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ABSTRACT

Holocrystalline Conway granite, and 95% glass Bannock Rhyolite Tuff were reacted
with 3.4x10'3l1 NaCl solution in Dickson rocking autoclave experiments conducted at
300°C. Granite and tuff experiment data were compared against similar basalt data to
determine the effects of rock type (granite, glassy tuff, and 10-40X glass Basalt) and
crystallinity in containing high-level nuclear waste. These data were evaluated to
determine the degree to which short-term autoclave data correspond with the long-term
chemistry of geothermal solutions.

Redox comparisons of 300°C autoclave solutions indicate that the stable log 1‘02
produced by reactions with rhyolitic glass are 3-5 units more oxidizing than those
with granite or basalts. More oxidized redox potential may result in higher waste
container corrosion rates and solubility of uoz for spent fuel rods, at a tuff
repository site (i.e., Yucca Mountain, Nevada). The redox buffering capacity (based
on FeO content) is also lowest for the glassy tuff, followed by granite and basalts,
respectively. The exhaustion of highly soluble rhyolitic glass by oxidizing
repository solutions may result in the more rapid acceleration of container corrosion-
and U-complex release rates at a tuff repository (compared to granite and basalt).
In these tuff and granite experiments Fe-Mg poor, Al-rich dioctahedral beidellitic
smectites were formed. In comparison Fe-Mg rich, Al-poor trioctahedral smectite
(saponite) was formed in 300°C basalt autoclave solutions. The precipitation of
beidellitic smectites in the tuff and granite solutions resulted in cotrpafatively
acidic solutions (compared to basalt). For tuff and granite, lower repository
solution pH may result in comparatively higher container corrosion rates, and greater
solubility for Uo2 in spent fuel rods. The illite/smectite mass ratio is higher for
the secondary clay minerals removed from the tuff and granite experiments (compared
to basalt). The formation of comparatively larger amounts of sorptive smectites in a
basalt repository should result in comparatively lower radionuclide mobility (compared
to tuff and granite). Lesser amounts of secondary minerals were formed in the granite
experiments. The formation of less secondary minerals in granite repository solutions
would result in comparatively higher radionuclide mobility at such a site (compared
to basalt and tuff). High concentrations of F in glass-influenced tuff repository
solutions may result in higher solubility of uoz for spent fuel rods. These
geochemical criteria suggest that basalt may be the most suitable of the three

repository host rock types compared (followed by granite and tuff, respectively).



Experimental solution geothermometer, cation/proton mass ratio, and secondary
mineral data from our high sioz-rock:uater experiments (holocrystalline granite and
95X-glass tuff), Temple basalt (10-40X glass) experiments and geothermal fields, when
compared indicate that the granite autoclave solution came closest to emulating long-
term geothermal fluid chemistry, followed by the basalt and tuff solutions,
respectively. These data indicate that the time interval necessary for short-term
autoclave experiments to predict long-term geothermal fluid chemistry is a function
of glass content. Natural geothermal field data is considered to be useful in
predicting the long-term chemistry of high-level nuclear waste repository solutions.
our results indicate that rock crystallinity should be considered when selecting

geothermal analog data for such purposes.
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INTROICTION

Our govarnmant 18 currently conaidering the
long~toerm storage of high-level caommercial nuclear
wvaste in s single central repository 500 meters
beneath Yucca Mountain, Nevada [DOB/RW-0198]. The
rhyolita tuff in the Yucca Mountaln region was
formed from volcanic eruptions ocoourring betwean 8
and 16 million yeara ago, as layers with a totml
thickness of approximately 2170 meters. During the
time of these aruptions molten matarial explosively
expanded due to rapldly decreasing gas presaure,
spewing hot glass shards and oryatals. Layers or
lenses which remained glassy are called '“vitric
tuffs'*. In some areas tha rhyolitio glassy shards
tended to devitrify and develop orystals.

At Yucca Mountain the repository will be
conetructed in the Paintbrush Tuff Formation. The
proposed repository horigon is located in the 1100
foot thick (Miocene} Topopah Spring membher (the
lowermost member} of the Paintbruah Tuff Formation,
Figure 1 includes measured sectiona of the Topopah
8pring member showing walded- and crystallization
zones at four different drill core locations. This
diagram ahows that rhyolitic glass 1is common in

non-welded to densely welded gzcnes within the
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311 Wash USW QU3 Bustad Butty Lathrop Wells
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- b Lithophyoal cryetallization zopes:
j Theee  toff  zomes contain
1 toncentric partially  hollow
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360 -y
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B These tuff rones contain cavities.
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o forned as minerals crystallized
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Figure 1: Beasured sectiond of the Topopah Spring Hember
{fucca Mountain, Nevada) showing variations in velding zonas
and crystallization sones (Ligman, 1967). Key: M-Bepository
horizon, *=Glassy horizon (directly below the repository
herizon), The posgible effect of rhyolitie glass
diagolution, in the containment of high-lavel nuclear waste
{at the proposed Yucca Mountain repsitory site}, s
anglyzed in this theais,
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Topapah 8pring Tuff (Lipman et al., 1966). The
avarage volume percent glass contained within the
non~welded glaasgy tuff layer directly bealow the
devitrified densely~welded~tuff potential
repository horigon ia slightly greater than S0%
{Perscnal communication, Dr. W. Glassley, Naticnal
Livermore Laboratory, Earth Sciences Saction).
High-level nuclear wasto must ba isclated for
approximately 10,000 yaars in order for it to losme
approximately 99% of its radiation toxicity
[DOE/RW-0198]. ¥ater leakage into angineared
experimental tunnels (Grossman, 1989}, earthguaka
activity, olimate ochanga, and changing aquifer
conditions may lead to infiltration of water into
this now comparably dry repository site. Manganese
oxide mineral deposits have been found in the
Topopah Tuff (Carlos, 19686) suggesting groundwater
wovement through the site in the past.

Dickson rocking autoclave studies hava baen
conducted using densely welded, davitrified o0.1%
glasa Topopah B8pring proposed repository horimom
tuff as starting materials {(Knauss et al., 1984;
Knausa, 1587; Oversby, 1984 1985). However in this
thesis, since groundwater st the Yucca Mouatain
repository site may be influenced by rhyolitic

glass dissolution, a Dickeon rocking autoclave
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experinent using 95% glasas rhyolite tuff as
starting material was conducted. Bolution
parameter and secondary mineral formation data from
this experiment will be used to dJdetermina the
offect of rhyolitic glass dissolutjon in the
isclation of high-level nuclear wasta. These data
vill alsc be evaluated for usae in approEimating the
long-term sclution chamistry of geocthermal fields.

In the past the U.S. Department of Enargy has
consldered uaing other materials as hoat rock for
tha isolation of high~leaval nuclear waste. Thesa
Tock typaes included Dbasalt, shale, salt, and
granite (DOE/TIC-11033). Currently other nationsa
such as The tlnited Kingdem (S8avage, 1986; Savage at

al., 1987) Japan (Sato, 1985}, 8weden {Morano

ID
r "

al., 1%87; Birgersson at al., 1988), (Adalin et
al., 1%89) and Canada {Vandergraaf et al., 1987;
Hanoox, 198€) are primarily considering the use of
granite or granitold gneisees in the ismoclation of
nuclear wasote. Therefore we alsc oonduoted
experiments using granite as starting matarial.
The seoondary mineral and solution parameter data
gained from this experiment will be compared to the
tuff data., These data anre used to determine the

advantagea and disadvantages of using tuff and

granite in isclating high-level nuclear waste.
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In recent years Dnpany granite:groundwater
autoclava studies have been oconducted, {(8avage,
1986; Bavage, 1967; Charles, 1983; Diockaon, 1977}).
Ferrous-iron rich (1.2% FeO by weight} glassy tuff
autoclava experiments using deionized distilled
wvater, and NaCl-rich starting solutions have alsc
been oconduoted (Dickson and Potter, 1982). However
vhen oompared with previcus Temple University
basalt:water experiments, all other experiments
were conducted using different experimental
paraneters {(l.o. tamperatura, axperimental
epparatus, starting solution, rock powder grain
sige range, and starting water:rock mass ratioe).
These differences make i1t more Adifficult to
determine whether dissimilarities in autoolave
solution parameter and sacondary mineral data ara
due to differances in rook typa {(or crystallinity).,
or the above mentioned experimental parametars. A
list of all of the autoclave experiments mentioned
in this study is included in Table 1.

The research for thia theals consists of three
hydrothermal experiments conducted at 300°C and 30
NPa using two rocks of aimilar chemical
composition: 1) holocrystalline Conway Granite
(experimenta CG:1 and CG:2) 2) 95% glass Bannock

Rhyolite Tuff (experiment BRT:1}. Although peak



TAHLE 1: AUTOCLAVE EXPRRIMENTS EEFERRED TO IN TMIS STUDY

ROK TYPR D@ (°C] PRESSURR (RARS) _WATER  §:8

Rhyoiite 90
Rhyolite 9
Rhyolite 120
Bhyolita 150
Rhyolite 150
Bhyolite %0
Rhyolite* 200
Rhyolite® 200
Rhyolite* 200
Rhyolite* 300
Rhyolite! M0
Ehyolitet M0
Rhyolite’ (BST:1} 300
Granite 80
grenite 150
Granite 150
Granite 0o
Granite (0G:2) 300
Basalt 300
Basalt 30
Basalt 30
{spent fuel experiment)
Bazalt 200
{te={njection experiment)
Bagalt 0o

(copper bydrothermal stability study)

Basalt

300

L
100

1000

300
300

30

EURBUURE

0.1% Ketl
2.0% ReCl

g

0.1% MaCl
2.01 NeCl
0.0022 RaCl

SEAWATER
0.00Z% RaCl

§ 8 B8¢

10

40

10
10
10
10

W W W W D

10

10

0

10
3

10
5-%0

¥

10

bickson and Fotter (1982)
Dickson and Forter (1982)
Mchsoe ard Potter (1982)
Dlckson and Potter (1582)
Dicksan and Potter (1582)
Dichsos and Potter (1983)
Leo et al., (1930)

Savege et al, (1987)
fckson (1977)

leg et 2], {1990)
Moore £t al, {1984)
Mckeon et al. (1984}
Korn (1986)

-140 Gardiner gt 31, (1986)

10
1¢

Lazzar (1988)

Racandes {1990)

SCi= SINVLATED GBOUNDSATER (FOR SPECIFIC GROUNDMATER CONPOSITION DATA REFER TO
INDIVIDUAL REFEBENCES, DIMaDISTILLED DEICNIZED WATKR, WW=METEORIC WATER,

*LLASSY TUFF
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tanperatures at a high-level nuclear waste
Tepository will probably ba lowar than 300°%, a
temperature of 2300°C wam chocgen for thesa
experiments to analysEae rock:water intaractions
resulting from accelarated reactiona. The reaults
of these high~tamperature autooclave intaractions
are utilieed, to make inferences about long~term
interactiona 1in 1lower temperature rapoaitory
solutions. Rock-powder-grain sime range, and
starting wateri:rook mase ratios of the two
experiments were identical. Tha 3.4x107°K KacCl
atarting solution saleoted for these experiments
bad & ionic atrength identical to that of Yucca
mountain groundwater (Delaney, 1985). The results
of the tuff and granite experiments are compared.
Our results are also compared with previoua Temple
University 300°C Dbasalt:water data. Thesa
comparisons are wused to determine possibla
advantages and disadvantages of using rhyolite
tuff, granite, or bhasalt as country rock for the
isolation of high-level nuclear waste. In order to
accomplish this we nead to evaluats the eoffeot of
rhyolitic ¢glass vg., granitic holocrystalline
textures on solutlon paramaters and secondary

mnineral evolution.
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Becondary minerals formed in the tuff and
granite experiments are compared to those
identified in 300°C Temple basalt experiments, to
help evaluate posseible effects on radlonuolidae
mobility and repository porosity. Bolution
paramatar trends will be analywsad to detarmine the
faotors responsibla for changes in tuff and granite
sclution ohemistry. Differences batween tuff and
granite stable solution chemistry will alsc be
analysed. sStable f0, values of these eEperiments
are compared against each other, with those
measured in natural geothermal flelds, and with
Previous Temple besalt axperiments. Ferrous iron
weight parcentage values of the Conway Granita,
Bannock Rhyolite Tuff, and an average besalt
(LaMaitre, 1976) were caloulated, to estimate
maximum redox buffering capacity wvalues. Thesa
values are ocmpared to datermine the effact of rook
type and crystallinity, on radionuclide mobility,
U-complex release rates, and caniater corrosion at
a high-levael nuclear wasta repository. For Cd:2,
for BAT:1l, and for Temple basalt:water axperiments,
stable pH values are compared to determine posasible
effeots on oontainer ocorrosion and U-complex

release rates (i,e., solubility of U0, in spent fuel

rodsa).
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For ¢€G:2, for BRT:1, and for 300°C Temple
basalt, Ca~Na-K (Fournier and Truesedall, 1973), Na-
K (White, 1965), anpd Quartzs gaothermcmaters
(Fournier and Rowe, 1966) are compared. 8table
cation/proton data calculated from thasa
experimente are also compared. These comparisons
to geothermal field data are used to determine
whother the results of these experiments ocorrespond

with thosa of long-term gaothermal field solutionms.

EXPERAIMENTAL, METHODS

Three Dickson rooking Butoclave emperiments
wore conduoted using Conway Granlite (CG:i, CO:12)
and Bannook Rhyolite Tuff (BRT:1) sample rock.
Descriptions of tha Dickson autoclaves may be found
in BSayfried et al. (1987). Sample rock powders
ware reaoted with 3.4x10°% uX Nacl solutions at 300°C
and 30MPa in flexihle gold reaction bags, following
methods described by Mcore et al, {1985). The
initial wataer:rock mass ratic of both expariments
wvas 10:1.

Sample rocka were ground to tha 125-250 um
grain size range uwsing s percussion mortar, and

mullite mortar and pestle. Ground sample rooks
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wara then immersed in an ultrasonic bath to ramove
adhering fines. Conway Granite and Bannock
Rhyolite Tuff mnajor alamant compositions were
maasured in duplicate, using a Dimno 8300 Automated
Vacuum K-Ray Fluoresaence BSpectrcmeter, with chrome
radiation (Em;=2.2897A, Ka,52.2936A). NMean values
wara used to determine the composition of the rock
samplea. An iren titration technique with
permanganate devaloped by Ingamells (1965) waa used
to determine Pe0 weight percentages. O=mride weight
poercentages wera input into the Patrx computer
program (Jasaey, 1985) to determine normative
mineral valuew. Primary minerals and glamas were
identified using XRD and thin section analyses.
One thousand points were counted twice in both the
granite and tuff thin sections and mean values were
tabulated to determine mineral volume percentage
values. Curvee based on the number of grains
counted and mineral proportions (Vvan Der Plaas,
1965}, were used to evaluata the reliability of the
Conway Granite and Bannock Rhyolite Tuff peoint
counta (with a 95% confidence interval).

Secondary minerals were removed frem solution
aliquots by injeotion through a 0.22 um plastio
membrane filter, in the method adepted by Kacandea

{(1989). The filters wera then suspended in an
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ultrasonic cleaning bath and vacuum filltered
through 0.45 um silver rilters. UOpon completion of
the g¢granite experimenta, (CG:l, CG:2)}, secondary
winerals contained in the quench soluticn were also
ramoved using this method. Sacondary minerals
contained on each silvar filter were analyzed using
a Rigaku X-Ray Diffractemeter, D/Max-B, automatad
systam with a horizontal goniometer and Cuxa,a,
radiation (Ka,=1,.54063, Ra,=1.5443A}. S8econdary
minerals were also identified and photographed
using a PGT Energy Dispersive X-Ray
Spectrophotometer (EDS) and ETEC Autoscan Ecanning
Electron Mioroscope (BEK). 8econdary minerals from
the granite and tuff experiments were treated with
ethylene glycel to determine the prasences of
crystallized smectites. 8aturation indicea {log
IAP/K values) of pacondary mninerals identifiesd
using BSEM/EDS, and/or XRD, were calculated to
verify +the results of our secondary mineral
ldentification analyses.

Solution aliquots were removed throughout the
course of thase emperiments 1n order to quantify
solution variables. A Parkin-Elmer 30130 Atonmic
Absorption Spectrophotometer was used to measure
Ca, ¥e, K, 810,, Mg, Li, Na, Al, and Mn soclution

activities. A Dionex System IC System 14 Liquid
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Ion Exchange Chromatograph was used to deteramine F,
cl, and 80, activities. Total dissolved carbonate
(£CO,} oconcentration was measured using a ultra-
violet, light-aided, infra-red Dohrmann carbon
analyzer. An Orlon specific ion meter and
elactrode was used to pake H.8 measuremants. &
Corning epecific ion metor was used to conduct roon
tanmperature pH maasurementa.

golution log f0, was calculated using mean
dissolved E, concentrations, uasing the Valco 1000
Trace Gas Analyszaer according to the nethodology
developed by (Kishima and Sakai, 1984 and
arandataff et al., 1985). RedoxE buffering capacity
values were calculatad using Conway Granite,
Bannock Rhyolita Tuff, and averaga Dbasalt FeO
veight percent data, and O, solubility valuea {for
gsolutions ranging from 0° to 350°C) frem (Naumov,
1$73}. The averaga FeO wt¥ valuo used for the
average basalt calculation is based on the mean of
3621 analyses (LeMaitre, 1976).

Sclution parametsr values wera inputed into
the ocomputer program HIPHPR2 (Racandes and
Grandstaff, 1589; Grandstaff at al., 1950} to
calculate, in =ity pH, 1log IAP/K, log £0,
saturation indices, geothermometaer temperatures,

and log cation/proton mass ratio valuaa.
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The firat granite experiment (CG:1) continued
for 100 hourse, but was terminated by rupture of tha
gold bag. Befora rupture, four solution aliguots
¥ore analyged, and the gquench sclution was filtered
in order to identify secondary minerals. The data
from CG:1 wae compared with CQ:2 data to assess tha
reproducibility of thaesme granite experimanta. 7The
second complated granite  experiment (CG:2)
contlnued for 2762 hours until termination. The
tuff experiment (BRT:1l) solution aliquota and
sacondary minerals were analyzaed to 3531 hours from
tha atart of the experiment. Thiae experiment will
be reinjeoted with fresh sclution {(by Mr. Cheng Yan
of Temple University), to determine effects on
sclution parameter eguilibration, solution redox,
and gsecondary mineral formation. These analyses if
successful will be presented and published at a
major meeting in the near future.

The procedures used throughout, while not QA-1
verified nre exactly based on the 13 standard
operating procadures daveloped while this lab at
Temple University was under DOE QA-1 ocontraot
(1985=1989). Even with the Graham-Rudmann
curtailment of contract, our research nevertholess
continued at a QA-1 levael of affort, and very

careful record keeping.
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CHARACTERISATION OF STYARTING MATERTALS:

e IC A

The Conway Oranite is located in areas of New
Hampshire, Maine, and Vermont, and belongs to the
Triasslc to Cretacecus age White Mountain plutonic-
voloanic saries (Hoag et al., 1977). The Conway
Granite includes the following mnajor diffarent
phasaa (Billlinga, 1964):

1) A coarse-grained red phase

2) A porphyritic phame

3) A medium grained phase

4) A green medium-grained phase

§) A fine grained phase

The coarse grained red-phase Conway Granita
DOE core sample rook used in experiments CG:1 and
CG:2, wasp obtainaed from Dr. Wallace A. DBothner
(University of New Hampsehire}. Fiqure 2 contains a
Photegraph of a sample of coarse grained red-phase
Conway granite oollacted at Red Stona Quarry, N.H
(by Dr. Gene C. UDlmer, Temple University).

As a result of the oncouragement of Govarnor
Thomson of New Hampshire, the members of his
Mineral and Energy HResources Council, and the

interest of the National Energy and Research
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Administration, a 3000 foot borehole with a 1 7/8*
diamater core was racovared from the Red S8tone
Quarry near North Conway, New Hampshire. A portion
of the 149$-1503 feot section of this DOE cora waa
used for these autoolave axperiments.

The drilloore sample was part of the coarse-~
grained red-phase Conway <&Granite typical of thae
quarry at Redstone (Hoag ot al. 1977). VFigure 3 is
a sBchamatic diagram ahowing the various igneous
rock 1lithologiea interseoted by tha Red Stone
Quarry DOE core. Figure 4a iz a section of the
geologic map of New Hampshire compiled by Marland
P. Billings of the U8G8 in 1955 showing the core
ajte location with an X. The rock sample primarily
consiste of pink crystals of microperthite
(averaging 6 mm. in diametear), smoky quart2 grains
(averaging 3 mm. in diamater), and bioctita flakes
(averaging 2 mm. in diameter).

The Bannock Rhycolite Tuff aample used in these
e¥periments was purchased from Mr. J, FPox of Ward's
Natural 8cilence Est. in Rochester, N.Y., and was
collacted by Miss Carla Caray of Nontana Stata
University. The Bannock Rhyolite Tuff is one of a
saries of 1little studied rhyolitic flows in the
Frying Pan Basin 1in asouthwestern Montana ([Oral

ccmmunication: (Dr. D. Alt, U, of Montanmm, 1989}].
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Figure 3: Schepatic diagram showing the varicus litholegias
intersected by tha DOE core taken from the Red Stone Quarpry
in Naw Hampshira (Hoag, 197&). The <Coarso-dralined Rad-
Phasa Conway Granite sanple usad in experimenta CG:1 and

Cd:2 was remdoved from the 14%9-1503 foot section of this
core.
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Figure 4b ia a portion of the preliminary geologic
map of the BW 1/4 of the W¥Willis guadrangle,
Beavarhead County, Montana (opan file map NRMG 189,
W. PB. Nyeors, 1946).. The Bannock Rhyolite Tufr
sample location with an X, These flows are
approzimately 40 million years old, and are located
5«86 miles northwest of Dillon in the Frying Pan
Basin, Nontana. Thesa flows c¢onsist primarily
(95%) of rhyolitic glass {(Winchell, 1914}. A BEM
photeniorograph and EDS speotrum of the vesicla-
Tich rhyolitic glass contained within the Pannock

Rhyolite Tuff sample rock is inoluded in Pigure 5.
TING MA ANALYS

The results of thin seotion and IRD analyses
wore used to determine tha medal mineralogy of the
Conway Granita and Bannock Rhyolite Tuff (listed in
Table 2).

The Conway Granite contains microperthite with
thin lamellae of plagiloclmse (7% * 1.3%), found
within the microcline (60% + 2.3%}. The CG 2.0 XIRD
peaks Dbest correlate with low albite and
microoline, raespectively (Pigure 6a). The (uartm
(29% & 2.0%) found within the sample rook is smoky

colored due to radiation damage. Homg (1977} found






Tabla : Resules of SBannock Bhyolita Tuff and Conway Granite Campomition

Ana ] ysen
Table A: Chemical #Mode Table 8: mormative Minerals TfTable C: Modal Minerslogy
Oxiden Conway Bannock Norsativa Conuay Bannock MNinerals Conway Baanock
(Nt X} Cranite 6. Tuff Hinerals{X) Granita R. Tuff {x) dranite R. Tuff
5i05 74.53 69.53 Quartz 29.68 3.66 Quartz 29.0 1.4
T{0oy L 0.27 Corundum cevaa 3.18 piotite 4.0 0.4
Al204 12.92 14.32 Orthoclase 26.22 31.80 Plagioclase 2.4 0.8
Feg03 1.69 2.03 Albite 35.20 17.84 (K-feldapar:
FeD 2.47 Q.42 Anorthite 2.97 6.95 Nicropertite 59.6 veae
#no 0.07 ¢.03 Hyperathone 2.72 0.65 Sanidine . 1.7
Mgo ¢.01 0.25 Magnetita 2.7 0.73 Glass ces. P47
Ca0 0.66 1.3% Meaatite . 1.62 cCalceite Tr, Tr.
Naz0 4,22 2.01 Ilwenite 0.32 0.52 Cristobslita ... Tr.
K0 4.% §.13 Apatite 0.02 0.02 Fayslita avea .
Hz0* Q.55 3.02 Diopside 0.17 csse Hastingaite Ir. casam
H50~ 0.03 0.47 e mm—m—wes.  Apatite e, ...
P,0g 0.01  o0.01 Total 100,001 100.00% pluorite ™. ...
e p— Magnetite Ir, vesa
Total 102.02% 98.853 Pyrita Tr. —
Zircon Tr. tava
Noto: Major element uweight oxide percantages were measured Allanite Tr. —
using a XRF spectromater, with chroae radiation . et e e a8 e e
(Ka ,=2.28978, Ray2.2936A. A permaganate  titration  yotal 100.0% 100.0%

technique developed by Ingamalls (1965) -#as used to
determine FeO weight percentages. Mormative sineralogy was
calculated using the computer program PETAX {Jassey, 196S).
Thin section analyses were used to detarsine the modal

mineralogy.

Iz
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that the Conway Granite has a uranium plus thoriun
concantration two to four times that of an average
granite {l.e. as high as 60 ppm U, and 17 ppm Th
for the red-phase). Blotite (4% * 1.0%} and
hastingsite (Tr.)} were also idantified using the
Figure 6a XRD pattern. Other trace minerals
contained within the granite were idantified using
optical methods only. These minerals inoluded;
apatite, zirocon, fluorite, allanite, calcite,
magnetite, and pyrite.

The Bannock Rhyolite Tuff is composed
primarity of veailculated glasa (955% % 1.1%). The
ED8 pattern of thie glass (Figure S) suggests that
this glass 18 rich in Al, K, and laessar amounts of
Fea. Analysis of the 125-250 um BRT starting
material in refractive index fluids, confirmed the
95% volume rhyolitic glasa value obtained through
thin sactien point ocount mnalysis. The shattered
mineral grains in the tuff inoclude gquarts (1.8%),
sanidine (1.7%), plagioclasa {0.68%), and biotite
(0.4%}. The shattering may have been the result of
a explosive eruption. Quarts, sanidine, and albite
were identified in the unreacted tuff sample using
the Figure 6b X-ray diffractogram. Trace amocunts
(<1%} of iron~rich olivine, calcite, and

cristobalite were ildentified using optical methods.
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The chemical ococmposition and normative
analyses are also presented in Table 2. The Conway
granite has 2.1 times more Na,0 and 5.7 times more
Pa0 than the tuff. The significanca of FeQ wt.¥ on
redox buffer capacity, and sclution pH is further
discussed in the Redox Comparison and pE trends ya.
time seoctions. Otherwise these two rock samples
are chaemically very similar. All major oxides and
normative mineral percentages fall within the
LeMaitre (197€) range of average granites and
rhyclites (Figqure 7). Therafora the results of
thesa aexperiments can ba used to compare the
rock:water interactions occurring Dbetween a
chemically common holocrystalline granite, and a

95¥% glasa rhyolite tuff.
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S8ECONDARY MINERAL ANALYSES

8econdary minerals formed in our experimenta
wore idantified using BEM/EDS and XRD tachniques.
Mineral saturation indices (log IAP/E data) wore
used to corroborate SBEN/EDS and XRD identification
results.

Secondary mineral identifications based on EDS
spectra and morphelogy, using BEM/EDS teohniques
are included in Figures 8~12 (Tuff experiment), and
Figures 26-30 (Granite experiments). The brackat
socala located near tha bottam of all of the
included S8EM photomicrographs represents a distance
of 1 or 10 micrometers, as indicated. Seocondary
wineral silvar filter holders generated the Ag and
Cl poaka included in tha above maentioned EDS
apectra.

8econdary minerals were also ldentified uaing
X-ray diffractograms (Tuff experiment: Figures 13-
25, Granite experiments: Figures 31-34). The d-
spacings of diffraotogram peaks were mnatched
against values contmined within the JCPDB (Joint
Committaa on Powder Diffraction standards) file.
Hone of the filtared solution aliquots in both
granlite experiments (CG:1, €G:2) produced XRD peaks

dua to the loss of &suapended naterial by the
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filtration aeffect of acocounulating granite
sacondaries in the autoclave sampling stem. Thus
while secondary minarals wvere identiried rrom tufr
solution aliquots (Figqures 8-25), only granita
quench @gample sBolutions were availabla for
secondary mineral rasaarch (Figures 26-34}. The Ag
and Cl peaka preoduced during X-ray diffraction
analysea result from the Ag secondary mineral
filter holders.

Table 3 (sea page 67} sunnarises conclusions
from the BEM/EDS and XRD secondary mineral
identification analyses.

Saturation indices (log IAP/EK values) were
caloulated using the computer program HIPHPR2 to
determine which secondary nuinerals way be
contrelling eclution composition in the tuff and
granite expariment (Tables 4-5). These valuas were
used to construct leg IAP/K wva. time diagrams
{Figures 37-42) whioh sBupport the GEX/BDE and XRD

secondary mineral jdentification results.



EXPERTMEST BRT:1 SEN/EDE IDEETIFICATION RESULTS
(FIGURES 6-12): @EM/EDB technigques were wused to
photograph and identify tuff secondary minarals
from aliquots BRT 1.2, BRT 1.7, and BRT 1.9
(Figures 8-12).

The 81 peak in the Figure 8 EDS spectrum was
used to identify a dark amorphous silica grain
removed from the BRT 1.2 mligquot (in the included
8EM photomiorograph. In Pigure 9 a EDS spectrum
containing ¥e, Al, S1i, K, Ti, Ca, and Mn paaks was
used to identify a white fine-grained mixture of
illite and Fe-smeotite recovered from tha BRT 1.2
sclution aliquot. The EDB spectrum in Pigure 10
oontains 81, Fe, Al, K, Ti, Mn, Ca, and Na peaks,
usad to ldontify a mixture of white fine-grained
secondary illite, mmeotite, and anhydrite removed
from aliquot BRT 1.7. The sulphur peak and part of
the Ca peak are thought to indiocate the presence of
Secondary anhydrite, a common Ca-S~bearing mineral
alteration produot found in ¢geothermal soluticns
near 300°C (Henley et al,, 1984). The BEM
Photomiorograph inocluded in Figure 10 shows the
above mentioned white-fine grained secondary

mineral mixture, and dark rounded primary material
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grains removaed from aliguot BRT 1.7. The primary
materials were identified as rhyolitic ¢glass and
Plagioclase. The Figure 11 EDS spectrum contailns
tha 81, Al, K, Ca, Fe, Na, and Ti peaks used to
idantify a mixture of i1illite, anhydrite, and
eamectite ramoved from the BRT 1.7 aligquot. The 8
peak nnd part of the Ca peak wero usad to identify
the presence secondary anhydrita, The Figure 12
BED8S speotrum contains 8i, Al, X, Ca, Ti, Mn, and Fe
peaka used to identify a mix of Ca-illite and
smactite from the BRT 1.9 aliquot. Tha SEM
photomicrograph included Figure 12 shows the above
mentioned mixture of Ca-smeoctite and illite (next
to a piece of primary albite). In summary: illitae,
amorphous silica, smectite(s), and anhydrite ware
identified in the tuff experiment using BDS/SEN
tachniques.

EXFERIMENT BAT:1 FURTHER BEN/BDB DATA
INTERPRETATION (FIGURES 6-12): The ideantification
of amorphous silica from aliquet BRT 1.2 suggests
that secondary amorphous silica formation started
te control dissclved 810, concentrations by the 3.3
hour sample. Tha EDS speotra of BRT clay minerals
{Figures 9-12), ehow a trend of inoreasing Ca

content from BRT 1.2 to 1.9. These results suggest
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that Ca wag replacing other cations in mmeoctite
structures during the ocourse of the experiment.
Becondary anhydrite was ldantified from the BRT 1.7
aliquot (Figqures 10~11}. These identification
results suggeet that the precipitation of this
nineral was responsibla for removing Ca and 80, froa
solution by the 1264 hour sample. Variations in
peak heights for elements in Figqures 5-12, suggest
that the compositicn of differant smectite graina
are not identical indicata. These smeotite grains
incorporated varying amounts of Na, Fe, Mn, and Ti

into their struotures.

EXPERIMENT HRET:1 XRD IDENTIFICATION RESULTS
(FIGURES 13-21): Figures 13-21 contain labeled X~
ray diffractograms of sacondary ninerals ramoved
from aligquota BRT 1.2 to BRT 1.10., The BRT 1.1 X~
ray diffractogram d4id not produce any peaks
{alffractogram therafore not included in this
thesis). Figure 13 1is an X-rey diffractogram of
secondary minerals reamoved from the BRT 1.2
asolution aliquot (3.3 hours). The d-spacing of the
broad peak in Figqure 13 was used to idantify
secondary smeotita. Figure 13 may alao contain
very faint ilijite (001), (002), and (003) penks.
The 1llite peaks best match those of illite (2M,),
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{JCPDE oard no. 256~-911}. In the BRT 1.3 X-ray
diffraotogram, (Figure 14) a faint smectita peak is
discernable. In the BRT 1.4 (Pigura 15) Xeray
diffractogram a illite (003) peak i1s discernabla.
R less diatinot bDbroad smeoctite peak is also
discarnable. The X-ray diffractogram of secondary
minerals removed from aliguot BRT 1.5 (Figura 16)
contains one clearly discernable illite paak {003).
The BRT 1.6 X-ray diffractogram in Pigure 17
inocludaen clearly d&iscernable illite (001) and (003)
peaks. Figure 17 also oontains evidence of a
distinguishable broad smectite peak. In Figure 18
(BERT 1l.7) clearly discernable illite (002, 003),
and smectite peaks were identified. The Figure 19
X-ray diffractogram of sacondary minerals removed
from the BRT 1.8 aliguot contains a faint 1llite
{003) peak. In Figure 20 olearly dilstinguishable
smectite amd 1llite (002), (003) peaks veara
ldentified from the secondary minarnl assemblage
removed from the BRT 1.9 aliquot. In Figure 21 the
saecopndary minaral fraotion removed from aliguot BRT
1.10 produced distinot illite (001), (002), and

{003} peaks (Figure 21).
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STEP/SAMPL.: .82 DBEG ¥10TH: .84 OEG
PRESET TIME: 8 SEC B.G. (SAMP.1 I X2
FILE NAME :M18118d B.G., CYCLE) ¢ 82
OPERARTOR  GHMYER GUTPUI FILE :M1811R8A
COMNENT :
Sanple Name - BRT 1.2
Ag
w
[+
L
o
Q
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‘ -
S
B i K B WS Y i R p PO B . a_Fii .
.68 10,08 15.88 28.88 25.868 38.44 $5.88 42,80

Flgure 15: X-ray diffractogram of the secandary clay [raction
removed from aliquot BRT 1.4,
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SAMPLE NAMEIDBRT 1.5 UATE: 323.04. 26
TARGET Cu

JOL and CUR: 95X¥ 3@m SNODTHING NO.: 17
SLITS iDS 1 RS .15 SS | THRESH, INTEN.* 12 CPS
SLAN SPLED: 18 nec;nt N. 2nd DERIV.: 95 CPS/1DEGxDEG)
SIEP/SAMSL, . .B2 DEG VIOTS: .14 DEG
PRESET TIME: @ SEC B.G. (SAMF.9 : 32
FILE NAME :M16310D B.G. ICYCLE) : 32
DPERATOR  SCHAVER QUTPUT FILE :M13B18P
CONHENT H
Sampte Mame : BRT 1.9
Ag
AT
(s} A
18.98  15.40 2@.88  25.@ 50.00  35.80  40.03

Figure 16: X-ray diffractogram of the secondary clay fraction
removed from aliquot BRT 1.5.
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SAHPLE NAME:BRT 1.6

TARGEY :Cu
VOL and CUR: 45KY 30«8
SLITS WS 1 RS .15 55 1

SCAN SPEED: 1@ JEG/MIN.
STEP/SANPL.: .82 OEG
PRESET TIME: @ SEC

FILE NAKE :%M1291B0@

NATE:23.@4_26

SHOQOTHING ND.: 9
THRESH. INTEN.: 21 CPS
Znd DERIV.:

B.G.

(S5A

¥iDTH:
MF. J

0.G. (CYCLE) :

.B9 DEG

- ¥4

32

2442 CPS/(OEGxDEG! -f
ggg 62

OPERATOR  :GHAYER QUTPUT FILE :H179128P
COMMENT s
Sample Hame 3 HRT 1.6
. Ag
ot
o
(& ]
(@]
24
e ' | '
. |
S -
(1 N
KH &
! >] H \ . B .
I_i.,l.)ji RS LA A 2T 4 It [I| ! LATL LT .:'.I_[..IL i . I 1
5.80 1¢.68 15.460 20,88 25.8 i0.08 35.88 49.08

Figure 17: X-ray diffractogras of the secondary <clay fraction

removed from aliquot BRT 1.6,
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SeLE WOk iPRF 1,2

1984 1 H ™

YL and CUR: ASNY 380
w115 05 1 RS .15 55 1)
o SMED: 18 ECMIN.
AP, 2 (G

PESET Tim: @ SC

FILE v M| 78182

MIEZ9D.04. 26
SHDOTHING «0.° 9

(WE SH. INTEM, - 21 CFS

Znd GEREV.T 2442 CESI!RU&GI
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Figure 18: X-ray Jdiffractogran af Uha sscondary

resovext froe aliquot BAT L.7.
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lg“ﬁ_% .:I 1.8 DATE: 9. B4. 26
YO and CIR: ASKY 5Bw4 STHING . T
airs ‘DS I RS LIS 55t THRESH. INIEN.* 1% CPS
: ED: 19 ELMIN. y Xt
o g Rl S e
PRESLT TIME: @ SEU BC (SR - D
FILE WDt :M177188 8.G. ICYCLF) 5 32
mmu}u ;Ult"dt DUTPUT FILE M1 iear

Sc--ln.Noq'. : BRI 1.8
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Z
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Pigure 19: %-ray diffvactogras of tha secondary clay [raction
roeoved [rom aliguot BET L. 8.
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R MEM? 1.9
VO and CUR: ASKY 3Bt

DATEZ99.94.23

SHOOTHING .- S
FHRESH. (ML, <

. 0
2ed ORRLY,: 2442 CPS/(0EGADEG)
¥IOMH: .89 DEG

B.L. (SANP g & 32
B.G. ICTLEY : 52

FILE MK 1N1G6100 G, :
tl"l-.ltﬂ'l‘t‘lt ZR1GA HPUT FILE :HIG5(6D°
Semple Hame : BR? [.8
Agho Ag AgAg
S =2 A % 3
O
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Figura 20: X-tay diffractogres of the soocdary clay fractiocn

reacvest fros sliquot BRT 3.9.
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|00 CPS

| | 1 1 1 § I | ] I | | } |
Samplo Hama : BRY t.10
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Ag-SILVER

Figure 21: X-ray diffractogram of the secondary clay fraction
removed from aliquot EBRY 1.10.
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EXPERINENT BRT:1 FURTHEW XERD DATA INYERPRETATION
(FIGURES 13-21): The XRD data indicate that illite
vas the daminant secondary mineral to preaipitate
from tha tuff experiment solution. Thase results
nleo suggast either that not encugh illite had baen
formed within the first 30 minutes of the tuff
agperiment to produce discarnadle BRT 1.1
diffractogram peaks, or the illite and/or smeotite
formed within the first 30 minutes of the tuff
axperiment were not well crystalliged and/or ware
not yet filterable. By the 3.3 hour sample illite
and smectite had precipitated out of BRT:1
solutien. It is clear that the general trend fronm
BRAT 1.1 to 1.10, is one of incremsing illite and
smeotite peak jntensity with aliquot succession.
Thaese results suggest that the mass of secondary
olay minerals per unit velume of solution, and/or
the degres of clay mineraml orystallinity incroased
with time.

FICURESH 22-25¢ EXPERTNENRT RART:1 XRD DATA
FRESERTATION (ETEYLENE GLYCOL): PFigures 22-25
contain tuff X-Hay Diffractegrams, (BRT 1.4, BRT
1.5, PBRET 1.6, and BARAT 11.10}), with untreated
secondary nineral data (top) and ethylene glyocecl

treated secondary mineral data (bottom). In FPiqura
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Theae anslywes wore conducted using CuKa, 9
radiation (Ko, #1.5406A, Eqri.54430)

s Ag=51lver Ara8llver Chlorida
I«Iliten S-Emnctite

5. 10. 15. k. 25. 30. 35.

flgure 22: BRT 1.4 allquot X-ray diffrpctograss used to detered ne
the offect of ethylene glycolation traatment; unglycolated
secondory mineral fraction diffractogres (top), and athylena
glycol Lreated pecondary mineral fraction diffractogran {bottom).
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Thasa analysas e  conlucted usi Cuka,
radiation {Kaq, =1.5406A, Eqmrl.S443 M) . *

Ag=Silver Ar=8ilver Chlorida
I=X1lite {)= Poasible faint peak
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Figure 23: BRT 1.5 aliquot X-ray diffractogroms ueed to determine
the effect of ethylene glycolation traatsent; unglycolated
secondary wineral fraction diffractogram (top), and ethylene
Blycol treated secondary mlneral fraction diffractogras (bottos).
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Thesa Analysas ware conducted using Culia, g4
radiation (Lo, =1.54064, Kopl.5443 A)
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Figure 24: BRT 1.6 aliquot X-ray diffractograms used to detersine
the effect of etbylene glycolation treatment; unglycolated
pecondary mineral fraction diffractogram (taop), amxi ethylene
glycol treated secondary mineral fraction diffractograa (bottom}.
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Thase analyses wete cooducted uaing CuHno, q
radiatfon (Ko, =1.5406), Kam=1.5443A)
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Figure 25: BAT 1.10 aliquot X-ray dszru:tosrmt ﬂﬂ:d :o

datersina the effect of ethylene glyceolation
unglycolated secondary minaral fraction difiractograx (top), and
ethylene gilycol treated secondary mineral fractfon diffractogras

(bottom}.
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22 the ethylene glycol treatment of the BRT 1.4
secondary minaral fraction resulted in a sharpar
illite (001} peax. Tha ethylene glycol treoatmant
of tha BRT 1.5 secondary mineral fraction (Pigura
23) resulted in a s8lightly more distinot (001)
illite peank. In Figure 24 tha ethylena glycol
treatment of the BART 1.6 secondary mineral
assemblage resulted in a olearly more distinot
illite (001) peak. Tha smactite peak contained in
the BRT 1.6 (Figure 24) untreated assemblage was
widened and emoothed by the ethylene glyool
treatment. The BRAT 1.10 treated and untreated IRD

data in Figure 25 are similar.

PIGUREB 22-25: XRD DATA INTERPRETATION (BTHYLENE
GLYCOL): 1Illite (00l1) peaks are slightly more
distinct after the ethylene glycol treatment of tha
BRT 1.4 and 1.5 secondary nineral assamblages.
After treoatment of the BRT 1.6 secondary mineral
assamblage the 1illite (00l) peak i1s olearly more
distinot. This comparison suggests that secondary
illite was wall crystallized by tha 1264 hour
sample. The smocthing and widening of the smectite
peak after the ethylene glycol treatment of the BRT
1.6 secondary mineral assemblage, suggests that tha

smectites formed in the tuff experiment represent a



53
wida range of compositions. The surprising

similarity batween treated and untreated BRET 1.10
suggests that this sample was subjected to Bsome
human error in treatment, or that this assemdlage

did not contain mmactite.

SUMMRRY OF ANALYSES OF ERT:1 GBCONDARY MINERALS: In
summary (Table 3: Page 67), the secondary minerals
identified in the tuff experiment using XRD andjor
BEM/EDS techniques include i1llite, smectites,
amcrphous silica, and anhydrite. Illite wvas the
dominant secondary mineral formed ip the tufr
axperiment. 8mectite chemicml composition evolves
during tha experiment as Ca replaces othar cations.
varying amounts of Fe, Ti, and Mn ware incorporated
into the 1llite andjor smeotite structures. The
smactites formed in experiment BRT:1 ocan be
classified as baidellitic (sea pH Trends ¥a. Tipe

section).

GRARITR AERCONDARY MYINERALH

EDS/BEM IDENETIFICATION RESULTES FROK CQ::X R¥MD Ca:2
{FIGURBS 26-29): PFigqure 26 contains a BEM

photomicrograph of a large dark mineral encrusated
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in plmces by & whitish clay mineral removed from
€G:1 quench solution. On the basis of EDS spectra
and morpholeogy the white minaral was identified as
illite, and the dark mineral was identified as
primary EK-feldspar (The spectra of thesa
minerals were not plotted). The Figure 27 EDB
spectrum containg @i, Al, and Pe peaks usad to
ldentify secondary smectite removed from tha €G:2
quench aliquot. The 81, Al, K, Fe, and Ti peaks
contained in the CG:2 EDB spectrum (Figqure 28} were
used to identify a mixture of illite and smaotita
locatod on a different part of the silvar filter.
The Fiqure 29 EDS aspeotrum contains a large 81 pseax
used to identify s diminutive 3secondary quarts
grain removed from the ¢€G:2 quench solution.
Primary minerals i1dentified from tha CG:2 quench
solution include microperthite, quarta, and
hastingaite. In Figqure 30 the included EDS
speotrum was used to identify the large grain in
the B8EM photomicrograph as hastingsite. In
suERary, tba secondary minerals identified from
CG:1 and CG:2 quench sclutiona include; illite,

quartz, and amectites.
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Figure 28: EDS aspectrum used to identify o mixture of illite and
spectite from the OG:2 quench aliquot.
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Fligure 29: EDS spectrum used to jdentify fine-grained secondary
quartz from the C:2 quench aliquot.
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FIGURES 26~29: FURTHER INTERFRETATION OF Cg:1 AND
CG:2 EDS/SEM DATA: The Fe and Ti peaka contained
within the EDS spectra in Figure 27-28, suggest
that small amounts ©f Fe and Ti were incorporated
inte oclay mineral structures (illite and/or
smectite). The identification of secondary gquarts
from the CG:2 ¢quanch aligquot (Figure 29) suggasts
that secondary quarta formation controlled

dissolved Bio2 concentrations in this axperimant,

FIGURESE 31-32: IXBD IDERTIFICATICE RESULTE FROM
EXPERIMENTS CG:1 AND €0G:2: Pigura 31 is a labeled
X-ray diffractogram of the secondary and primary
minerais recovered from the C€G:1 quench aliquot.
Secondary minerals identified from the CG:1 quench
aliquot 1include: 1llite, quartz, nualbite and
hematite. The d-spaocings of the Figure 31 albite
peaks do not match those of the primary albite
peaks oontained in Figura ¢a. However the d4-
spacings of Pigura 31 aldite peaks match those of
high albite (JCPDS card no. 20-572) to within 0.01
A» The 1liite peak d-mspacings best match those of
illite {2N,) {JCPD8 card no. 26-911)}. Hastingaite
and miorooline are beliaved to be primary aince
thay have ildentical d~spacings when compared with
peaks produced by the granite primary material
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Thie analysis wans conducted using Cuka, q
radiation {(fa, =1.54064, Koe1.54434)
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Figuro 33: X-ray diffractagram of secondary and primary minersls
removs] froa the CU:3 quench aliguot.
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{(Figura 6a)., Secondary 1llite, gquartz, and high
albite ware alsc identified from the CG:2 guenoh
solution (Figure 32). Primary hastingsita and
microoline are alsc identified in the <CG32

diffractogram (Figure 32).

FIGURES 31-32: FURTHER INTERPRETATION OF CU:1 AND
CG3:2 XBD DATA: Tha CG@:1 and CG:2 guench secondary
mineral data cilearly indicate that 1llite was the
dominant secondary mineral formed in the granite
experiments. Hamatite was idantified in the
Secondary assemblage removed from the €G3l
experiment quench soclution (terminated after 108
houra). A visual emamination of the CG:1 mineral
assemblage reveals a thin red hematite coating.
Howaver hematite was not identified in the
secondary mineral assemblage removed from the CG:2
quench solution {terminated after 2762 hours). No
rad hematite coating can be saen on the C€G:2
Rineral assemblage. This comparison suggeats that
ag Q, vas removed from the CG:2 autoclave solution,
Secondary hematite Dbecame unstable. The Fe
released by the dissolution of secondary hamatite
was probably incorporated into secondary illite

and/or smactites.
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FIGURER 13-34: EXPERINENTS CG:1l AND CO:2 XAD DATA
PRESENTATION (BETHYLEME GLYCOL): The ethylone
glycolation of the CG:l1 and CG:2 quench minerals

producaed no discernable smectite poaks.

FIGURES 33-34: EXPERINENTS CG:1 AND CG:2 XED DATA
INTERPRETATION (ETHYLEEE GLYCOL): The CG:1 and CG:2
quench smectites identified using BEM/EDE are

poorly crystallized and/or sparse.

SUMMARY OF ANALYERS OF CO:2 SECONDARY MINERALS: In
summary (Table 3: Page 67), the secondary minerals
identified in the granite experiment using XxED
and/or SEM/RDS inoluda illite, high albite, quarts,
and smectitae. Illite was olearly the dominant
secondary mineral to from the granite autoclave
sclutions. Varying amounts of Pe and Ti were
incorporated into illite and/oxr smeotite
structures. The smectites formed in exporiments
CG:1 and CG:2 can be classified as beidallitic (saa

PR Trends va. Time maction).
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Thiw analysis wap conductad using Cuka, q
radiation (fa, »1.5306A, Rost_54434)
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Figure 33: CG:1 quench solution X-ray diffractograss used to
determine the effect of ethylene glycolation treatuent:
unglycolated secondary mineral fraction diffractogrom {top}., and
ethylene glycol treated secondary mineral fraction diffractogram
(bottom) .
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Figure 3%: K-ray diffractogram of secondary and primary minerals
resoved from the C3:2 quench aliquot.
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TABLE 3: SECONDARY MINERALS IDENTIFIED IN THE TUFF
(BRY:1), AND GRANITE EXPERIMENTS (CQ3:1, CG:2),
USING, XRD, SEM/EDS, AND SUPPORTING 100 IAP/K DATA
AT SOU'C AND 30 MPa

- — -— - - ks ek ek s kb e s ——

ALIGUOT sxnzsns XRD SEE FIGURE

HRT 1.2 1,A%,S S,I17 a8,9,13

HRT 1.3 — 5? 14

BRT 1.4 = —w——mmm 1%, S* 15

BRT 1.5 ——— 1*,57 16

BRT 1.6 = ——we—m 1,S 17

ERT 1.7 I,AN* .S I,S 10,11,18

BRT 1.8 ———— s 19

BRT 1.9 s I.S 12,20

BAT 1.10  ~mee=- I* 21

Ca 1.K I I,Q%,HA,H®* 26,31,33

CG 2.E I,G%,Ha I,Q%,HA 27,28,29
32,34

ISILLITE, S=SHECTITE (BEIDELLITE)}, Ha=HIGH ALBITE
A=AMORPHOUS SILICA, AN=ANHYDRITE, Q=QUARTZ
*=IDENTIFICATION SUPPORTED BY LOG IAR/K DATA
7?=VERY FAINT XHD PEAK(S)

- ] ks — ——— L T ——————— —— YV} S

NOTES:

1} TOPOLOGIC MINERAL STARILITY DIAGRAMS INDICATE
THAT THE SHMECTITES FORMED IN EXPERIMENT CG:1,
CG:2, AND BRT:1 ARE BEIDELLITES.

2) ILLITE PEAKS BEST MATCH THOSE OF DIOCTAHEDRAL
ILLITE (2M1) {JCPDS CARD NO. 26-911}.

3) GUENCH SOLUTION Ca CONCENTRATION {(TABLE 5) AND
LOG IAP/K DATA SUGGEST THAT SMALL AMOUNTS OF
CALCITE FORMED DURIKRG EXFPERIMENT CG:2.

4) CLAY {(JLLITE AND SMECTITE) AND HIGH ALBITE
THERMOCHEMICAL DATA ARE NOT CONSIDERED RELIABLE.



Experiment BRT:1 and CG:2 mliguot data were
Plotted on log Na/H wp. log K/H diagrams (Figures
33-36). High albite, nuscovite, and microcline
phase boundariea wore constructed uaing
thermodynamic data calculated of Helgeson et nml,
{1981). Smectite and illits phase boundarias ware
not plotted due to lack of 300°C clay thermochemical
data. Expariment CG:2 and BRT:1; Ka/E and K/R
ratios were calculated using the computer program
HIPHFRZ2 (RKacandes and Grandstaff, 1985%; Orandstaff
et al., 19%0). In Figure 35 italioc numbers are
used to represent thae saguence of tuff experiment
aligquots (i.e. an italio 1 refers to aliguot
BRT:1). Amorphous silica saturation 1s used to
define 810, activities in Figure 35. Plain numbers
are used to represent the seguence of granite
experiment aliquots 1in Pigure 36. Quarts
saturation is used to define 8i0, aotivity in Figure
36. Experiment BRT:1 and CG:2 oantion/proton ratios

are listed in Appendices l1la and 1b, respeotively.
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FIGUREE 35-36 DATA PREBENTATIOE: The data point
distribution in Figure 35 shows that the tuff
solution is saturated with respeot to miorooclina.
The tuff experiment data point socattar is near~
linear. Pigure 36 indioates that the granite
solution is saturated with raespact to miorcoline
during the beginning of the exmperiment (CG 2.1~
2.4}, and with muscovite townrds the end (¢ 2.5~
2.8)}. The granite data point socatter is also near-

linaar.

FIGURES 35-36 DATA INTERPRETATION: In hydrothermal
systams the formation of @secondary minarals
controls solution parameters (i.e. 8i0,, K, Na, Mg,
Fe, Ca, PpPH, s8to.). A near-linear data point
distribution would indicata the presence of a
secondary mineral phase boundary.

fecondary microcline was not idantified from
tuff experiment mliquots. The major source of Na
in the tuff ia rhyolitic glass. The EDS spactra of
smeotitas removed from experiment BRT:1 solution
aliquots suggest that Ma was i1nocorporated into
smeotite structuree. The major source of X in the
tuff is rhyolitio glass. Illite is the only
identified K-bhaaring secondary mineral. Tuf f
aligquot X-ray diffractograms suggest that illite
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Figure 36: A log Ka/H va. log K/H plot used to show a near-linear
trend indicating a possible high albita:dioctahedral jllite phame
boundary (CG:2 aliquot data pointe).
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started to remove K from sclution by tha 3.25 hours
sample. These results suggest that the near-linear
olustaring of experimental pointa in this phase
élagran fall along a 1illiteimmectite equilibrium
boundary. 8eccondary microocline and muscovite were
not identified in BDS8/S8EM and XRD analyses of CG:l
and CG:2 quenoh secondary minerals. Dissolution of
primary miorooline supplied the granite solution
wvith K. The precipitation of secondary illite
removed K from the granite experiment solutions.
In the granite experiments Na was primarily
released by dlssolution eof primary albite (see
Sclution Parameters ys. Time mection). The main
Na-baaring secondary mineral formed was high
albite. The overall linear trend of these data
tharefore should approximate the i1llite~high albite
phase boundary at 300°C and 30 MPa.

Tha near-linear distribution of granite (CG
2.1-2.8) and tuff (BRT 1.2-1.10) experiment data
points in these dlagrams suggasta that the
equilibrium between socondary minerals oontrol

solution parameters inm thase experiments.
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LOG IAR/K SUPPORYTNG DATA

Figures 37-42 oontain 1log IAP/K yvs. time
diagrams of secondary ninerals with stable log
IAP/EK values (values are from Tables 4~5) between
“1 and 1, and whioch bhave been identiflied using
8EM/EDS and/for XBD. The time scale refers to hours
elapsed since the start of the experiment. This
scale ie in houra raised to the 0.40 power and is
used to analyza short~term trendas in the initial
eamples of our experimentas. Dotted lines are used
to demarcate the area (1,9, -1 £ log IAP/EK < 1)
vhich is used to represent saturation with respect
to the secondary winarnlas considered in these
diagrams. The soclid line in the center of each log
IAP/K diagram represents a 1log IAP/K of exaoctly 0.
The dashed linas represent thae log IAP/K trends vs.
tinme.

The granite experiment 1log IAP/K trend
diagrams support the 8EM/EDS and/or XRD
identification analyses for quartk (Pigure 37) and
hematite (Figure 38).

The tuff experiment log IAP/K trend diagranms
suggest the presence of amorphous silica (Figure
39), anhydrite (Figure 40), illite (Pigure 41) and
beidellites {(Pigure 42). Calcite was not
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TABLE 4: CG:2 LOJ IAP/K Activity ratlos for selected mineraln

RUN 1 2 3 A s 6 ? e
ANHYDRITE ~1.08 «0.96 ~0.53 ~0.24 -¢.45 ~0.33 ~-0.31 -Q.47
CALCITE 1.37 1.54 1.31 1.22 0.42 1.02 1.22 0.35
CHALCEODONY -0.33 -0.19 -0,09 -0.10 -0.11 -0.13 -0.09 ~0.17
SEPIOLITE 1.32 2.20 2.7% 0.98 ~0.55 0.08 ~0.37 -3.64
DOLOMITE 3,46 3.63 3.44 2.63 1.61 2.47 2.59 0.86
A.SILICA -0.62 ~0.48 -0. 38 «~0.39 -0.39 -0,41 -0.386 -0.46
QUARYZ -0.19 ~0.05 0,05 0.04 0.03 G.01 0.0% 0.03
FLUORITE -2.10 -1.60 -1.19 -1.30 -1.38 ~0.97 ~0.B81 ~1.14
ILLITE «2.3t -2.17 «1.9% ~2.17 ~1.96 -2.32 -2.06 -2.20
PREHNETE 0.94 £.39 1.14 1.0 -0.09 0.50 1.03 -0.35
WAIRARITE ~0.91 -0.49 -0.36 -0,51 ~0.86 -0.82 -0.36 ~1.11
78 CLIN. 6.98 7.10 7.34 5.11 3.63- 4.908 3.57 0.14
HEMATITE e ——— ———— —_— 0.13 -0.08 0.56 ~0.07
HACNETLTE ———— — === B e.17 0.08 0.39 0.07
GOETHITE - et m——- —— 0.17 0.08 0.39 0.07
14 A CLIN. 9.38 9.50 9.73 7.50 6.02 6.48 5.96 2.54

| £ 3
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Table S: BAT:1 log IAP/K activity ratios for selected minerals
RUN 1 2 3 4 s 6 7 8 10
ADULARIA 1.08 0.30 0.58 0.64 0.54 0.26 -0.ts 0.84 0.55
ANHYDRITE -0.28 -0.32 -0.0? -0.13 0.28 ~0.15 -0.31 .0.07 -0.03
CHALCEDONY 0.21 0.32 0.29 0.3& 0.30 0.27 0.20 0.31 0.27
AH. SILICA -¢.0? 0.03 0.0t 0.05 0.02 -0.01 0.00 0.03 -0.02
QUARTZ ¢.35 0.46 0.43 0.408 0.45 0.461 0.43 0.46 0.41
CA-~BE1DEL. 4.22 3.53 0.36 0.27 0.13 -0.87 -1.92 1.15 0.22
HMC-BEIDEL. 3.o1 1.24 -1.85 -0.05 -0.22 -3.05 -2.25 0.83 -0.09
NA-BEIDEL. 3.43 2.68 -0.35 -0.44 -0.65 -1.56 -2.56 0.47 -0.43
MICROCLINE 1.09 0.31 0.59 0.65 0.5S 0.1 -0.13 -0.85 0.56
HUSCOVITE 3.90 2.34 -0.49 -0.66 -0.8B2 -1.%2 -3.16 -0,47 -0.50
K-BEIDELL. 2.00 1.24 -1.B% +1.92 -2.12 -3.05 -4.06 -4,00 -1.91
7A CLIN. -4.31 -11.523 2.17 2.94 4.06 2.73 1.67 0.80 1.41
FLUORITE -4.64 <-5.06 -1.00 -1.01 -0.% =-0.69 -0.51 -1.80 -1.48
SEPIOLITE -5.06 -13.62 -0,27 0.61 1.53 1.73 ¢.87 -1.04 -0.94
HAIRAKITE 1.69 ©0.36 0.45 0.35 0.61 -0.54 -1.&a4 0.58 -0.06
ILLITE 2.37 1.07 -0.60 -0.63 =-0.75 ~1.62 -2.63 0.00 -0.68
HEHATITE ——— ———— —— 1.28 0.92 2.03 2A.44 —_—— 1.95
MAGNETITE ——— ——ma- ———— 1.70 0.77 2.44 3.05 —— 2.32
GOETHITE . m——— — 0.74 0.56 1.12 1.32 ———— 1.08
CALCITE -$.9%5 2.48 0.29 0.23 0.76 0.49 0.48 ~0.35 -0.12

Clin.e Clinochlore
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identified from ¢G:2 ¢uanch solution sacondary
minerals using XRD/EDS techniques. Howaver Ca
quench solution concentraticons (sea @olution
Parametera vo. Time seotion) and log IAR/K data
(Table 4) suggest that secondary caloite may have
formed. It is poasidble that secondary caloite
becama unstablae during tha cooling of uanch
solutlion CG:2 releasing Ca into solution.

It should be menticned that the clay mineral
and high albite thermochemical data are not

considered to be reliable.

DATA PRESENTATION: Profuse amounts of 155 smeotite
(i.e. weaponite}, which expand to 174 upon
glycclation are the daminant sacondary mineral
formed during moat 300°C bhasalt:water experiments
(Gardiner, 1988). 1Illite bas alsoc been identified
in small quantities from 300°C Dbasalt:water
eXpoeriments, It 1is significant that the major

secondary mineral formed in these 300°C aigh-8i0,
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rock experiments i1e 10X non-expanding 1{llite
(beidallitic smectites were also identified in
lesser amounts}. Thesa comparisons indicate that
the illitafemectite mass ratio of the granite and
tuff experiment arae higher, when ocompared to the
basalt:wvater experiments.

A visual examination of the mecondary minerals
removad from Cgt1, Cd:2, and Tample basaltiwatar
experiment quench solutions was undertaken. These
comparlsons clearly indicata that the total mass of
secondary minerals recovered from basalt experimant
quench solutions, is much higher than thosa removed
from the granite experiments (CG:1 and CG:2).
Thesa oonparisons suggeat that lesser amounts of
seoondary minerala (total mass) formed ia the
granite eoxperimenta (oompared to the basalt
experiments).

The quench solution from experiment BRT:1 has
not been ramoved, due to the use of this autoolave
run for a reinjection experiment (see Introduotion
gaection). A redox buffering capacity caloulation
based on the amount of Fe0 contalned within the
tuff, suggests thet approximately 16% of tha tuff
glass dissolved during ezperiment BRT:1 (see Redox
Comparisons mection). The total weight of Conway

Oranite sample powder added to experiment ©G:2 was
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16.20 grama. After the ramoval of the CG:2 gquench
Bolution primary and secondary mninerals were
removed from the CG:2 quench sclution and meparated
(see PEmparimental Technigques sgection). The total
waight of CG:12 quench primary minerals was measurad
as 15.64 grams, These inventory caloulations
indicate that approximataly 2% of the total Conway
Grenite sample wmass dissolved during expeorimant
C3:2 {in comparison to appromimataly 16% of tha
rhyolitic gqlass in BRT:1). Thesa calculations
indicate that 1lesser amounts (total mass) of
secondary minerals formed in the granite experimeant

(ccmpared to tuff).

DATA INTERPRETATION: If these data are useful in
determining the affect of 1rock type and
erystallinity on 1llite/smectite nass ratio and
secondary mineral preocipitation rates 1in lower
temparature repository solutions, then the

following conclusions can be made:

1) Illite would be the predominant sacondary
mineral to precipitate out of high-8i0, rook
(l.e, granite and tuff) repository solutions.
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2) Becondary smeotite would be the dominant
mineral to precipitate frem basalt repository

solutions.

3) Lesser anounts of secondary minerals would

form in granite rapcsitory solutioms.

Smoctites hava superior sealing and sorpticn
capabilities (when ocompared te 1llites). The
formation of largor amounts of sorptive smectite in
basalt repository solutions should raesult in
comparatively lower radionuclide mobllity (for some
radionuclides) and 1lower poroasity, hnear waste
containers (when compared to granita and basalt).
The formation of leseer uamounts of seocondary
minerals in granite repository sclutions would
result in comparatively higher porosity near waste
contalner packages {compared t¢ bhaspalt and
granite). Higher porosity near granite raepeaitory
waste contalpers, would result in comparativaly
higher radionuoclida mobility (compared to basalt
and tuff pites)}. The resmults of thesa secondary
nineral analysaes suggest that radicnuclide mobllity
may ba oomparatively lower in a basalt enclosed
high-level nuclear waste repository (ocompared to
granitae and tuffr).



BOLUTION FARANETER TRENDS VS. TTNE.

Hesulta of aliquot and guench solution
analyses from the granite (CG:1, C@:2), and tuff
(BRT:1} expariments ara liested Tebles €, 7, and 8.
These results ware used to construct 1log
concentration (mg/l} vs. time {exponential hours)
dlagrams (Figures 431-48, 48-50, and 52~54). The
socale used in these diagrams 1s identical to the
scale saleocted by previous Tample basalt asutocolave
researchers (Kacandes, 1980; cGardiner, 1987; Eorn,
1986; McKaon, 19847 and Moore, 1983) for
convanience of oomparison. The logarjithmic
concentration acale was salactad sc that a large
range of oconcentration measurements could be
inoluded on the same diagram. The exponentiel tima
soale refers to the amount of hours elapsed sinca
the start of the experiment. This soale is in
houra raised to the 0.40 power, and is useful to
allow us to apalyse trends representing initial
intervals of the tuff and granite experimentsa.

Major speciea oconcentration va., time curves
for the three autoolave experiments are sbown in
Figures 43-45. These curves were plotted to

oompare the ooncantration trends of major speocies



TABLE 6 : 0OG:2 SOLUTION PARAMETER VALUES FOR 125-250 MICRON CONWAY GRANETE AND 3.4X10-3M RaC) SOLUTION
IN DICKSON ROCKING AUTOCLAVE EXPERIMENTS AT 300°C AND 300 #Pa

SAMPLE ] 1 2 3 4 5 6 7 B 9
HOURS 0 1.36 3.17 24 a6 313 623 1324 2761 2765
PH(m) $.64 6.44 6.60 6.35 6.34 . 6.10 6.21 6.12 6.09 6.11
i) S$.59 7.18 7.24 7.02 6.96 6.67 6.e9% 6.85 6.70 ————
#coa 0.2 62.6 €4.2 62.3 53.0 45.2 54.8 66.6 45.0 52.2
HaS{T) N/D N/D N/D N/D DET 0.08 1,46 1.32 1.50 1.52
cl 132.0 114.1 12¢.2 138.6 126.5 124.9 122.3 120.2 133.1 194.1
504 ¢.50 0.81 .52 1.02 1.82 1.52 1.53 1.02 2.02 £.85
F .00 1.02 1.64 2.55 2.03 3.3¢ 3.60 3.68 5.52 6.10
S10g 2.3 434 604 753 728 719 691 748 617 655
Ca e.04 0.869 ¢.84 1.08 1.30 0.73 1.04 1.62 0.57 7.98
Na 8z.2 83.1 84.3 87.46 86.8 100.4 79.5 76.2 88.3 85.6
K 2.5 27.0 25.6 29.5 34.5 35.2 36.6 32.4 45.1 27.5
Mg 0.00 0.07 ¢.06 0.12 0.05 0.0% 0.04 0.03 0.01 0.02
Al ¢.00 4.16 3.05 1.94 1.48 1.56 1.47 1.72 2.17 0.60
Fe ¢.00 0.18 ¢.16 a.10 0.14 0.16 _0.08 o.18 0.12 0.54
Hn 0.90 ———— ——— 0,04 0.06 —_—— 0.04 —— ©.03 0.15
Lt 0.00 0.16 - ¢.27 0.37 0.51 0.36 6.61 ———- 0.51
DHEH —— —— o —— ——— =26.4 -29.0 -29.3 -30.0 —
Log £03 -~ ———— ——— —— ———— =29.9 -31.5 -31.6 -31.2 -———
pH(m)= Measured pH pHic)= Calculated pH N/D= Not Detected DET= Detected (10.06 mg/l}
DHEM=Dissoved Hy Evolution Method T=Total

Lo



TABLE 7: BRT:i SOLUTION PARAMETER VALUES FOR £25-250 MICRON BANNOCK RHYOLITE TUFF AND 3.4X10-3M
NaCl SOLUTION IN DICKSON ROCKING AUTOCLAVE EXPERIMENTS AT 3000C AND 300 W™Pa

SAHFLE 0 b1 2 3 4 s 6 7 8 9 10
HOURS Q 0.5 3.3 36 63 204 449 1264 25859 2582 3532
pH{m) 5.74 5.96 5.52 5.52 5.48 S.45 S.2% 5.28 $.40 —--- S.46
pHic) | .S5.74 5.29 4%.S57 6.51 6.53 6.56 t6.64 6.76 6.2d - 6.4
HCO3 0.2 73.9 63.0 61.8 64%4.0 73.9 76.0 77.5 64 .4 64.1 64.0
H28(T} N/D N/D N/D N/D - N/D N/D N/D N/D N/D N/D R/D
cl 138.5 134.1 136.2 134.1 139.7 154.6 131.3 130.0 154.4 - 145.9
S04 1.00 “.09 4 .09 4.34 5.10 5.09 .12 6.3% 10.19 - 12.6%9
F ¢.00 3,32 8.08 19.80 21.54 19.73 22.02 26.07 15.34 - 16.47
Si0g 2.1 1493 1900 1796 1997 1654 1723 1771 1894 ———— 1699

Ca 0.x2 0.87 2.60 0.92 0.69 1.91 0.72 0.45 0_49%9 -—— 0.39
Na 726.2 $2.6 60.2 83.3 68.2 €5.8 77.4 81.9 75.2 - 74.9
K 0.25 81.5 85.5 83.4 83.7 a5.8 85.7 88.1 92.0 - 94.7
Mg D.0x 0.¢3 c.03 0.03 ¢.04 0.07 .07 0.03 0.03 ~==- 0.03
Al ¢.00 7.42 6.75 €.10 6.37 5.65 5.49 $.47 $.44 m==- 5.01
Fe ¢.12 0.45 0.82 0.37 ¢.82 ¢.51 1.58 1.9 2.41 ———— 1.95
Mn 0.02 ——— —— 0.02 —— ———— - ——— .02 ---- 0.02
14 0.00 ——— —— ~m-a ——— —— ———— —— 0,06 ——m- 0.18
DHEM - - — ~am- =28.92 =-27.3¢ =-27.32 +«27.32 - - -27.32.
log f0p —--- ———— ———— —— ———— - —— ——— ——— ————— e
pHi{m)= Measyred pH PHic}c Calculated pit N/D= Not Detected DET= Detected {<0.068 mg/l}

CHEM-Pissoved H, Bvolution Mathod

=Total

o



TABLE 8: CG:] SOLUTION PARAMETER VALUES FOR 125-250 MICRON CONWAY GRANITE AND 3.4X10-3p
NaCl SQLUTION IN DICKSON ROCKING AUYOCLAVE EXPERIMENTS AT 300°C AND 300 MPa

SAMPLE 0 1 2 3 4
HOUAS 0.0 1.4 a.o 21.4 108.3
PHi{} 5.64 6.31 6.42 6.14 6.20
DH{c) $.56 6.53 _6.54 6.5S 6.54
HCO4 0.00 22.6 22.6 33.4 29.7
H2S(T) R/D R/D N/D K7D N/D
cl 145.0 180.7 169.6 171.@ 175.7
S0, 0.50 8.2 4.1 5.6 7.1
F 0.0D 0.86 2.43 0.87 3.11
510 ¢.50 400 562 718 734

Ca 0.04 0.57 0.79 1.06 1.00
Na 72.1 94 .4 95.3 97.5 86.7
K 0.0 44.0 23.8 26.3 62.5
Mg 0.00 0.02 ©.03 0.0S 0.05
Al 0.00 3.16 2.94 1.69 1.57
Fe 0.04 0.02 0.08 c.08 0.08
Mn [ J—— - - - — [Frep——
Li -y - - - —— ——— - v B P -
mm AL b oy - - ——— A &b duk &8 4B & &b &b
Log £03 — —— — ——— ———

pH{m)> Measured pH PH{c)= Calculated pi  NK/D= Mot Detected DET= Detected (<0.08 mg/l)
DHEM=Disgoved Hy Ewalution Method ¥=Total '
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{stable concantration values greater than 2 ppm in
all 3 eXporimantse} presant in the threae
axperiments.
Each of the trend comparison diagrams (Figures
46, 48-50, 52-%4) contain both granite (CG:2} and
tuff (PET:1) concentrations for two species in
solution. These diagrama were constructed to make
detalled uncoluttered comparisons of majer and minor
solution paramaetar trends in the tuff and granite
experiments. In the oomparison diagrams, dotted
lines represant the tuff experiment and msolid linas
Teprasent the granite experiment. Values of log
IAP/E (from Tables 4~5), calculated uasing the
computer program EIPHPR2 (Kacandes and Grandstaff,
1989; Grandstaff ot al, 19%0) will be utilized to

determine which secondary minerals controlled

solution parametars.

FI 5 43 AND 44: EXP 8 OG:1 AND CG:2

MAJOR SPRCIES DATA COMPARTISON

FICURES 43 AND 44 DATA PHESENTATION: Autooclave
experimant CG:1 and CG:2, zero to one hundred hour

interval major sepecles concentration trenda are



TABLE 8: CG:1 SOLUTION PARAMETER VALUES FOR 2125-250 MICRON CUNWAY ORANITE AND 3.4X10-3M

NaCl SOLUTION IN DICKSON ROCKING

T L ——

AUTOCLAVE EXPERIMENTS AT 3007C AND 300 MPa

L

SANMPLE G 1 2 3 “
HOURS ¢.0 i.4 3.0 21.4 108.2
PH{m} 5.6 6. 31 6.43 6.1a &.20
PH{c) S. 56 6.53 ~ 6.54 6.55 6_84
HCO% 0.00 22.6 22.6 33.4 29.7
HoS(T) R/D R/D R/D M/D N/D
cl 45.C 1680.7 168.6 171_8 175.7
so,, et 8.2 4.1 5.6 7.1
F ©0.00 0.B& 2.43 0.07 3.11
5103 ¢.5¢ 400 562 718 734
Ca 0.04 0.57 0.79 1.06 1.00
Na 72.1 S4.4 95,3 87.5 86.7
X 0.04 44.0 23.8 26.3 62.5
Hg 0.00 0.02 0.03 0.05 0.05
Al ¢.00 3.16 2.94 1.69 1.57
Pe 0.04 ¢.02 ¢.08 0.08 0.08
Hn - - - ——— - - -
Li —— ———— ———— ——— ——
BHEM - - [ER— - - -
Log fOg -— ——- — —— —aum

pH(m}= Measyred pH
DHEW-Dicsoved H, Evolution Method

PH{c}= Calculated pH

N/D= Rot Detected
TaTotal

OET= Petected {<0.08 mg/l)

[ N ]
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sinllar (Pigqures 43-44). The concentration of Cl1

in the C@:1 solution is slightly highar.

FIGURES 43 AND 44 DATA COMPARISOR: This comparison
suggests that tha data gathered from the Granite
experiments are reprocducible. The highar 1
concentrations present in expoeriment ¢C@:1 are
pProbably due to the slightly higher concentration

of C1 in the CG:1 starting solution.

FIGURES 44 AND 45: EXPERTMENTS CG:2 ARD HAT:1

NAJUR BPECIES DATA PRESENTATICON: The concantration
of 8io,, E, Al, HCO;, and F in solution increased
sbarply during the 0 to 1 hour interval of the
Granite (Figure 44) and Tuff experiment (Pigure
45)}. Pigures 44 and 45 vere used to calculate tha
minimum rate of major species release during the
firet hour of the completed Granita and Tuff
experimantes. The actual rate of species releasa is
higher due to the incorporation of some of these
species into secondary mineral struoturas. Tha
ERT:1 eomperiment, 8i0,, K, F, and Al slopes from
soroc to one hours are approximately 1060, 80, S,
and 7 ppm/hour, respeotively. The C€A:2 axperiment
8i0,, K, F, and Ll slopes from zero to ona hours are

approximately 2300, 28, 1, and 3 ppm/hour,
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respactively. Figuraes 44-45 also show that during
tha 1 to 10 hour interval of both experiments, 8i0,,
K, Al, HCO;, and ¥ trends approach stability (herein
defined as epecies slocpes —+ 0 ppm/hour). The
concentration of 810,, X, F, and Al in BRT:1
solution was ocomparatively high during all time

intarvals (comparad to CQ:2).

FIGURES 44 AND 45: EXPERINENTES CC:2 AHD BRY:1
MAJOR SPECIEE DATA COMPARIBON: Two inferences can

be drawvn from the above datat

1} Zerc to one hour ninimum rate of major
species releass slopes are higher for
experiment BRT:1. Assuming surface araeas are
equal, the rhyolitioc glass contained within
the tuff dissclved more rapidly than the
quartz and feldspars in tha granite (C0:2).

2} In both experiments, major species release
slopas approach gerc after the 10 hour
interval. These results indicate that
concantration trands for most apeocles in both
eperiments are controlled by secondary

mineral formation.




: 8io, and K

810, DATA PRESENTATION: In axperiment CG:2 the
concentration of 8i0, in solution rose sharply to
434 ng/l at one hour (CG 1.1). The concentration
of 810, in solution inoreased gradually to 604 ng/l
by the 150 minute sample (CG 1.2). After mample CG
1.2 dissclved 810, concentrations remained
relativaly constant (ranging from 617-753 mg/l}.,
In oxperiment BRT:1 the conocentration of
dissolved 810, in golution sharply increased to 1493
PPh by the 30 minute sample. Tha conocentration of
810, in soluticon increased gradually te 1900 ng/l by
the 190 minute sample (BRT 1.2). Following the 190
Dinute sample dissolved 910, concentrations ramained

relatively conatant {ranging from 1699-1997 mg/l).

810, DATA INTERPRETATION: Tha conceatration of
dissclved 810, in cg 2.1 suggests that the granite
sclution had beccme welightly undorsaturated with
respact to quartz (CG 2.1: log IAP/EK= -0.19) by the
l.4 hour asample. By the 3.2 hour sample 8io,
concentrations atabilimed near values consistent

vith quartz saturation (CQ 2.2 log IAP/K= ~0,0S5).
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Values maeagured throughout the rast of the granita
axperiment suggest that secondary quartz formation
controllad dissolvad Bi0, concentrations (CG 2.3-
2.8: 0.01< log IAP/K <0.05). The identitica;ion of
secondary quartes (see Fiqure 29) in the €G:2 quench
ssoondary mineral nassemblage, and the sbove
mentioned log IAP/E data, suggest that sacondary
quartz formation  controlled disscolved #&10,
concantrations in the granite experiments.
The concentration of dissolvad 810, in aliquot
BRT 1.1 suggests that the turf solution had beocme
8slightly undersaturated with respeot to amorphous
silica (BRT 1.1: log IAP/E= -0.07) by the 1.4 hour
sample. Within the firat 3.3 hours of the tuff
experiment dissaolved 810, concentrations stabilised
near <values coneistent with amorphous asilica
saturation (BRT 1.2: log IAP/K= 0.03). Values
maaspured throughout the remainder of tha tuff
experiment suggest that amorphous asilica formation
controllad dissolved B10, concentrations (BRT 1.3~
1.10: ~0.01 x log IAP/K <0.05). The identification
of seoondary amorphous silica (see Fiqure 8) in the
BRT 1.2 secondary mineral assemblage, and the above
menticned log IAP/K data, suggest that amorphous
silica formation controlled dissclved 810,

concentrations in the Tuff experimant.



99

A BEX photomicrograph (Figure 47} of a CG:2
quanch solution etoh-pitted primary quarts grain
implies that gquartz dissclution added 8i0, to the
granite solutions. Tha dissolution of primary
feldspar is alao thought to have contributed
dissolved Bi0, to the granite soluticns. The
dissclution of highly solubla rhyolitic glasa 1is
thought to have contributed the vast majority of
dissolved 810, added to the BRT:1 autoclave
solution. Bince the tuff glass is nmore soluble
than the quarts and feldspars contained within the
granite, the concentration of 9i0, in solution is
higher in expariment BRT:1. ‘The effact of higher
810, concentrations in experiment BRT:1 on solution

PH, is discussed in the pH trends vs. time section.

K DATA PRESENTATION: In experiment ¢G:2 the
concentration of K in solution increased rapidly to
27.0 g/l (CG 1.1}, After this initial sample
dissolved K concentrations remained ralatively
constant (ranging from 26-45 mg/l).

In experiment BHET:1 the concentration of K in
solution incremsed rapidly to 27.0 ag/l (BRT 1.1},
The oconcentration of K in sclution remained
relatively constant throughout the rest of the
axperiment (ranging from 83.4 to 94.7 mg/l}.
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K DATA INTERPRETATION: Tha concentration of E in
solution, was ococmparatively higher in the tufrf
expariment. The EDB spectrum of a primary BRT
glass fragment (Figure 5) suggests that rhyolitic
glass dissolution added K into the tuff autoclave
solution. Mcdal mineralogy analyees of primary
Conway Granite {sce Tabla 2) indicata that K-
feldspar is the only possidble coatributor of K to
tha granite autoclave soclutions. These comparisons
suggest that the K~-rich tuff glass i1s more mocluble
than the K-foldspar contained within the Conway
Granite samplea.

In both experiments illite formation 1is
primarily responsible for removing K out of
solution. In expoeriments BRT:1 and CG:2 X
concentration trends stabilise by the 10 hour
sample. These data indicate that secondary illite
formation contrelled K concentrations im both

expeaeriments.

IGURE 48: ¥

F DATA PRESENTATIOR: In experiment <G:2 the
conoantration of F in solution inoreased from 0.0
mg/l to 1.0 ng/l by the 1.36 hour sample (CG 2.1).

After this seample P concentrations steadily



-
-
-
-
o
~.o.

Concentrationi(mg-/1l>

5

1

BB
0 Al
¥ F
.0 Al
& F

CG: 2

- BRT

— CG:Z

~=--BRT: |

1 | 1
00 1000 2000 3000

Time(hirs. )

Figure 48: F and Al Concentration-time trends from the completed

and Bannock Bhyolite Tuff (BRT:t)

experiments conducted at 300°C and 300 bars.

ToT



103
increased, reaching 5.5 mg/l by the end of the
granite ezpariment.

In experiment BRT:1 the concentration of F in
solution steadily inoreased reaching a maximum of
26.07 mg/1 by the 1264 hour sample. Afterwvards the
concentration of F in solution gradually decreased

to 16.47 mg/l, by the 3531 hour sample (BRT 1.10).

F DATA ISTERPRETATION: Fluorite is the oaly
ldentifiabla source of F in tha Coanway Cranite
sample. No fluoride-~bearing minerals wara
identified in the €G:1 apd C€0:2 quench solution
secondary mineral assamblages. Pluorite saturation
indices suggest thia mineral 4id not precipitate
from the granite sclution (mee Table 4). The above
zentioned data and the gradual increasing F trand
suggest that the dissclution of primary trace
flucrite continued throughout experiment c@a:2.
These data alac indicate that fluoride-bearing
sacondary minerala may not have formed during the
granite experiments.

The Bannock Rhyolite tuff sample containad no
identifiable fluoride-bearing primary minerals.
Therefore in the BRT:1 experiment the increasing P
trend indicates that the dissolution of tuff glass

Wwas the source of this elament in solution.
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Fluorite saturation indices suggaest this minaeral
did not precipitate from the tuff solution (see
Table 4). Thus, the dJ4ecreasing ¥ concentration
trend representing the latter sagment of experiment
BRT:1, 1is probadbly due to F pubsatitution for

hydroxyl ions in secondary smectite structures.

POBBIBLE RUCLERAR HASTE IMPLICATIONRB: Tha
concentration of F in repository solutions may ba
inportant 4in datarmining the reactions may
respeneible for controlling tbe solublility of U0, in
spent fuel rods. It solution flucride
concentrations are high, and redox conditions are
relativaly o=xridiping then wuranium fluoride
complexes may form (according to a phase diagram by
McKeon (1984). In tha redox oomparisons section,
UQ,F;” 18 predicted to be the stable uranium complex
formed in experiment BRT:1 (assuming solid U0, spent
fual were immersed in the tuff solution}. These
results suggeast that uranium fluorida ocomplex
formation may oocur if P-rioh-glass-influenced
repository solutions react with solid UO, apent
fuel. If uranium flucride complexaes are stabla in
tuff repository soluticns (i.e. Yucca Mountain,
Novada}, then the solubility of solid U0, apent fuel

will depend on the influence of F-rich rhyolitic
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glase dissolution. If =aolutions are strongly
influenced by F-rich rhyolitic glaas dissolution,

then solid VO, spent fuel should be more socluble.

Al DATA PHRBSESTATION: In eoxperimant CG:2 the
concentration of Al in solution increased from 0.0
mng/l to 4.2 ng/l during the 0.0 to 1.36 hour
intarval. After this intarval F ooncentrations
steadily decreased, remching 2.2 mg/l by the end of
the granite experiment.

The concentration of Al in BRT:1 solution rosa
to 7.4 mg/l by the 30 minute pample. After the 30
minute sample the concentration of Al in BRT:1
solution gradually decreased to 5.0 mg/l, by the

3531 hour sample (ERT 1.10).

Al DAYAR PRESENTATION: The sourca of Al in the
granite solution is primarily microcline and
albita. The EDS speotrum in Fiqure 5 suggests that
rhyolitio glass dissclution is primarily
responsible for the release of Al into BRT:1
solution. The concentration of Al in €G:2 solution
is comparatively lower (than BRT:1) during all tima
intervala. The higher BRT:1 Al concentration trand
are a result of the greater solubility of tuff

glass (compared to CG:2 microcline and mlbita}.
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The general dacreagsing trend in both aluninum
concentration curves 1is 1likely due to the
incorporation of Al into aluminosilicate seocondary

mineral struoturea.

FIGURE 493 ¢! and HCO,
€l DATA PRESEETAYIOR: The concentration of ¢1 in
solution variea little when compared with starting

values in both experiments.

Cl DATA INTERPRETATION: Since we found that none of
the identified saecondary minerals incerporate cl
into their struotures, it is apparent that thera 1is
not a eignificant reaotive Cl scurce in the ture

and granite samples.

HCO, DATA FRESENTATION: In eXperiment CG:2 the
oconcentration of HCO, in solution increased from 0
ng/l to 63 mg/l by tha 1.36 hour sample. After
this sample, HCO; concentrations ramained relatively
conatant (ranging from 45-67 mg/l).

The concentration of ECO; in BRT:1 solution
inoraensed from 0 to 75 mg/l by the 30 minute

samplae. The concentration of HCO; in BRT:1 solution
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remained ralatively constant throughout the
ramainder of the experiment (ranging from 62 to 78

mg/l).

HCO;, DATA INTERPRETATION: The increase in total
dissolved carbonate oconcantrations during the
initial intarvals of experiments CG:2 and BRT:1 are
probably due to the rapid dissclution of traca

ancunta of calcite.

$0: and Ha

Ca DATA PRESENTATION: In eaxperiment Cg:2 the
concentration of Ca in solution increased from ¢ to
0.7 mg/l during the ¢ to 1.4 hour intaerval. After
the 1.36 hour sample Ca concentrations stabiliged,
fluotuating around a CG 2.4 to 2.8 avarage of 1.1
mg/l.

The concentration of Ca in BHT:1 solution
incrensed from 0 to 2.6 mg/l during the 0 to 3.3
hour interval. Aftar this initial increase ca
concentrations ateadily deoremsed to 0.4 my/l, by

the 3531 hour sample (BRT 1.10).
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Ca DATA INTERPRETATION: The initial ca increase in
the granite experiment was probably due to rapid
disgsolution of trace amounts of calcite identifiled
in thin seotion analysas. There is not a
detactable decreasing or increasing C@:2 Ca trand
in Figure 50. ¥From this it can be inferred that
the rate of Ca release by albita, trace
hastingsite, and fluorite is approximately equal to
the rate of incorporation of Ca into seacondary
minerals. Neme of the EDS spectra of secondary
speoctites removed from the granita guench aliguots
contain discernable Ca peaks (mee Becondary Mineral
Analyses B8Seotion; Figqure 27-28}. Howavar, Ca
concentrations in the €G:2 gquench solution are
approximataly 8 times bigher than tha €G 2.4 to 2.9
avarage of 1.05 mg/l (see Table 5}. These rasultas
suggest that Ca-bearing minerals may have becoma
unstable during the gquench process relsasing Ca
into solution. cCalcite log IAP/K values atabilige
close to ger¢o implying thet calcite may have baen
at equilibrium with the granite experiment
solution.
Btable Ca tuff concentration trends are
relatively low, and the EDS8 pattern of a rhyclitic
glass fragment in Figure 5 doces not ocontain a

discernable Ca peak, suggesting that the rhyolitic
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glass contains little ocalcium. The sharp incraasa
in HCO; during the initial intervals of BRT:1,
suggeat that the initial Ca increase in the tuff
axperiment was probably due to the rapia
dissolutjion of trace amounts of calcite within the
tuff, It is also possible that small amounts of Ca
may have been relaemsed by the shattared plagiooclase
grainsa. The general dJownward trend in tuff
solution Ca concentrations seama to be due to the
precipitation of Bseccndary anhydrite, and the
incorporation of increasingly greater amounts of Ca
inte smectita structures (see S§econdary Minaral

Analyses saotion).

Ha DATA PREBENTATION: The concentration of Na in
solution varied littla when compared with starting
values throughout axperiment CG:2.

In experiment BRT:1 the conocentraticn of Na in
solution deoremses from 76.2 mg/l to €0.2 mg/l,
from tha ¢.0 to 3.3 hour sample (BRRT 1.2). After
the 3.3 hour sampla Na concentrations fluotuata

between 66.6 to 83.3 mg/l {BRT 1.3~1.10).

Ha DATA INTERPRRTATION: The raelatively constant
CG:2 Na concantration trand slope suggests that the

rate of NKa removal from seccndary minaral
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precipitation, was approzimately equal to the rate
©of Na release by the primary rook. In the
secondaury mineral assamblages removad from CG:1 and
C4d;2 quench aliquotse, the cnly Na-bearing secondary
mineral identified was high albite (see Secondary
Mineral Analyses seotion). The only major Na-
bearing secondary nineral identified from the
primary Conway Granite sample powder was low albite
(sea Characterigation of Secondary XNinerals
section). The EDB spectrum in Figure 51 was used
to ldentify the reacted grain in the inocluded S8EM
photomicrograph as micreopaerthite. EDS analyses of
this grain, indicate that the vallays consist of
albite (ridges are E-feldaspar). This GEM
photamicrograph suggest that primary low albite
dissclution added Na into the CG:2 solution., The
ralatively conatant Na slopa, and thasa
observations indicate that the rate of primary low
albita disscolution, is approzimately egual to the
rate of secondary high albite formation,

Rhyolitic glmas and ashattered plagioclase
grains contained within the tuff are probably
responsibla for the releass of Na into the tuff
autcclava aclutiocn. Soms of the secondary clay
minerals formed in the tuff exEperiment are Na-

bearing (see Sacondary Mineral Analyses saection).
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The initial decreasa 1in tuff axperiment Na
concentrations (BRT 1.0-1.2) indicates that during
the 0 to 3.3 hour interval, tha rate of Na removal
by clay minaeral precipitaticn was greater than the
rate of ©Na addition by rhyolitic glass and
plagioclase. The BHT 1.3 to 1.10 fluctuating trend
(66.6 to 83.3 mg/l} indicates that the differenca
the low albite Na addition rate end high albite Na
removal rate differed Auring the course of the tuff

expariment.

EIGURE 52: 80, and H.8

80; DATA PRESENTATION: In the granite experiment 80,
concentrations gradually increased from 0.5 mg/1 in
the starting selution, to 2.0 mg/l by aligquot ca
2.8 {2761 hour sample).

In the tuff experiment 80, concentratiocns rose
sharply from 1 ppm in tha atarting solution, to
approximataly 4 mg/l by the 30 minute sampla. After
this  initial sample, tuff experiment 80,
concentrations gradually increased to 12.7 mg/1l by

BRT 1.10 (3531 hour sample}.
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80, DATA IKTERPRETATION:t The only sulphur-bearing
mineral identified in the primary Conway Granite
sample is pyrite. The gradual inoreasing B8O,
concantration trend suggests that the trace amounts
of pyrite contained within the granite sample had
not baen exhausted by the end of experiment CG:2.
No primary sulfide or sulphatoe minerals vere
identified in the unreacted tuff sample, suggesting
that rhyolitic glass dissclutjon was responsible
for tha releasea of sulphata into the tuff molution.
Expariment BRT:1 anhydrite saturation indices (log
IAP/K wvalues) increased from -0.68 to =0.04 during
the 3.3 to 3531 hour interval. The identifiocation
of secondary anhydrite in aljiquot BRT 1.7 (see
Sacondary Mineral Analyses saction), suggests that
sacondary anhydrite had formed by the 1264 hour
sample. These data indicate that sacondary
anhydrite precipitation contreolled the

conoantration of 80, in tba tuff autoclava solution.

B8 DATA PRESENTATION: No H,8 was not deteotable in
the starting scolution, and the first three sampla
aliquots removed from experiment CG:2. The lack of
H,8 in thesa gamples indicates that during the first
twenty four hours of experiment BRT:1 the granite

solution was too oxidismed to allow for 8O,
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reduction. The concentration of H,8 in ca:2
selution increased from 0.08 to 1.46 mg/l, duriag
the 313 to 623 hour time interval. During this
same intervel the granite smolution beoame 400 times
more reduced with log £0, decreasing from -26.4 to ~
29.0 {(Table &; sea DHEX values). The concentration
of I,8 in €G:2 solution reached 1.51 mg/l by tha
2762 hour sampla, as log o, decreased to -30.0.
The oxidation of ferrous iron is thought to be
primarily responsible for the removal of 0, from
autoclave solutions. These results suggest that 80,
reduction primarily occurred due to the ramoval O,
from the granite autoclmve solution by ferrous
iron. Throughout the courae of tha tuff experiment
H,6 vas not detected. The lack of datactable H,8 in
the tuff solution indicates that conditions were

too orldizing throughout to allow for 80, reduotion.

FIGURE $3: Fe and Mg

¥o DATR PREGEETATION: In oxpariment C©G:2 Fe
concentrations increase to 0.38 mg/l by the 1.4
hour sample. Throughout the Trest of the granite
expariment Fe ooncentrations ramain relativaly

constant (ranging from 0.08 to 0.18 mg/l}.
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Tuff exporiment Fe concentrations gradually

increased from 0.1 ppm to 2.0 ppm (BRT 1.10}.

¥o DATA INTERPRETATIONM: Blotite is the main Fe-
bearing mineral contained within the Conway Granite
sample. Trace amounts of other Fe-bearing minerals
vere also 1dentified (haatingsite, magnetite ana
allanite}. The relatively constant &stable Fe
concentration trend indicates that the rate of Fe
releasa by biotite, hastingsite (tr.)}, magnetite
(tr.), and allanite (tr.), 1s approximately equal
to the rate of Fe incorporation, by hematite and
clay minerala {illite and smectite).

In oxperiment BRT:1 Pe is primarily releasad
inte solution by the dissolution of rhyelitio
glass. The gradual increasing Fe trend indicates
that other ocationas (e.g. Ca, Na, K, Mg) replacad
minor amcunts of Fe contained within clay mineral

structures {(i.e, illite and mmactites).

Mg DATR PRESENTATION: The concentration of Mg in
solution was low throughout the tuff experiment
(ranging from 0.01 to 0.07 mg/l).

Throughout the granite experiment the
concentration of Mg in solution was also low

{(ranging fram 0 to 0.11 mg/l).
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Mg DATA YNTERPRETATION: No Mg-bearing secondary
minarals were l1dentified from CG:2 and BRT:1
solutions using EDS/SEM and IRD tachniques. These
results suggest that little Ng was added to or

renovad from the tuff and granite solutions.

En DATA PRESENTATICN: In experiment BRT:1 the
concentration of Mn in solution waas low (0.02-0.03
mg/l).

Tha concentration ©of Mn in solution was also

low throughout C@:2 {0.03 to 0.06 mg/l).

Mn DATRA INTERPRETATION: No Mn peaks vera
discernable in tha BDB spectra of olay minerals
ramovad from the granite gquench aliquota. Thesa
results are not surprising since the Conway Granite
contained no appreciable Mn sourca,

The BEM/EDS spactra of some clay minerals
removed from BRT:1 solution aligquots contain small
Mn paaks. PFrom this we ocan infer that the small
amounts of Mn released from tha initial rapid
dissolution of rhyelitic glass, were rapldly

incorporated into clay structures.
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Li DATA PRESENTATICN: In axperiment BRT:1 the
conocentration of Li in solution increased from 0.00
ng/l (CG 2.0) to 0,18 mg/l by tha 3531 hour sample.
In exEperiment Li CG:2 concentrationa slowly but
gradually rose from an initinl value of 0 mg/l to

0.5 mg/1l by the 2761 hour sample.

Li DATA INTERPRETATION: Gradual increasing Li
ooncantration trends have also been obsarved in
other gramite autoclave experiments (i.e, Diokson,
1977: Bavage, 1987). The small increase in ca:2 Li
conoentrations is probably the result of feldspar
dissolution.

Li-baaring primary oinerals were not
identified in the composition analyses of the
Bannock Rhyolite Tuff sample rock. Consequently,
rhyclitic glass dissolution seems to be responsible
for releasing minor mmounts of Li into the tuff

autoclave solution.



Figure SS compares CG:2 log fO, valuas
caloulated using the 80,/E,8 and dissclved hydrogen
evolution (DHEN) mathods. The 80,/R,8 method
agsumes that redox equilibrium exists betwean the
sulphur speciea {80, + 28" = H,8 + 20,). The source
of 80, and H,8 releagsed into CG:2 solution is
probably trace pyrite (identified during thin
gection analyses). The DHEM method (Kishima and
S8akai, 1984, Ulmer et pal., 19685, Grandataff et al,,
1985) assumas that dissolved H, is in equilibrium
with oxygen and wataer. Granite log fO, values were
calculated from €@ 2.5-2.8 (313 to 2761 hour

sample) using the above methodgd.

DATA PRESENTATION: The CG 2.5 aliquot log £f0, values
calculated using the DHEM (-26.4) and E,8/80,

(=29.9) method differ by 3.5 orders of magnitudae.
Figure 55 shows that the difference between DEEN
and B0O,/H,8 caloulated log fO, values decreases with

time. A minimum difference of 1.2 log fO, unite waas
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calculated frem the final C9:2 aliqueot (CQ 2.8:
DHEM- ""30.0’ 80‘,3282 "’31.2,.

DATA INTERPRETAYION: Larger dJdisparities between
DEEN and 80.,/H,8 values are common during the
initial periocds of 300°C Dickson rocking autoclava
experimenta (Grandstaff et al,, 1985; Gardiper at
al,, 1989}, The ipitiml larger disparity may
Tesult from oxidation/reduatieon kinetios for
80,/H.8, that are more aluggish than the H,/R,0
kinetios. The 80,/H,8 reaction rate is relatively
alow (Ohmoto and Lasaga, 1982; Gigganbach, 1987} .
Theraefore, the DHEM values probably more raliably
represent the redox state of tho granita experiment
soclution,

Both sate of caloculated values {axcluding the
cqa 2.8 80,/R,6 data point) indicate that the Conwny
Granite sample rock oontinued to remove o, from
solution, throughout the oourme of experiment CG:2.
Brick-red secondary hamatite coated the CG:1 quench
secondary mineral agsemblaga {see Secondary Mineral
Analyses seotion). The prasence of this coating
suggesta that the amidizing conditions necassary
for the precipitation of hematita existed during
the first 108 hours of axperimant CG:2. The

saecondary mineral assemblage ramoved from the ¢G:2
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quench aliquot is not coated by hematite. This
comparison suggaste that the larger amounts of
hematite present during earlier time intervals had
boocoma unstable, due to more raducing solution
redox conditions. The overall narrowing trend of
these two sets of measurements suggest an eventual

convergence of values.

Figure S¢ is a plot of oxygen fugqacity values
obtained from the tuff (BRT:1), granite (CG:2),
provicous Temple basalt experiments, and geothermal
fields. The DHEN method was used to calculate log
£f0, in the tuff and basalt experiments. The dashed
line and squares repraesent the tuff redox trend and
individual values. The &8¢l1id 1line and filled
ecircles are umed to represent tha granita redox
trend and individual f0, values, The bracket
inocludad on the bottom of Figura 56 represents the
range of stable f0O, values calculated from previous

Temple 1300°C basalt axperiments, and 270-320°
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gaothermal solutions (Eacandaas, 1988). Thia data
was obtained from geotharmal fields in Iceland,
New Zealapd, Kenya, Hawall, Japan, Guatemala,
Maxico, Idaho, and the Philippinee. The rock types
in oontact with the above geothermal solutions
include; basalt, granite, rhyolita, andesite, and
sediment. The eource waters present in these
fields include all types from low malinity to
seavater, For additional information on the
characteristica of thesa geothermal fields saa

Kacandes {19689).

DATA FRESENTATION: Calculated values of log fo,
decreased during the entire granite experiment.
Expariment CG:2 log o, decreased to =-30.0 by tha
final sampla (2762 hour sample).

Tha oalculated log £O, of selution ramoved from
aliquot BRT 1.4 1is ~28.92. Radox mneasuramente
takan from BRT 1.5~1.10 solution aliquota arae
constant {-27.3).

Calculated log £0, valuas from 270-320°C
geothermal fluidas range from =31 to ~33. The
stable £0, trendas of 300°C Temple basalt experiments
reaach the magnetite~hamatite boundary (log fo, = -
31.0 at 300°C (Helgeson et al,, 1978)}, within 2700

houra (i.e., @Gardiner, 1988; Kacandes, 1%8%}.
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Temple basalt {300°C) autoclave axperiment stable
log £0, values fall within the range of geothermal
fluids, near the magnetite-hematita boundary (-31

THE REMOVAL OF O, FRON CG:2, BRT:1, AND 300°C TEMPLE
BASALT AUTOCLAVE SOLUTIONB: The solution initially
addad to the gold raaction vesael in Dickson
rooking autoolava experiments is saturated with
oxygen from tha atmosphere (ca. 8 mg/l at 20°C). Inm
autoolave experiments solutien £0, primarily
dacreases as a result of the ozidation of farrous
iron (Grandstaff and Ulmer, 1985).

The EDS pattern of unreacted glass in Fiqure
5, and the 95% volume of glasp per whole rock value
(sea Table 2) muggest that rhyolitic glass is the
Primary source of the 0.43% Fa0 contained witdhin
the tuff. Trace Fa~rich-oclivina identified in the
tuff atarting material is a minor source («.1%k).
The rata of glass dissolution is higher when
compared with most orystalline materisls. These
results suggeast that rhyolitic glass dissolution
and concomitant release of Fe’ release was
pPrimarily responsible for the removal of 0, from the
BRT:1 @olution, as the ferrous iron wvas omidiged.

No H.8 was produced in experiment BRT:1, suggesting
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that the small amcunt of Fe’ ocontained within tha
tuff glasa 4id not reamove enough 0, from solution to
allow for 80, reduction (mee S0, and H,8 tremd
diagram; Figure 52}.

The lack of H,8 formation and the probable
ranction with ferrous iron during initial time
intervala, imply that the actual BRT 1.4 solution
log £f0, was at least as oxidiging ms tha BRT 1.5
nliquot (-27.3). Problems with H, standardiging
during the fO, analysis of aliquot BRT 1.4 may also
have resulted in the caloulation of thim seemingly
more reducing value.

Finally the stable BRT 1.5-1.10 log fo, trend
suggeats that rhyolitio glass ceased toc Tremove o,
from solution within the firat 204 hours of the
tuff experiment.

The oontinued decreasing cG:2 log f02 trend
suggests that oxidation of ferrous iron removed o,
fram solution throughout the course of the
experiment. Electron~microprobe studies indicate
that biotite flakes in the red-phase Conway Granite
contain a mean valus of 40.8% FaO {Whitney and
8toxrmer, 1976). Using this mean FeC value and the
4% volume value {see Charaoterisation of Btarting
Materials saction) tha calculated percentaga of Feo

contained within biotite is approximately 66% of
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the total in tha whole reck. The remainder is
contained within trace hastingsite, magnetite,
pyrite, and allanitae. The oxidation of ferrous
iron contained within these minerals should bae
rasponsible for the dacreasing €G:2 log £0, trend.

Rapid dissolution of basalt maescstasis is
thought to be rasponsible for the ramoval of o, from
the asclutions in the Tample basalt sexporimenta
(Eacandes, 1989). The FeO-baaring oomponents in
basalt mesostmais whioh dismsolve most rapidly are
tha raine lase saurrounding Fe-Ca<P rich
microsperules (wWang et al.,, 1989). MNumerous Fe-Ca~-
P niorespherules were identified within unreoaoted
basalt starting matarial, used in re-injection
autoclave aEperiments {(Gardiner, 1968}. Howvevear
few Fo-Ca-P microspherules were identifiable in the
reacted primary basalt material removed from thesme
eEperiments (Personal occmmunication, Dr. Geme C.
Ulmer, Tample University). These results auggest
that 0, was primarily removed from basaltiwater
experimants by Fe-Ca-P micreospherules and rapidly
disselving glasa (surrounding the micreapherules).

Hedox trand comparisons indicate that
basalt:water experimant (200°C} f0, trends bacome
more reducing at a faaster rata, ccmpared to

experimant CG:2. Those comparisons suggeat that
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basalt mesostasis {glasa and Fe~Ca-P microsperulas)
ramoved 0, from solution at ccmparatively morae rapid
rates (vhen compared to Conway Granite PeO-bearing

primary minaerale and Bannock Rhyolite Tuff glassa).

IMPLICATIONE FOR THE USE OF AUTOCLAVE SOLUTION f0,
TRENDE IN THE PREDICTION OF LOBG-TERN GEOTHERMAL
FIELD AND HIGH~LEVEL NUCLEAR WASTE REPOSITORY REDOX
COEDITICNS: Tha constant BRT 1.5 to 1.10 redox
trend indicataes that the atable BRT:1 experiment fo,
is -27.3. Temple 300°C basalt experiment stabla log
fO, values range from -31 to ~-33, The decreasing
axperiment C€G:2 log f0, trend implies that redox
conditiona would become more reducing if the
duration of the axperiment bad been extended. From
previcus Temple bdasalt autoclave experimenta we
infor that granite leog fO, values would have
continued to dacreasa, stabilizing near tha
nagnetite-bematite boundary (-31 to -33}.
Predicted stable log f0, values calculated from
the 300°C granite experiment (CG:2}, 300°C Temple
basalt:water experiments, and geothermal fields
fall within the -31 to ~33 bracket, sugyesting that
theae experiments are useful in predioting the
long-term redox conditions of 300°C repository

aolutions. The stabla f0, values ocaloulated from
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eEperiment BRT:1 d¢ not fall within the gaothermal
field bracket. The geocthermal field bracket in
Flgure 56 includes tuff Aata from New Zealand.
This discrepancy between XNew 3Zealand values and
atable BRT:} £f0, values, and the low redex buffering
capacity of tuff (in gemeral}, indicata that the
solutions flowing through the New Zaamland site vere
initially more raducing (than the tuff autoclave
sclution}.

A high-level nuclear waste repository can be
theught ¢of as a man-made non-magmatic gecothermal
field (Kacandes, 1989). Therefore granita {CG:2),
tuff (BRT:1}, and basalt expaerimental results
should be useful in predioting the stable redox
conditions existing at a high-level nuclear waste
repository.

Experiment BRT:1 stable solution 0, values {~
27.3) suggest that the f0, produced in a high-laevel
nuclear waste repository may ba 3 to 5 orders wmore
oxidizing when compared with holocrysatalline
granite or basalt. Tha posseible exhauation of
Topopah 8pring Tuff formation glasay-horigzon redox
buffering oapacity by infiltrating oxidizing
groundwater may result in stable fO, values muoh
higher than =-27.1. This posaibility ia further

dlscussed in the following subseotion.
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Redox buffering capaolity values vere
calculated for 1 gram of Bannock rhyolite tufr
(.43%), Conway CGranita {2.47%), and mean bagalt
using (7.13%) Fe0 welght percentage values (Table
2). These data were plotted in Figure 57 to
compare the redoz buffering capacity of Bannock
Rhyolite Tuff, cConway Granite and basalt at
scolution temperatures ranging from 0-350°C. Thea
mean bagalt ferrous iron value is based on analyses
of 13781 basalt samplea raecovered from tha 7
continents (LeMaitre, 1976). These wvalues
represent maximum redox buffering capacity values,
since they are basad on the assumption that all of
tha ferrcus iron present in the rocka would
aventually be oxidized, Bolubility values of O, in
solution ware calculated for temperatures ranging
from 0° to 350°C using Henry's constants tabulated
by {(Naumov, 1974). The affeot of pressurs on
Henry's constant was not inoluded 1in the
calculation aince the affact is infinitesimal, when
oconeidering solutions with pressures not ranging in
the kileodar range (Naumov, 1974). The pomaible
effact of glass-rioh tufr, granite, and basalt

redox buffering capaocity on long~term solution
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redox, radionuclide leakage inte groundwater, and
containar corrosion at a high-level nuclear waste
rapository will ba evaluated.

If wo assume that mll of the ferrous iron
oontained within the tuff can be oxidizad by the
300°C molution, them 1 ¢ of tuff is capable of
ramoving dissclved O, from 2%0 ml of oxygen
saturated solution. The initial concentration of
oxygen in both solutions was 8 mg/l (log fo,= =0.7).
The initial solution volume was 160 ml. Using these
values tha gold reaction cell containeq
approximately 4x10°° moles of 0, at the beginning of
the experiments. If the 0.0688 grams of Fed
oontained within the BRT glass i1is distributed
homogeneocusly and oxidized ocomplately to Fo,0,
following the reaction:

2Fe0 + 1/20, = Fa,0,
then the redox buffering capacity would be
exhausted efter 6~160 ml. reinjeotions of fresh
solution. The raedor buffering capacity of tha
granite is almost & times higher than the above
¢culculated tuff <value throughout the 0-350°C
tanperature 1ranga. Tha actual redox buffering
ocapacity of the granite may be lower depending on
the reactivity of the FeO-baaring minerals

contained within the sample {blotite, hastingsite
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{tr.), magnetite (tr.), pyrite (tr.), and allanite
{tr.)}. The calculated moan basalt redox buffaring
capacity values are appromimately 3 times higher
than the granite and 16 timas higher than the tuff,
at temparatures ranging from 0° to 3S50°C.

More oxidiging solutiona percolating through a
high-laval nuolear waste site may raesult in
increased UO, componant spent fual rod solubility.
A pH-log £f0, phase diagram for uranium speocies in
solution {McKeon, 1984) was used to predict which
U-complexas would form in repomitory soclutions
similar to those formed in experiments CG:2 and
BRT:1., Predicted €G:2 and BRT:1 uranium complexas
ara evaluated to determine the possible influence
of golution redox on tha sclubility of U0, (within
spent fuel rods), in granite and tuff rapository
solutions, Using this dlagram (at 300°C for
axample) the dominant uranium species present at a
PH of 6.5 in the tuff experiment would be Uo,F, .
The dominant uraniuvm spacies present at a PR of 6.6
in the granite experiment would be U(oR), .
Approximately 96.1 (wt.%) of the uraniunm spacies
contained within spent fuel pellets (based on the
avarage apent fuel rod discharged from a reactor
and storad for 10 years) oconsist of UO,, (NcKeon,

1984; Woodley et al., 1981). If the (1) tuff and
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(2) granite dissolved uranium species are in
equilibrium with soclid U0, spent fuel, then the
concentration of dissolved uranium ipn solution can
be expressed by these raactions:

{1) Uo, + IH" + 1/20, +F = UQ¥,” +H,0
{2) UO, + 3H,0 = U{OH}, + H'

The formation of U{OH)," (predicted to ba present if
the granite solution resacted with solia U0, spent
fuel}, would not be affected by solution redox
changes. Eowever pE changes at a granite enclcsed
high-level nuclear waste repository would affaot
the solubility of U(OH),” (see pE Trands vs. Time
saction). The Bunnock Rhyoclite Tuff has a low
redox buffering capacity suggesting that tha redox
buffering capacity of Paintbrush Tuff formation
glaasy horizons would be quickly exhauated by the
infiltration of oxidized groundwater. If raaction
{1) wera to ococur at the Yuoca Mountain sita, then
the amount of UO,F,” released into Yucca Mountain
groundwater by U0, for sepent fusl rods should ba
higher in glasa-influenced solutions. For aexample
if tha log fO, of a glass-influenced eolution in
contact with U0, s0lid spant fuel ware to becomas 3
log units more oxidizing than UQ,F,” concentrations
may inorease by a factor of 32, The possible

influenca of pE on UO,F,” conocentrations within
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glasa-influenced solutions at the Yuoca HNountain
repoaitory 1s discussed in the pE vp. Time saction.

The atability of metallic waste containers in
percolating repository solutions would be daependent
on solution redox conditions. Low-carbon steal and
stalnless steal are oocnsidered to be the prime
candidates for use as waste containars. The log f£0,
trend data obtained from CG:2 and Tample basalt
experiments ouggest that granite and basalt
repository solutions near waste containers, will
have stable redox valuas near tha magnetita~
bhematita phase boundary (~31 to -33). Undar these
condition meatallic iron alloys will probably
correde in  groundwater with time releasing
radionuclides. Therefora to delay waste containar
corrcsion, other materials are being considaraed for
use ag oontainer material.

At Temple University, for exampla Diokson
rooking autcolave experiments were oconducted to
determina the suitability of ocopper as a waate
container matarial (Lamaar, 19688}, At 300°C and 300
bars pure oopper will dbe oxidized as solution log
£0, inocreanes above -23.1 (Helgeson et al., 1978).
The proedicted stadble f0, results of experiment CG:2,
Tample basalt experiments, and the above mentioned

oopper bhydrothermal atability research suggest that
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uncontaminatad copper would ba a sultable container
waterial. However, axpariment BRT:1 data analyses
suggest +that the redox buffaring oapacity of
rhyolitio glass would bs exhausted fastar than
cryatalline material by oxidiging solutions. Thasa
raesults suggest that if glass-influenced sclutions
ccma int® oonteot with pure ocopper vwaste
containers, rapid corrosion may oocur resulting in

the release of radionuclides inte repository

groundwater,
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pH TBENDS VB. TIMNR

Figure S8 ia a plot of granite (CG:2) and tuff
measured pE vg. tima. In both experimants,
solution pH (at room temperatura and pressure) vas
analysed within 5 minutes after the removal of each
sample aligquot. Neasured pH values and other
solution parameters were input into tha computer
program EIPEPR2? (Kacandes and Grandstaff, 1989;
Grandstaff et al,, 1989} to detarmine calculated pE
values {high-temperature pH). Figure 59 is a plot
of calculated pH va. time for the granite and tuff
axperimaent. The horigzontal dotted linae represents
neutral high-pressure, high-tamperature pHE at 5.5.
Calculated CG:1 pH valuas (not plottad) ara vary
simjlar to CG:2 values suggesting that thesa

results are raproducible (see Tablas 6,8).

The tuff and granite starting seolution
measured pPE velues were identical at a value of
5.64., NMeoasurad pH increased to 6.44 by tha 1.36
hour sample of the granite experiment. Within the

firat 3.17 hours of the granita experiment the
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Neasured granite solution pH valuas then gradually
deoreasad to 6.10 by the 311 hour asample.
Throughout the raest of experiment ¢06:2, the
measured pH valuea remained relativaly constant
ranging from §.09 to 6.21.

Tuff measured pH values rose to 5.96 thirty
minutes into experiment BAT:i. Within the first
3.3 hours of the tuff expariment, the maasured pH
decreased to 5.52, and remained relatively constant
throughout tha rest of the experiment (5.25 to
5.48). The measured tuff pE valuas extrapolated
from ldentical time intervals (more than 5 hours
attai tha start of the eoxperimoentsa} are
approzimately 0.7 to 1.1 pH units more acidic in
the tuff experiment. The stable average measured
PH for the granite solution (CO 2.5~2.8) was 6.11.
The tuff solution (BRT 1.6-1.10} stable measured pH
¥as 5.35. Tample basalt stable measured pH values
range from 6.9 to 9.3,

Room-temparature pH values result in the trend
from acid to lase aoild of: tuff < granite < neutral

< basalt, with neutral at 25°C and 1 bar being 7.0.
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Figure 5% shovs calculated high-temperature pE

values for tha tuff (BRT:1) and granite (CG:2)
experiment, Caloulated pH valuas are basio
throughout the course of the granite experiment,
S8oluticn pH rose sharply from 5.6 to 7.2 by the
1.36 sample of exXperiment CG:2 (C& 2.1). After
this initial increasa, sclution pHE slowly decreased
reaching 6.7, by the 2762 hour sample.
During tha initial period of the tuff exmporiment,
the solution bacame mora acidic reaching a minimum
PH value of 4.6, by the 3.3 hour intarval. Aafter
this initlal decrease, the caloulated pE rose up to
2 more basic pH of €.5 by the 36 heur sample.
After the 36 bhour sample no appreciable upward or
dowvnward calculated pE trend ia ebvious.
Calculated pH values after tha 36 hour sanple
ranged from 6.5 to 6.8 (BRT 1.4~1.10).

Initial calculated pE valuea in the two
eEperimenta are approximataly eoqual, Aliquot
caloulated pH values extrapolated rfrom identical
time lntervals are more basic throughout the oourse
of the gramnite expariment. Values axtrapolated

fron identical time intervala during the initial 10
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hours of the tuff and granite experiment, indiocate
a maximum caloulated pH divergence of 3 ordara.
Since the rhyclitic glmas in the tuff is more
scluble than the quarts and feldspar in tha granite
(CG 2.4-2,.8 avg.=694 mg/l), 8i0, concentraticns ara
highar throughout tha tuff experiment (BRT 1.5-1.10
avg.=1789% mg/l). During the first 3.3 hours of the
tuff experiment the initial sharp dreop in pE
coinoides with a sharp risa in 8i0, concentrations.
These rasults suggests that the Fformation and
disassoclation of ailicioc acid are responsidble for
tha ipnitial decreasing tuff pH trand:

2H,0 + 8i0, = B3i0Q,

Es8lo, = B + EsioS
Tuff ocaloulated pHE values remain relatively
constant after the 36 hour sample, suggasting that
illite:smectite ion axchange started controlling
aolution pH early in the experimant. After the o
to 10 hour interval, the dacreasing granite pE
trend suggesta eventual convergence with atable
tuff pH wvalues (BRT 1.3-1.10 avg.= 6,.,54). The
convaergence of tuff and granite ocalculated pH
trends and the identification of 1llite ana
smectites in both experiments (see Secondary
Mineral Analyses saection), osuggest that ion

exohange betwaan illite and smeoctites may control
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selution pH. The affect of secondary smeatite
chamical oomposition on Granite (CG:2), Tuff
(BRT:1}, mnd 300°C Templa basalt experimant stable
solution pE will be further eovaluated in the

following subsection.

LIC ONB E OF ROCK TYP

c B COMPOH oN

The most abundant secondary alteration product
formed in the 300°C Temple basalt axperiments is 153
triocctahedral amectite (saponite). Illita wasm also
identified in lesser quantities. Chemical analyses
of smoctites using EDE and aleotron microprobe
techniques 1indicate that the basmalt experiment
Emectites are rich in Mg and Pa, and poorer in Al.
The 300°C basalt experiment saponitas formed in
copious amounts (Eacandes, 1989). Thess mmectites
expand to 174 on glycolation and collapse on heat
treatment at 4{00°C. BScanning elactron microscopa
(BEM) photemiorographs indicata that the secondary
saponite formed in these axperiments are wall
crystalliged. #Home of the altered olivina grains
removad from olivine hasalt quenoh molutions revaal

reaettes of seocondary saponite.
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The primary sacondary minerals formad in our
high 8io,~rocktwatar experiments ({(casi, c¢e:2,
BRT:1), include illite and smectitaes. 8ocanning
eleotron microsocope (SEBK)} photomliorographa of
sacondary smectites removed from granite gquench and
tuff aligquot solutions were examined. These
photamiorographs olearly show the fine-grained
poorly crystallizsed onature of the secondary
smectite formed in experiments CG:1, €G:2 and BRT:1
(sea Sacondary Kineral Analyses saction). visual
inepection of tuff and granite smactites using 6ENM,
rovealed none of the familiar saponite rosettes
pravipitated during basalt:wnter experiments.
Analysas of ED8 spactra data indicate that granite
and tuff solution smectites are richer in Al and
contain lessar amocunts of Pe, Mg, than 300°C basalt
soluticn smectites. In the smeotite sclid aclution
between beidellite and saponite, the baidellites
are the Fe-Mg-poor, Al-~rich endmember. High Al and
low Fe-Mg content suggest tbat tha smactites formed
in our high-810, rock:water experimenta lie closer
to the beidellite end-member cocmpesition.
Bince reliable clay free energy data are not
available at thia time, 3103/h12°, {x-agis) and (FeoO
+ Mg0)/Al,0; (y-amis)} ratios of nselected olay

minerals and K-feldspar, waera used to oconstruct
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qualitative phase boundaries (Figure 60). A third
s-axis representing K,0/A1,0, mineral ratios
{perpendicular to the plane represented by tha =
and y axes) would position K-bearing minaerals (1,8,
E-feldspar, Illite} nbove tha plain of this graph.
Thus, tha tie lines showa in Pigure 60 represent
peints projeoted from 3-d to 2«d space. Therefore
Bomé Figure 60 tia lines appear to interseot in 2-4
sepace. However, these tie lines do not interseot
in 3-4 space. Not al)l of the possible phase
relationshipa are shown (e.4. K-spar-Chlorite, E-
spar-Eaclinite; muscovite 1s not inecluded) for
reasons of clarity.

Perpendicular lines drawn through Figure 60
tie lines, were used to oconatruot the Figure 61 log
(Fo®* + Mg®”)/(H)? ¥B. log HEB10, qualitative
topologio mineral stabllity diagram. In FPigure 61,
the following mineral stability fields ara
included; chlorite, gibbsite, kaolinita, illite, K-
foldspar, pyrophyllitae, and the beidellite~saponita
solid solution. The Figure 61 mineral stability
fields are used to analyse the relationship between
smeotite composition and solution pH.

In hydrothermal solutions secondary mineral
formation oontrols solution parameters (such as Fe’'

and Ng*'). Buponites nre Fa-Mg-rich and beidellites
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are Fe-Mg poor. More Fa+Xg should be relamsed into
solution by iren-magnesium~rich«basaltic rocks.
The average (MgO+FeO) welght percentage value basad
on the analyses of 3621 basalt samplaes 1s 13.886%
(Laaitra, 1976). The (FeO+NgO) wvalues for tha
Conway Granite and Bannock Rhyolite Tuff are 2.48%,
and 0.68% raspectivaly. In the Temple basgalt
experimenta Fe” is released into molution by the
dissolution of mesostasis. Diasclution of astrainad
glass around Ca-Fe~P microspherules, and the Fe-Ca~
P mlorespherules themselves appear to be primarily
responsible for the removal of 0, from basalt
experiment sgcolutions (ses Redox Conmparisons
saction}. Ferromagnesium minerals (e.q, olivine)
are also fairly aoluble. This suppesition is
supported by 68EM photemicrographa of heavily
altered ferromagmesiun minerala removed from 300°C
basalt:wator experimentsa (Kacandes, 1989).
Therefore it can be assumed that dissolution of
basalt Ca-Pa-P microspherulea, glass, and any
forrcmagnesium minerals would release high amounts
of Fe and My into solution. Ia the 300°C Temple
basalt oxperiments Pe’ and N¢** were rapidly
incorporated into preoipitating saponite

atructures,
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In our high~8i0, rock:water experimenta (CG:1.
Ca:2, BRT:1), inpnitial dissoclution of primary
minexrals and/or glasa raleased little Fe and Mg
into solution. Therefora Al-rich beidellitic
smeoctitas precipitated from the ©G:1, CG:2, and
BRT:1 autoclave solutions. The similarity between
tuff and granitae stable solution pH suggests that E’
aoctivity in thase experiments was controllad by the
equilibrium baetween beidallite and illite.
Assuming equilibrium between illite and smectite in
these experimentas {(CG:2, BRT:1, 300°C basalt
experimenta) aymbols ara plotted om Figure 60 to
rapresent relative positions based on smactita
idontifjication data. The "8 symbol repraesents the
secondary bPreidellites formed 1in our high=-8i0,
rock:water experiments {C@:1l, CG:2, and PRT:1).
The "B" symbol represents the secondary paponite
formed in tbe 300°C Temple baselt:water experiments,
Experiment ©G:2 and BRT:1 solution log (Fa+Mg)/ (K)?
ratios are apparently controlled by the equilibrium
between beidellite and illita. Basalt log
(Pe+Mg) / (H)? ratios are likely controlled by the
equilibriun between saponite and i1llita. The Fe
and Mg solution concentrations in these experiments
are sgimilar., Thus these results Bsuggest that

solution pR in BRT:1, ©G:2, and tha Temple basalt
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exparimante are controlled by smactita
precipitation. Tha type of sanmectite formed in
these solutionse appears to be determined by tha
anount of {(FeO+MgO) containad within a rock sample.
Therefore the stable molution pHR wbiob develops is
determined by tha amount of (Fe0 + MgO) ocontained
within a rock. In summary: these comparisons
suggest that smectite precipitating solutions
reacting with Pe-Mg-rich mafic rocks (i.e. basalt)
vould be more basic, than =smectite precipitating
aclutions interacting with high-810, igmecus rocks

(l.e. granite and rhyolite tuff}).

POSSIBLE EFFECTS ION pHE ON WABTE
CONTAINER CORROSION AND SPENT FUEL ROD
BOLUBILITY

The stable 300°C pE values calculated in thase
high-810, rock:water experiments (approx. pH= 6.5)
are 1.0 to 1.5 units more acidie than 2300°C
basalt:water values {(approx. pH= 7.5 to 8.0).
Lower pH solutions parcolating through a high-level
nuclear waste repository site would result in
highar rates of container corroaion. If calculated

@clution pH values are similarly effacted by rock
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(FeO+Ng0) content in repository molutions, them it
can be assumed that the rate of container corrosion
at a basalt site would be slovest (compared to
granite or tuff}.

The solubility of UO, for apent fuel roda
exposed to parcolating repository groundwater can
also ha effeoted by solution hydrogen ion
concentration. Por exampla in the redox comparison
maction we daetermined that U(OK);" and UOF;, would
ba the stable uranium complexes in egquilibrium with
the granite, and tuff solutiona, respectively.
Using equations from the Redox Comparisons saction:

(BRT:1) UO, + 2H+ + 1/2 0, + ¥ = UO,F, + K0

{ca:2) VO, + IL,0 = U(OR);” + K
it 18 clear that mu decrease in tuff solution pH
vould result in an increase in U0, eolublility, and
& increase in granite soclution pE would vyield a
seimilar result.

The ocmbination of lower tuff solutiocn pH,
tuff glasa redox buffering capaocity, tuff glass
redox potential, and higher tuff aolutiocn F
concentrations (mee 8olution Parameter Trends vs,
Time eeotion), may result in comparatively higher
rates of waste container corrosion and greater
solubility of U0, for spent fuel rods at a tuff

repository site (i.e,, Yucom Mountain, Nevada).
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Thus it may be informative to conduct Rhyolite Tuff
glass dissolution experiments at lower
temperatures. Thasée axperiments should be analyzed
to datermine what affect pH, radox variation, and F
concentrations may have on container oorrosion and
U=-complex release rates at the Yucca Mountain

repository.
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CATION/PROTON COMPAHISONS BETWEEN CG:2, BRY11, 300°C
TEMPLE BASALT EXPERTMENTS AND ICELAEDIC GEOTHERMAT,
FLUIDS

Figuras 62-64 compara selected stable
cation/proton ratios oaloulated from: 270-325°C
Icelandic geothermal fluids 3oo°c Tample
basalt:vater experiments, and our |Thigh=-8i0,
rocki:water experimente (CG:2, BRY:1).

Pigure €2 was used to compare log Ca/(H)? vs.
log Na/E values. Figure 63 is a log KWa/H vs. log
K/H plot. Figure 64 i3 used to compare log Mg/ (H)Z
¥8. log Ca/{H)? values. The symbolas representing
€G:2, BRT:1, Tample Dbasalt axperiments, and
Icelandic geothermal fields are included in Figurae
62-64. Experiment BRT:1 end CG:2 stable
cation/proton ratios are represented by the last
four solution aliguots removed from each axperiment
(caloculated aotivity and aotivity ratios for
experiment CQ:2 and BRT:1 are tabulated in Appendix
la and 1b, respeatively}.

The stable cation/proton ratios calculated
from Icalandic gaothermal fjields and 300°C Tample
basalt aexperiments, were obtained from diagrams
plotted to compare the chemical interactions of

vater/rook experiments ys. thecae of aotive
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geothermal systems (Kacandes gt al., 1588). The

270-325°C ranga was used for the Icelandic data due
to the paucity of geothermal data available
precisely at 300°C. The Icalandic data was
primarily obtained from basaltic geotharmal
solutions (although Icelandic rhyolite geotharmal
solution data is alse inoluded).

The affect of rock typa on long-tarm
geotharmal solution parameters is conaiderad to be
naegligible {(Armorseon and Gunnlaugsson, 1983;
Eacandes, 19689). Thus the data point acatter from
rhyolita, granite, tuff, kasalt, sediment, and
andesite geothermal solutions ocan be approximated
by the Icelandic data peint socatter. Therafore a
oomparison of BRT:1, CG:2, and Temple basalt
aexperimental data va. Icelandic geothermal fiaeld
data, can be used to evaluate differences and
similarities between the sclutiona formed in these

experimenta and natural geothaermal fluids.

DATA PFRESENTATION {¥IGURE 62): Higher tuff
experiment Ca/(H)? ratios (and slightly highar Na/H
ratios} result in a small offset batween CG:2 and
BRT:1 data points. The offsat between the high-~s8io,
rock:water experiments (CG:2 and BRT:1) and tha

basalt experimenta, is dua to higher calculated
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basalt:water experiment Ca/(H)}? and Na/H values.
High-8ic, rock:water (ca:2 and BRT:1) and
basalt:wvater exporimental points fall predominantly
outside the ascattar of Icelandic geotharmal
solution data. The CQ@:2 data pointas fall olosest
to tha center of geothermal fluild scatter, followed
by thoe basalt and tuff (BAT:1) data points,

respectivaly.

DATA INTERPRETATION {(FIGCURE 62): Experiment cCa:a
apd BRT:1 KNa concentration trends are similar.
Therefore the slight offset batwean the granite and
tuff data points is primerily due to differences in
PH {the stable tuff soluticon pH is slightly more
acidio). Lower tuff ca/(H)? values also result from
decreasing Ca concentration wva. time trends (see
Bolution Parameter Trends vs, Time maction).
Average basalt experiment pH values (apprex.
range= 7.5 to 8.0} are 1.0 to 1.5 units higher than
the values oalculated in our high-8io, rook
axperiments (approx.= §.5),. The higher atable
basalt pH values result in highar ocalculated 1log
ca/(E)? and log Na/E values. Differences in the
concontrétion of Ca and Na in the granite, tuff,
and bagalt expaeriment solutions are not significant

enough to account for the offsat between basalt and
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high-8i10, rook azperiment data points. Therefcre
the offsat between our acidic rook expariments and
the scatter representing 300°C basalt experiments,
is primarily a result of the more acidic solutions
formed in experiments CA:2 and BRT:1.

The caloulated Ca/(E)? values from experiment
C@:2 and BRT:1 are higher than geothermal field
values. This difference acocounts for the offset
between the high-810, rock:water expariment (CG:2
and BRT:1l) and geothermal fluid d4ata points.
Stable high-temperature caloulated pH values
{npproE.= 6.5) from C¢G:2, BRT:1, and 270-325°C
geotharmal sclutions are similar. Therefore, tha
offsat between the high-8i0, rockiwater experimant
and geothermal fluid datn points 1s due Gto
differences in the amount of Ca in these solutions.
In open systama, lixe the Icelandic magmatically-
driven geothermal fields, CO, is removed from
solution by the precipitation of secondary calcite.
Experiment €G:2 quench solution and log IAP/EK data
sBuggest that gecondary onlcite may bhave formad in
this expariment {sea Heocondary Mineral Analyses
saction), Howavar, calcite was not present in
sufficient amounte to be identified by EDS/BEN and
ERD techniques in hoth experimsnts. Therafore the

higher ca/(H)? values racorded in experiments CG:2
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and BERT:1 (as opposed to Icelandic geothermal
solutions) may primarily result from lack of COo, gas
ipput in our olosed-syetem experiments., The CG:2
Ca/(H)? and Na/H values seem to best approximata
geothermal fluid values, followed by tha basalt

eXpariments and BRT:1, respectively.

DATA PREBENTATION (Figure 6¢3): Lower granite
experiment K/H ratios result in a small offget
between CG:2 and PRT:1 data points.

The offset between the high-610, rookiwater
egperiments (CG:2 and BRT:1) and the basalt:water
eXperiments, is due to highar caloculated
basalt:water experiment Na/HE valuas.

High-sio, rock:vater and basalt:water
experimental points fall predominantly outside the
scatter of Icelandio geothermal solution data, In
Figure 63 egpariment CG:2 data points fall closast
to the center of gaothermal fluid scattar, followed
by the basalt and tuff (BRT:1) data points,

respectively.

DATA INTERPRETATION (FIGUREB 63): The general offset
betwaen tuff and granite scatter results from tha
highex 1log K/H values calculated from BRT:1

solution data. Experiment CG:2 EK/H values are
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lower due to the comparativaly lower concentration
of K in the granite sclution (compared to BRT:1).
Lower stable tuff solution pH wvalues partially
counter the effact of higher BRT:1 K concentrations
on K/H valuas,

The discoropancy between the basalt:water and
high-8i0, rock:wvater scatter (ca@:2, BRT:1) 1s due to
the higher Na/H ratiocs calculated in the basalt
experimaeant. The Na/H ratios ocalculated from our
high-810, rock:water exEperiments (CG:2 and BRT:1)
are lower due to comparatively basic basalt:water
experiment stable pH values.

The offaet Detween short-term autooclave
exporiments and long~term geothermal solution data
in Figure 63 can best be explained by refarring to
the Na-K sclution gaothermcmater resultas included
in this study (see Tuff and Granite Geothermometer
Evaluation seotion). This solution geothermometer
is based on the equilibrium botween albite ana
microoline. 1In natural geothermal fields the Na-K
geothermoneter has baeen proven useful in the
estimation of geothermal solution tempaeratures.
However calculated Na-EK geothermometer values were
not accurate in determining the aotual solution
temparature in the granita {CG:2), tuff (BRT:1),

and basalt oxperimentas (Gardiner, 1988). These
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results suggest that the time intervals selectad
for theses short~term aexperiments are not long
enough to reproduce geothermal fluid Na/K ratio
valuas. Expariment CG:2 data points may fall
closer to the geothermal fluid data point scattar
due to tha formation of secondary high albite in
this experiment (a common secondary mineral found

in geothermal fialds}.

DATA PRESEFTATION (Figure 64): This plot shows that
the tuff and basalt data points ovarlap with each
other, and with the high Mg/(H)2, high ca/{(E)? edge
of the geothermal fluid amcatter. The granite data
points plot well within the geotherwmal tfluid peint

acattar.

DATA INTERPRETATION: Thooa data suggest that the
secondary mineral:solution reactions controlling Ca
and Mg ooncentrations in these short-term
experiments are similar to thomse of geothermal
fluids. Tha concentration of Ca and Mg in 300°C
tuff, granite, basalt experiment molutions, and

high-temperature geothermal fluids are thought to
ba primarily controlled by secondary clay mineral
formation. Thesa results suggest that the

formation of 1illites nnd smectites in tha above
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mantionaed experiments and geotharmal fluidse,
results in little cffset between those data points.
Granite experimant data polnts fall closest to the
center of geothermal fluid soatter suggesting that
the reacticne c¢ontrolling Ca and ¥g concentrations
in this aexperiment nre similar to gecthermal
fluida.

DATA SIMILARITIES (FIGURES 62-64): In each of the
figures granite points fall c¢losest to the center
of Icelandic geothermal fluid scatter followad by
basalt, and 95% glass rhyoclite tuff, raspeoctively.
Thesa figures illustrate that long-term soclution
chemistry of geotharmal fluids ia best predicted by
experiment C@:2, followed by the basalt and tuff
(BRT:1) rooki:water autoclave experiments,
respectively. Tuff (BRT:1), Granlta (CG:2), and
300°C bmsalt aexperiment calculated aolution
geothermometer trends will Dbe mnalyzed in the
following seotion (sae Tuft and Granite
Geothernometer Bvaluation section} to gain further
ineight with respect to the differaences and
similarities betwaeean short~term autoclave soluticns

and geothermal fluids.
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GROTHERMOMETER HVALUATION

Quartz (Fournier and Potter, 1982), Na-K
(White, 1965), and ca-Na-K {Fouraier and Truasdall,
1973), solution geothermometars have been used in a
numbar of studies to detarmine the temperature of
geotharmal seolutions {a,q, Fournier, 1981;
Arncrsaon, 1%83; Truesdell, 1973}, The
correspondence of these geotharmometers with the
BRT:1 and CG:2 sclution temperature (300°C) ia
evaluated to determina the extant to which these
short-term experiments raproduce the long-term
chemistry of 3100°C gaothermal solutions.

The quartg geotharmometer is based upon the
variation in eolubility of guartz as a function of
teamperatura. The Na/RK geothermometer was
postulated (White, 1965) as being accurate in
natural waters above 175-200°C, where Na and E
concentrations are ocontrolled by the equilibrium
with albite and EK-feldspar. Cartain geothermal
fielda containing solutions rich in ca, suoh as
Mammoth Hot Bprings in Yellowstone Park and the
Salton ©BHaa geothermal brines did not yield
reascnable Na/K temporatures. Rs a result the Ca-
Ra~K geothormometar was introduced to empirically

consldexr Ca concentrations present in geothermal
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solutions {Fournier and Truaesdall, 1973).
Equations and graphs wara comnatructed from connate
brine Mg concentration data (1 ppm to 3920 ppm) to
corract for the adverse effeots of Ng on the Ca-Na-
K geothermometer (Fournier and Potter, 1979). The
Ng correction to the Ca-Na~K geothaermomater was
not applied due to low Mg concaentrations in both
axperiments. The results of the geothermcmeter
caloulations for experimeant CG:2 and BRT:1 are
liated in Table 9. Appareant solution temperature
¥8. time diagrams wers produced for tha tuff
(Pigure 65) and granitae (Pigura 66) eoxperimenta.

Quarteg geotharmometer apparent temperature
valuas are higher than the aotual temperature (BRT
1.4-1.10 average= €11°C). These values indicate
that the tuff solution was saturated with respect
to secondary amorphous silica (not quartz). 'The
quarts geothermometer has worked wall in geothermal
solutions with tamperatures ¢greater than 150°C,
These results indjicate that geothermal fluids are
saturated with respect to msecondary quartz. 2As a

solution Dbecomes saturated with respect to
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rhyelitic glass, the rate of 810, incorporation into
secondary miperals will ezceed the rate of 8§10,
release from glase dissolution. Thus, as the time
of reaction betwaan glass~rich tuff and solution
groundvater increases, 810, concentrations may
decrease. Tharefore if geothermal solutions react
with rhyolite glasa-rich rocks for axtended periocds
of time, than the quarts geothermometer should fall
cloaer to actual tamperatureas.

Tho BAT:1 Na-K gacthermometor apparent
temperatures were approximately 2.5 to 3.3 times
higher than the acotual 300°C wvalue {(ranging from
759° to 1008°C). 8table Na/K gaeotharmcmeter
apparent temperatures in the tuff experiment (818°C)
are approximately twice ae high as thosme calculated
in the granitae experiment. This difference is 4ue
to the comparatively high concentration of K
contained in the BRT:1 solution (compared to
geothermal fluids).

Btable Ca-Na-K gacthaermcmeter apparent
tamperatures are also high {BRT 1.4-1.10 stable
avarage= 406°C}. The difference between Ca-Na-K
geothermomatar apparent temperature values and the
actual ewperimental temperature, are also dua to
the comparativaly high concentration of K contained

in the BRT:1 solutiocn.
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None of the Bolution geothermometers were
acocurate in predioting exparimental tamperatura in
tha tuff experiment (mee Pigure &5}. All three
solution geotharmomaters provided apparent
temporaturas above tha range of measured
experimantal and geothermal values. These results
suggaest that the chamistry of the aligquots removed
from experiment BRT:1 do not correapond vwith

geothermal fluids.

After the 3.2 bhour sample the gquarte
geothermometer acourately predicted experimental
temperatura. The quartz geotharmometer stable
estimated temparature averaga of 312°C was within 4%
of the correct 300°C walua. The gquearts
gecthermometar was relatively accurate throughout
the remainder of tha granite experiment as silioca
concentrations appeared to be controlled by
equilibrium with secondary quarts (CG 2.3-2.8 log
IAP/K values ranged from 0.05 to =0,02).

Btable Na-K geothermometer valuas did not
acourately prediot the cGt2 axperimental

temperature (CcG 2.3-2.8 =425°C). The Na~K
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geothermometer results suggest that the time
interval &selected for experiment ¢CG:2, is not
adaquate for the equilibrium between ulbite ana
miorocline to ooour. These results are not
eurprising since tha ¥a/K geothermometer i1s often
very sluggish to respond even in geothermal systems
where @olutions have had long time intervals to
equilibrate (Henley ot al,, 1%84). In the granite
experiment (CG:2)} the ca-Na-K geothermometer
started predioting experimantal solution
temperatures (Figure €€¢) within %% of 300°C, by tha
firat 1.36 hour sample. These results suggeat that
the precipitation of 1illite and smeotites
controlled ¢Ca, Na, and K conoentrations 1in
axperiment CG:2. Tha stable Ca-Na-K geothermometer
average temparature based on mligquots Ca3 2.4-2.8 18
equal to 299°C. The Ca-Na-E geothermometer
performed well since it is based on equilibrium
with clays present in natural geothermal fields

{such as 1l1lite and smeotites).
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The correspondence between CG:2 Ca-<Na-K and
guarts geothermometer valuaes with the aoctual
solution tamparature {300°C}, auggests that
experiment C€G:2 more olosely mnodels natural
geothermal fluids {(as opposed to experimant BRT:1).
Apparent @solution geoctharmomaeter +valuas were
caloculated from 300°C Temple basalt:water experiment
data {Moore, 1983; Eorn, 1986; Gardiner 1988}. The
geotharmomater valuss calculated in thene
experimenta did not correspond as well as CG:2
data, with the actual solution temperature (300°C).
Howaver Dbasalt geotharmcmeter values olosear
approach the actual tamperature, whan compared with
the 95% rhyolitic glass experiment (BRT:1). Tha
basalts used in those experiments contained 10-40%
nesostasis (predominantly glass). BSolution/glass
phase interactions generata a high level of
suypersaturation with respect to a vwariety of
aluminosilicate minerals. In such spupersaturated
eclutions a sequence of matastable reaotions will
oocur resembling an Ostwald step sequence (Dibbla

et al.,, 1981). Bventually, aftar a series of
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eteps, stable mineral assemblages will form.
However the formation of intermediate metastabla
ninerals may delay this eventuality for millions of
yearsa. The formation of minerals commonly found in
gecthermal flelds (l.9. quarts, and high albite),
suggest that stable mineral assemblages began to
form in exEperiment €O:2, after only 2761 hours.
Tha experiments compared in this geothermometer
copparison seem to approach long-term gaotharmal
solution chemistry in the following order;
holocxystalline Conway Granite, 10-40% glaas
basalt, 95% Bannock Rhyolite Tuff. Those results
would suggest that the time interval necessary to
emulate geothermal solutions in ehort~tarm
autoclave eEperimenta varies sympathetiomlly with
glass content.

Natural geothermal solution data are
considered to be useful in predicting the long-term
chamiatry of high~lavel nuoleay waste repoaitory
solutions (Olmer at al,, 1987)}. Theso data suggest
that the glmss content of tha rock material within
geothermal filelds should be oonsidered, when
seleoting natural analoga to prediot the long-term
solution chemistry of high-leval nuclear wasta

rapoajitory solutions.
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1} Optical mineralogy, XRPF, and FeO titrationm
tachniques results suggest tbat the holocrystalline
Conway Granite and $5%-glasa Bannook Rhyolite Tuff
are chemically similar. Thaerefore the rasults from
experimenta C06:2 and BRT:1L ocan be utilized to
evaluate the effact of rhyolitic glass disasolution
on concentration trends, f0,, pH, eecondary mineral
formation, and approach to long=-tarm gecthermal
fluid chemistry. aranite {(CG) and tuff (BRT) oxlda
weight percentages and norms plot near the canter
of granite and tuff filelds in the LaMajtre
diagrams, indicating that these rocks can be used
to study rook:water interactions occcurring between

typical granites and glass-rioch rhyolite tuffs at
a00°C.

2) The secondary mnminerals identified from tuff
aligquots BRT 1.2-1.10 include: 1llite {2M,),
smectites, amorphous silica, and aphydrite. The X-
ray diffractogramas of tuff aliquot secondary
Dinernl assemblages indicate tbat 1llite was tha

predoninent secondary mineral to precipitate from
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the tuff experiment autoclava solutien. The
asmectites ldentified from tuff solutiocns were not
bomogeneous and contaln varying amountas of Fa, Ca,
Ti, Na, and Mn.

The secondary minerale identified fram granite
quanch sgolutions CG:l1 and CG:2 include; illite
(2M,), smoctites, high albite, and quartz. The XED
data of granite quench secondary minaral
asgamblagas (CG:l1, CG:2) indicate that illita wvas
the dominant secondary mineral formed in these
expariments. The sameotites 1dentifiaed in the
granits aexperiment incorporated varying amounts of
Fo and Ca.

Btarting rook (Fe0 + MgO) content and
secondary mineral identification data indicate that
the smectites ldentified in the granita and tuff
expariments are beidellitic. Phase diagrams were
construoted wusing solution leog Na/H ¥s. log K/H
ratioc wvalues. Thesa diagrams dJdemonstrate that
secondary mineral formation ocontrolled sclution
parameters in these experiments. Secondary mineral
identification analyses indicate that the near-
linear distribution of granite and tuff log Na/H
¥3. log K/E ratio valuas may represant high
albite:illite (CG:2), and mmactite:illite (BRT:1)

pPhase boundariea, respeotively.
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Ccmpa.riaom between CG:2, BRT:1, and 300°C
Tample basalt secondary mineral apsexmblagaes
indicate that the illite/amaectite mass ratic is
higher for our high=810, rock:water aexpsrizents
(C4:2, ERRT:1). These comparisons also indicata
that tha mass of sacondary minerals rformed in CG:l
and €G:2 is lower, when compared to the tuff and

basalt experimants.

3) Thae glass within the tuff was more solubla than
tha feldsperas and guarte contained within the
granite. Rhyolitio glass dissolution resulted in
comparatively higher tuff 8io,, kX, Al, ¥, Fe, and
80, ooncentrations. Concentrations increased
sharply during tha first 1 hour of both
experinents, and stabiliped within the first 10
hours of the tuff and granite experiments. MNoat
C@:1, CG:2, and BRT:1 epecies concentration alopes

were controlled by aecondary mineral formation.

4a) Stable log 0, values caloculated from CA:32
(predicted}, 300°C Temple basalt autooclave
aexperiments, and geothermal fluids range from -31
to -33. The BRT:1l atable log fo, of =27 13 3-5
orders mora oXidising {(than granite, basalt, and

gecthermal scolutions).
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4b) At solution temparatures ranging from 0° to
350°C the average Dbasalt {LeNaitra, 1976) redox
buffering capacity dased on FeO (wt.%) is 3 times
greater than the Conway Oranite, and 16 times

greatar than tha tuff.

5) A ocomparison of CG:2, BRT:1 and Tample Basalt
stable measured (room tempaerature) pH suggests the
following ¢general effect of rock type on the
numeric value of cooled solution pH: Glassy Tuff {
Granite { Neutral ( Basalt (acidic to basaic).
During initial extrapolated intarvals the BRT:1
@olution was as much as 3 pH unitse more acidic then
CG3:2 solution. The difference betwesn solution pH
values extrapolated from identical time intervals
decoreases due to the gradual deocrease in granite
pH. The stable granite and tuff ocaloculated pH
(approx.= €6.5) is approrimately 1 to 1.5 orders
mora acidic when compared with 300°C Temple basalt
experiment values (approx. range= 7.5 to 8.0)}). The
difference in high-810, rock:water and basalt:water
atable pH ia due to differences in the compesiticn
of mmectites formed in these experiments. 1In the
300°C Temple basalt experiments larga amocunts of Fe
and/or Ny are added to solution by the diseolution

of mesostasis (glase and Fe-Ca~P microspherules),
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and any ferromagnesium minerals. Thesae elamnents
vera rapldly incorporated into secondary saponita
structures. Illite has mlao been identified in
leaser quantities in tha Temple basalt expariments.
Topologioc mineral atadbility diagrams indicate tbat
the equilibrium between saponite and illitae would
result in ccomparatively basic basalt sclution pH
{stabla 300°% basalt sclution pH values range from
7.5 to 6.0). In contrast, the smectites identified
in BRAT:1 and CG:2 contain higher amocunts of Al and
lower amounts of Fe, Mg. Less Fe and Mg ware
incorporated into these smectites, due to the
paucity of Fe” and Mg® in the sample roocks (and
high=-810, rooka imn general). Tharefore tha
secondary smectite formaed in cur experiments ocan be
¢lasaified ams Ddeildellitic. Topologic mineral
stability diagrams indicate that the equilibrium
between sacondary illite and baildellitic smectite
in our hlign-sioz roock:water aexpaeriments resulted in
comparatively lower sclution pE (compared to
basalt}. BRT:1 end CG:2 stadle pH valuas (approE.
avg.= €.5) are salmilar, suggesting that the
smectites formed in these expaeriments are similar

in compocsition.
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6) Icelandic gecthermal fluild, c¢@:2, BRT:1, and
Temple 300°C basalt:water expariment, stable log
cation/proton ratioc comparisons indicata that
granite points 1lie clomeat to the ocanter of
Icelandic geothermal field scatter ({followed in
olosa ordar by basalt and ture points,

respactively).

7 guarts, Na-K, and Ca-Na~K aglution
geotharmometar trend data from C@:2, BRT:1, and
Temple 300°C basalt experiments were compared.
Granite geothermometers were the most accurate in
predioting actual solution temperature followaed by
the basalt and tuff geothermomatars, raapaoctively.
Tuff spparent solution temperatures are much highar
than other wvalues ocalculated frem Tample 300°C

autoclava experiments, and geothermal fluilds.
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SUMMARY OF HIGH-LEVEL BUCLEAR WASTE DISPOSAL
INPLICATICHS

Thesa results euggest that radox buffering
capacity would probably bs axhausted moset rapidly
in a tuff repository followed by granite, and
basalt, reaspectively. More oxidigzing percolating
Tepository wsolutions wmay result in higher
solubility of U0, for spent fuel rods. Solution pH
mnay also effect radionuolide release ratas. Tha
solubility of VO, for spent fuel rods in ropository
solutions depends on the type of uranium complex
formed. Using a log fO,-pH phase diagram (McKeon,
1964} it was determined that UQ, oontained within
spent fuel rods, would form UO,F;” in the tuff
solutlon, and U(OB),” in the grnnite solution. If
U, F,” forms in tuff repository solutions tban the
solubility of UQ, in spant fuel rods would ba higher
in; lower pE solutions, oxidizing solutions, and
solutions rich in fluoride. If U(OB);” forms in
granite repository solutions then higher hydrogen
activities would result in higher solubility of vo,
from spent fuel rods. The stable granita eoclution

PE is only slightly higher than the corrasponding
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BRT:1 stable pE. Tha atable tuff log fo, is 3-5
fiva units pore oxidizing thanm €G:2 granite, and
the highly solubla rhyolitic glass released
camparatively high concentrations of F (stablae avg.
approx.= 10 mng/l) into the tuff solution. If tha
uranium ocmplemes predicted to be im equilibrium
with the granita and tuff smolutions are formed in
lower temperatura repository solutions, spent fuel
Tods would release U-complexes more rapidly inte

surrounding groundwater at a tuff repeository.

ftainlesa steel and low-oarbon steel are the
privary materials being considared for high-lavael
nuclear waste containers. However waste ocontainers
manufactured using these materials would corrode
rapidly upon interaction with oxidising repository
solutions., Pure Cu is considered to ba superior
sinca this matal is not axpected to oxidige in
repository solutions. s8Stable sclution £O, data and
Tedox buffering capacity calculations, suggest that
tuff-glass influenced repository solutions would be

oxidiging {(compared to granite and basalt). Thes
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exhauastion of repository glassy-tuff-redox
buffaering capacity may result in more oxidiging
8olutiona, near the f0, of corrosive solubility of
Cu-wvaste containers. If this were to occur, then
Cu-~waste ocontainer ocorrosion rates may inoroase,
resulting in the release of radionuclides into
ropository groundwater.

Morxa acldio soluticonas also would rasult in
conparatively higher rates of container corrosion.
Stable solution pH calculasted in these high-8io,
rook:water aexperiments (avy. approx.= 6.5) are i to
1.5 pE units more acidic than those ocalculated in
300°C Temple hasalt oxperiments (approx. range= 7.5
to 8). The pH of thesa axperimental solutions
appear to be controllad by host rock (FeD + Ngo)
content and smeotite preoipitation. If these
factors control solntion pH in lowar temperature
infiltrating repository soclutions, then container
corrosion may be relatively more rapid in a tuff or

granite rock enclosed high-level nucleer weste

repository.
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The doninant secondary mineral formaed in 300°
Tample basalt experimente is saponite (a very Fe-
Mg-rich amectite). In these basalt experiments
saponite formed in copicus amounts {illite formed
in lesser quantities). The primary secondary
mineral formed in experiments CG:2 and BRT:1 was
1l1ite (2N,). Beldellitlo smactites wara also
identified in lesser quantities. Thase results
indicate that tha illite/smectite mass ratic is
highar for our high~810, rock:water pecondary
@ineral assemblages (campared to basalt:i:water
axperimants). If the illitae/smectita ratio is
aimilarly affaoted by rock type and crystallinity
in lower temparature repository sclutions, then tha
sorption capabilities of greater quantities of
smectites in basalt repository solutions should
have ccmparatively beneficlal offacts in lowering
the mobility of some radionuclides (compared to
granite and tuff}. The precipitation of large
amounts of smectite at a basalt repcsitory would
result in a comparatively larger decrease in
porosity near waaste containers (compared to tuff
and granite sitaes). Decreased porosity near

repoaitory waste containers at a basalt enclosed
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repository would also result in relatively lowar
radionuclids mobility (compared to granite and
tuffr).

Losser amounta of saecondary ninerals were
formad in ezperiment CG:2 (whan compared to basalt
and tuff). The formation of lesser guantities of
secondary minerals in granite repesitory solutions,
should result in comparatively high porosity near
waste contalnara {(compared to basalt and tuff).
Higher porovsity at granite repository site woula
rasult in camparatively high radionuclida mobility
(ooumparad to basalt and tuff),

SUMMARY OF THE IMPLICATIONS OF USING 3100°C GRANTITE,
GLAGSY TUFF AND BASALT SHORT-TEMM DICKSON ROCKING
AUFOCLAVE RIPERIMENTS TO PREDICT LOEG-TERK
GEOTHERMAL FLUID CHEMISTRY

1) CATION/FROTON MAHS RATIO COMPARTSONS

Dlagrams ware constructed to ocompare BRT:1,
CG:2, 300°C Tample basalt, and Icelandic geotharmal
fluid; Ca/(H)? vs. Na/H, ¥a/E va. K/H, and Mg/ {H)2
vs. ca/(H)? data socatter. In these diagrams the

stable granite data plot clocsest to the center of
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Icelandic geothermal fluid socatter, followad by
tuff and basalt data points, respectively. Tihis
comparison suggests that the granite experiment
came olosest to the long~term geotharmal flulad
chenistry followaed by the tuff and basalt

exparimants, respectively.

Differences in BHRT:1, CG:2, and 300°C Teampla
basalt experiment solution geothermometer trends
vere analysged. The granite; cCa<Na~K and Quarts
gaeothermomater trends came cloeest to approximating
actual experimental temperaturas, followed by
basalt and tuff, respeoctivaly. all of tha tuff
geothermometers provided very high apparent
solution temperatures suggesting that rhyolitic
glasa dissolution may perturb the Na-K, Ca~Ma-EK,
and gquarte gectharmoneters. Tha Na-K
geothermcmeter doea not acourately predict aotual
axperimental temperatures 4in these and other
autoclave axporimanta.

These rasults suggest that the durations of
thesa experiments were not adequate for the
equilibrium Dbetween albite and microcline to

contxol Na and X concentrations. The closer
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cgorrespondence of the Ca-Na~X and quarts
geotharmometers im the holoorystalline granite
experiment followed by the basalt (10-40%-glass)
and tuff (95%-glass} expaeriments, suggest that rook
type and crystallinity may effact the amount of
rock:water interaction time necessary to prediot
long-term geothermal fluid ochamistry (10°-10°
years) .

Becondary quartz, and high albite wera
ldentified in the secondary mineral assamblages
ramoved from CG:1 and CG:12 Qquench solutions. These
minerals are commonly found in the stabla mineral
assemblages formed in geothermal fluids, suggesting
that stable mineral assemblages began to form in
experiment C€G:2 within 2761 hours. Moat of tha
minerals identified in tha ¢tuff and basalt
eEporiments represent matastable assemblages.

Solution:glass phase reacotions lead to a high
lavel of supersaturation with respeot to a variety
of alunincsilicate minerals. In such
supersaturatad solutiona m sBequance of metastable
reactions will occur resembling an Ostwald step
sequence {(Dibble at al., 1981)., After a series of
ateps stable mineral assemblages will form.
Howaver the formation of intermediate metastable

ninerals may delay this aventuwality for millions of
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yearxs, The experiments ocpared in thea
cation/proton ratic and gaotharmometer comparison
seam to approach long-term gecothermal solution
chamistry in the following order; holocrystalline
Conway OGranite, 10~40% glass Basalt, 95% Bannock
Rhyolite Tuff. These results suggest that tha
apount of time regquired teo aeaxulate long~term
geothermal solutions in short~term autoolave
experiments, is dependent on the amount of glass
contailned within the rock. Using this 1logio,
bholocrystalline granite (or gabbro} autoolava
experimants would emulate 1long-term natural
geothermal aocluticn chemistry in comparatively
ahorter periocds of time.

These data indicate that when natural analogs
(geotharmal fields) are used to prediot the long-
term solution chemistry of high-lavel nuclear waste
rapository sclutionas, tha effaect of glass

dissolution should ba considered.
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Appendix 1a: BRT:1 activities and activity ratioa as calculated by the
cosputer program HIPHPAZ.

RUN o t 2 3 4 S é 7 e 10

log Ca/H2 5.67 S.61 &.64 7.95 7.88 8.35 0.06 a.04 7.29 7.52
log Hg/H2 4.65 %.24 2.88 6.26 6.41 6.69 6.79 6,96 5.83 6.12
log NasH 3.10 2.57 1.90 3.98 3.92 3.93 4.08 4.22 3.73 3.92
jog K/H 0.46 2.53 1.82 3.74 3.77 3.81 3.88 4.02 3.58 3.76
log 3,510, ~4.456 -1.604 -1.500¢ -1.526 -1.480 -1.512 -1.545 -1.534 -1.502 -1.550
log Na/K 2.7217 G.044& 0.080¢ 0.234 0.146 0.126 0.159%1 0.204 0.153 0.1449
log Masca®.5 0.34¢8 -0.234 -0.418 0.002 -0.018 -0.242 0.047 0.200 0.087 0.157
log Ca/Mg 1.015 1.376 1.759 1.690 1.464 1.656 1.268 1.485 g,;gg i.gg;

log Al/HI . ----- .0.620 0.226 -1.328 _-1.433 -1.474 .-1.834 - -2.30%

——— - - -

Appandix 1b: ©G:2 sctivities and sctivity ratica as calculated by tho
caaputear pragram HIFHPR2.

. RUN 0 I 2 3 & 5 6 7 a

log Ca/H2 4,90 9.07 9.25 a.96 8.97 8.21 6.75 8.86 8.15
log Mg/H2 4,41 7.59 7.60 7.58 7.17 6.79 6.97 6.81 6.12
log Ma/H 3.07 4.1 4.73 4.51 &, 45 &.23 %.35 4.29 4,20
log K/H 1.32 3.94 3.98 3.8t 3.62 3.54 - 3.78 3.69 3.68
log H,9iCs . -4&.446 -2.150 -2.008 ~1.900 ~-1.922 -1.924 «1.944 -x.9gg -1.991
log Ne/sk 1.749 0.769 0.748 0.703 6.633 0.668 0.969 0.6 0.525
iog Na/Cca0.5 0.610 0.173 0.103 0.032 -0.035 0.125 ~0,025% -0.139 0.129
log Ca/ 0.484 1.476 1.645 1,380 1.806 i.426 1.773 2.054 2.035
log Al/H ——— -1.317 ~1.403 -1.474 -1.527 -1,315 -5.526 -1.425 -1.,280
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APPENDIX 2: ANALYTICAL METHODS AND ERROR RANGES

ELEMENT METHOD ERROR _RANGE
Hp gas GAS CHROMATOGRAPH 2 0.1 log £fOq
PHy pH METER + 0.05 pH units
$10, ATOMIC ABSORPTION t 5%

K ATOMIC ABSORPTION + S%

Na ATOMIC ABSORPTION * SR

Ca ATOMIC ABSORPTION 2 SR

Al ATOMIC ABSORPTION x 10%

Mg ATOHMIC ABSORPTION 2%

Fe ATOMIC ABSQRPTION z S%

Hn ATOHIC ABSORPTION ¥ 10%

Li ATOHMIC ABSORPTION X 5%

F ION CHROMATOGRAPH t 10%

S50, ION CHROMATOGRAPH t 5%

Cl ION CHROMATOGRAFH t 10%

LCOy INFRARED CARBON ANALYZER 2 10%

THS SPECIFIC ION ELECTRODE £ 10%





