuff reacted with J-13 water at 260°C.
b) Ca, K, Al and Mg concentrations for Topopah Spring tuff rcacted with J-13 water at 250°C.
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Fig. 3. a) Mg- & Fe-rich clay produced in 150° experiment. b} lllite produced in 150 Cexperiment. c) Gibbsite and illite produced in 150" C experiment.
d} Relict {currently dissolving) calcite produced in the 150°C experiment.
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Fig. 4. aj Dachiardite rosette produced in the 2506°C experiment. b) Coexisting pnsmatic dachiardite and mordenite penetrating a dachiardite rosette
in the 25G°C experiment. c) Ca-rich clay on dachiardite in the 250°C experiment. d) Cristobalite produced in the 250°C experiment.



