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ABSTRACT 

VON DAMM, K. L . ,  and A .  J. VANDENBROOK. 1988. Geochemical 
controls on shale groundwaters: Results of reaction 
path modeling. ORNL/TM-10944. Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 90 pp.  

The EQ3NR/EQ6 geochemical modeling code was used to simulate the 

reaction of several shale mineralogies with different groundwater 

compositions in order to elucidate changes that may occur in both the 

groundwater compositions, and rock mineralogies and compositions under 

conditions which may be encountered in a high-level radioactive waste 

repository. Shales with primarily illitic or smectitic cornpositions 

were the focus of this study. The reactions were run at the ambient 

temperatures of the groundwaters and to temperatures as high as 250"C, 

the approximate temperature maximum expected in a repository. All 

modeling assumed that equilibrium was achieved and treated the rock and 

water assemblage as a closed system. 

mineral f o r  organic matter in the shales. 

presence of even a very small amount of a reducing mineral has a large 

influence on the redox state of the groundwaters, and that either 

pyrite or graphite provides essential.ly the same results, with slight 

differences in dissolved C, Fe and S concentrations. The thermodynamic 

data base is inadequate at the present time to fully evaluate the 

speciation of dissolved carbon, due to the paucity of thermodynamic 

data for organic compounds. 

resulting from interaction at elevated temperatures are acid, while the 

smectitic cases remain alkaline, although the final equilibrium mineral 

assemblages are quite similar. At lower temperatures most of the 

groundwaters remain close to neutral or are alkaline, but the fiinal 

mineralogies appear to be dependent on the starting mineralogies. 

the minerals which may be important for retarding radionuclides, the 

zeolites form only in the illitic cases, while smectites and muscovite 

(which may serve as a proxy for illite) form in most cases. 

Graphite was used as a proxy 

The results show that the 

In the illitic cases the groundwaters 

Of 

iX 





.- ..... INTRODUCTION 

.... 

The chemistry of groundwaters in shales is ultimately controlled 

by reactions occurring between the groundwaters and the enclosing 

rocks. The composition of the waters may be influenced by (1) whether 

equilibrium (or a steady-state) exists between some ar all of the 

phases in the rocks and the waters, (2) the kinetics of reactions 

occurring between the rocks arid the waters, ( 3 )  the in situ biota, and 

( 4 )  the temperature and pressure conditions under which the reactions 

are occurring. 

possible fracture-lining, and the starting composition of the 

groundwaters, including pH and redox state, may also exert a strong 

influence on the observed composition of the groundwaters. 

In addition the mineralogy of the rocks, both bulk and 

Shales may have a wide range in mineralogy and bulk composition 

(c.f. Lee et al. 1987) and groundwaters from shales also exhibit a 

wide range in composition (Von Damm 1987). In order to understand how 

the chemistry of the groundwaters relates to the chemistry and 

mineralogy of the enclosing rocks it is necessary to understand the 

geochemical controls which are important in this rock-water system. 

Shale groundwaters are of particular interest for the following 

reasons: 

hosting high-level nuclear waste (HLW) at several sites world wide, and 

the groundwater composition will strongly influence waste package 

stability and radionuclide transport, (2) shales often host 

economically important mineral deposits, and (3)  as shales are the most 

abundant rock type on the continents they may have a profound overall 

influence on groundwater compositions in general. 

(1) shale is a rock type under investigation for potentially 

One method of elucidating the controls on groundwater compositions 

is through the use of geochemical modeling codes such as EQ3NR/'EQ6 

(Wolery 1983). 

groundwater with respect to a rock to be evaluated and also permit 

reaction path modeling where a groundwater can be "reacted" with a rock 

and the change in composition and mineralogy of the rack-water system 

These computer codes allow the equilibrium state of a 
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observed as a function of reaction progress (i.eoj time or water:rock 

mass ratio). The effects of  changes in parameters such as the 

temperature at which the reactions occur can also be evaluated, as can 

differences in mineralogy, and redox state, for example. 

One of  the objectives of the Sedimentary Rock Program (SERP) is to 

exami-ne the properties of sedimentary rocks and coexisting groundwaters 

with respect to the potential of these systems to host WLW. A s  part of 

this program shales have been identified as the sedimentary rock with 

the best properties for this purpose (Croff et al. 1986). Shales have 

been further subdivided into 4 generic endmember types based on 

mineralogy (Brookins and Stow 1986): smectitic ( e . g . ,  Pierre Shale), 

illitic (e.g., Pumpkin Valley and Nolichucky Shales), carbonate-rich 

( e , g . ,  Green River Shale) and carbonaceous (e.g., Chattanooga Shale). 

Several previous reports have examined controls on the groundwatxr 

composition based on available field data (Von Damm 1987), and some 

experimental data on shale-water interactions (Von Damm and Johnson 

1987). 

geochemical modeling codes, in particular EQ3NR/EQ6 (Wolery 1983). 

The objective was to determine how different representative shale 

mineralogies and groundwater chemistries would be altered by reaction 

under conditions representative of both a near field (i-e., high 

temperature) and far field (i.ee9 low temperature) HLW repository. 

This study reports results obtained through the use of 

METHODS 

The results in this study were obtained using the modeling codes 

EQ3NR/EQ6, EQ3NR revision 9 0 ,  E(26 revision 7 8 ,  and DATA0 (the 

thermodynamic data base) revision 46 obtained in December 1.986 from the 

Geochemical Modeling Group at: Lawrence Livermore National Laboratory. 

EQ3NK/EQ6 was used because it (1) contains one o f  the most complete 

thermodynamic databases, (2) has high temperature options not available 

in many of the other modeling codes, (3) has high ionic strength 

options not available in many of the other modeling codes, ( 4 )  is the 

code which is being used €or most of the high level radioactive waste 

repository work, and (5) is being brought into compliance with quality 

assurance specifications for repository work. All of the f o l l o w h g  
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results w e r e  obtained using the standard low ionic strength version of 

the codes, which uses the Davies equation to calculate activity 

coefficients for dissolved species. The mineralogies used were based 

either on work done for SERP (Lee et al. 1987) or previously published 

data, and the groundwater compositions are from Von Damm (1987 and 

unpublished data). 

most of the groundwaters two cases were usually examined: (1) assuming 
the water was in equilibrium with air (oxidizing), and (2) assuming the 

water contained dissolved sulfide equal to one-thousandth the amount o f  

dissolved sulfate present (reducing). In addition the formation of 

methane w a s  suppressed in several of the runs. Although methane should 

form based on equilibrium thermodynamics, in practice little methane is 

found due to the extremely slow kinetics of this reaction at low 

temperatures (Stumm and Morgan 1981). Organic matter is an important 

constituent of many shales. 

in many cases (Ho and Meyer 1987), and the thermodynamic data are 

extremely limited for those compounds which have been identified. 

these reasons, graphite was used as a proxy for solid organic matter in 

the shales. The use of graphite, a pure C compound, omits N, S ,  and 0 

which may comprise part of the organic matter and, due to their 

incorporation in functional groups, will affect the overall reactivity 

of the organic matter. 

average, not be quite as reduced as that in graphite. Some of the f e w  

aqueous organic carbon complexes for which data are available are those 

of acetate, and these are included in the data base. 

A s  data on the redox state was not available for 

The form of this organic matter is unknown 

For 

The C in "real" organic matter will a l s o ,  on 

EQ6 also has the option to include kinetics. The kinetics of 

dissolution are unknown for many mineral phases, especially in a 

complex system such as a shale. 

reaction path, but will not affect the final equilibrium assemblage. 

For this reason very generalized reaction rates were included such that 

the relative dissolution rates for carbonates:aluminosilicates: 

sulfides:silicates(quartz) are 100:20:20:1. No attempt was made to 

assign relative rates to precipitation reactions. 

The kinetics may influence the 

... 
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In any model calculations the results are heavily dependent on the 

quality of the thermodynamic data, as well as the input data. 

EQ3NR/EQ6 has one of the most complete data bases available, but for 

most minerals solid solutions are not incorporated although these are 

know1 to occur in nature. 

ionic strength solutions as the data available for higher ionic 

strength solutions are limited. 

present, the poor quality of the thermodynamic data for some minerals 

and aqueous species, and the possibility that potentially important 

species may not be represented all contribute to possible errors. 

The examples below are limited to lower 

The limited amount of organic data 

RESULTS 

Of the four endmember type shales only two were modeled 

extensively, illitic (Pumpkin Valley Shale) and smectitic (Pierre 

Shale). The carbonate-rich type, as typified by the Green River Shale 

was not modeled due to the large variety of carbonate minerals found in 

this Eovmation which are not included in the thermodynamic data base. 

The effects of carbonate minerals can be seen in some of  the other 

cases modeI.ed. Similarly the carbonaceous type, as typtfied by the 

Chattanooga Shale, was also not modeled as organic matter is not 

specifically included in the data base. The generalized effect of 

organic matter, modeled as graphite, can be seen in several of the 

other cases that were examined. 

Since shales are relatively impermeable compared to most rock 

types, the water:rock ratio should be relatively low, EQ6 allows rock, 

defined on the basis of  the number of moles of the minerals it 

contains, to be titrated into a water. In all the cases modeled the 

assumption w a s  made that 1000 g of rock were added to this, to achieve 

a final water:rock ratio of 0.1 on a mass basis. T h e  closed system 

model was used (i.e., all product minerals were available for back 

reaction. The reaction progress is monitored as a function of the 

variable "zi. '' The initial (e.g., 0) and final values of zi (e.g., 1) 

are arbitrary, but can be related to the water:rock ratio, to obtai-ri a 

physically meaningful measure of the extent of reaction. The formulas 
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of all the minerals mentioned below are given in Appendix A ,  in the 

form in which they are included in the data base. 

In an HLW repository temperatures close to the waste package may 

reach temperatures as high as 250°C. For this reason several of the 

model cases were run at this temperature. In these cases the model was 

constructed so that the temperature was gradually increased as the 

rock was added, and the final water:rock ratio of 0.1 was achieved at 

the point the temperature reached 250°C. 

examined but the final equilibrium assemblage will be the same, 

regardless of the path. 

Other reaction paths could be 

Modeling of Illitic Shales 

In all cases the illitic shale was represented by a nine mineral 

approximation of the Pumpkin Valley Shale (PVS). This approximation 

was based on drill core data for this formation obtained on the Oak 

Ridge Reservation (C. S .  Haase, personal communication, 1987) and is 

shown in Table 1. The groundwater composition used in the model was 

based on an analysis of groundwaters sampled from a drill hole on the 

Oak Ridge Reservation in the PVS at a depth of 560 feet (Table 1). 

Data from several wells, all of which had been sampled several times, 

were available. This particular analysis was chosen because (1) the 

ionic strength was low enough to be modeled (several of the waters have 

extremely high ionic strengths), (2) it was relatively complete, and 

( 3 )  it has a composition representative of the other lower ionic 

strength waters sampled from this formation at this location. 

these groundwaters have not been dated, they are thought to be quite 

old (based on the high ionic strength, low flow rates, and low 

permeability of the formation), and may be close to equilibrium with 

the rock formation. The lowest temperature used in the model is the 

reported temperature for the groundwater at the time of sampling. 

Although 
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Table 1. Pumpkin Val ley  Shale  Rock and Groundwater Compositions 
- 

Shale  

Mineral  Moles i n  -10000 g R R R ~  

A l b i t e  
Anor t k i  t e 
C a l c i t e  
K -  f e l d s p a r  
:I 1.1. i t e 
Ka o 1 i n  i t e 
Quartz 
P y r i t e  ( o r  g r a p h i t e )  
14A - Rip ido  1 i t e  

1 . 3 3  
0 . 5 3 9  
9 . 9 9  
1 . 8 0  

2 . 9 1  

0.834 
0 .799  

12.8 

29.1 

20 
20 
100 
20 
20 
20 
1 
20 
20 

Groundwater (DM3a-PV) 

Element o r  Spec ies  Concentrat ion 

p 1-1 
T 
N a  
K 

C a  
S r  
Fe 
Mn 
A 1  
s i  
F 
C l  
R r  

C 

Mg 

so/,2 

5.6 
1 3 . 5  
4 .  78x10-1 
I. 0 3 ~ 1 0 - ~  
1.27xlO-' 
3 . 6 1 ~ 1 0 - ~  
1.41~10-~ 
7 . 0 3 ~ 1 0 - ~  
6. O ~ X ~ O - ~  
4.05~10-~ 
5.27~10-~ 
1 . 0 9 ~ 1 0 - ~  
5. 48x10-1 
1.68~10-~ 
1. S ~ X ~ O - ~  
3 . 1 0 ~ 1 0 - ~  

" C  
molal  
molal  
molal  
molal  
molal  
molal  
molal  
molal  
molal  
moI.al 
molal  
molal  
iiio 1 a 1 
molal  

aRclative r e a c t i o n  ( d i s s o l u t i o n )  r a t e .  

bCol lec ted  1 5  December 1986 from 560 f t  depth .  Assumed t o  be  i n  
equ i l ib r ium wi th  a i r ,  g i b b s i t e  and q u a r t z  t o  p rovide  miss ing  d a t a  on 
redox s t a t e ,  A l ,  and S i  concen t r a t ions .  
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Case 1: Reaction of PVS groundwater - and rock at T = 13.5"C. This 

case was run twice, once with (Case la) and once without (Case lb) the 

formation of CH4 suppressed. 

predicted on the basis of thermodynamic equilibrium, it is kinetically 

unfavorable at these low temperatures. CH4 was suppressed to evaluate 

what effect this might have on the carbonate species. 

carbonate was formed, this could result in a reduction in the dissolved 

concentration of certain cations, including radionuclides, in solution 

(e.g., Sr, 'OSr, Ba, Zn, Fe) due to their precipitation as carbonate 

minerals. 

Although the formation of CHq is 

If additional 

In Case la, in which CH4 was not permitted to form, the 

groundwater was initially assumed to be in equilibrium with air (i.e., 

oxic) but reaction with reduced minerals in the starting assemblage 

quickly lowered the log fo 

(Table 2, Fig. 1). The pH decreased initially from 5.6 to 3.3 and then 

increased steadily to an alkaline value of 8.5 .  

in the pH is probably a result of the oxidation of reduced mineral 

phases, primarily pyrite, which is accompanied by the production of 

protons. 

H2S, while total SO&*' decreased during the course of the reaction. 

Ca, C y  and Si increased while Al, Br, F, Fe, K, plg, Mn, Na, S I  and Sr 

decreased in the dissolved phase. The predominant form of C was 

CH3COO-, followed closely by HCO3' and the predominant form of S was as 

HS- followed closely by H2S(aq). 

during the course of the reaction. 

assemblage consisted of calcite, 14A-daphnite, fluorite, kaolinite, 

laumontite, muscovite, paragonite, pyrite, quartz, strontianite, and 

Reykjanes- and Ca-smectite. In addition, celestite, ordered dolomite, 

hematite, pyrolusite, and Na-smectite were also stable during the 

reaction progress. The final water:rock ratio was 0.16, slightly 

greater than the 0.1 ratio desired. This is due to the saturation of 

one or more of the reactant minerals prior to the completion of the 

reaction progress, preventing the total dissolution of these phases. 

from -1.3 to a final value of -81.0 
2 

The initial decrease 

The alkalinity increased as did the total carbonate and total 

A small amount of water was produced 

The final equilibrium mineral 



1nbL. 2.. Remction of  Pumpkin VmLIe), Shale Crounduater m n d  lock at I = 13.5'6, c14 Suppression, Pyrite Present. 
t o g  n o i a l  soncentratlons of dissolved element%. 

Log z i  Ienp'C Press pH Lop f Lh Log alh i o 9  t o 1  Log tot Log t o t  A i  Br Cn C l  F Fe E K L i  Wg mn ma S i  S Sr  
(bars) O2 co32- so&2- sz- 

-9P9.W 
-6.W 
-5.90 
-5.55 
-5.50 

-5.65 

-5.20 

-5.0s 
-5.w 
-5.w 
-4.m 

-4.61 

-4.50 

-4.m 
-3.69 
-3.50 
-3.24 
-3.96 
-3.w 
-2.51 
-2.50 
-2.21 
-2.07 

-2.01 
-2.00 
-9.37 
-Y.§O 
-1.10 
-1.18 
-1.05 
-1.00 
-0.50 
-0.19 

-0.19 

-0.19 
-0.19 

13.5 1.01 
13.5 1.91 
(5.5 1.01 
15.5 1.01 
19.5 1.01 
13.5 1.01 
93.5 1.01 
13.5 1.01 
SJ.5 1.01 
11.5 7.01 
13.5 1.01 
13.5 1.01 
13.5 1.04 
13.5 1.01 
1J.5 9.01 
13.5 1.01 
83.5 1.01 
13.5 1.01 
13.5 1.81 
13.5 1.01 
13.5 1.01 
13.5 1.111 
13.5 1.01 
13.5 1.01 
13.5 1.01 
13.5 1.01 
13.5 1.01 
15.5 1.01 
15.5 1.01 
13.5 1.01 
15.5 1.01 
93.5 1.01 
13.5 1.01 
13.5 9.01 
is.5 1.01 
93.5 1.01 

5.00 -1.28 1.043 
3.49 -4.10 0.915 
4.19 45.m 0.343 
5.33 -60.32 0.011 
5.57 -63.38 0.014 
6.10 -60.21 - 0 . 0 ~  

6.92 -68.52 -0.103 

6.51 -68.73 -0.?16 
6.59 -68.52 -0.122 
6.60 -6d.U -9.123 
1.18 -69.48 -0.165 
1.18 -69.45 - 0 . W  
7.18 -69.48 -0.161 
7.21 -69.591 -0.167 
7.88 -To.= -0.217 
7.W -7O.s  -0.Zl5 
r.91 -7U.38 -0.219 
8.15 -70.66 -0.257 
8.16 -7Q.m -0.2% 
8.27 -78.56 -0.3% 
8.28 -78.57 -5.957 
Q.U -78.93 -0.371 
8.64 -79.14 -0.374 
1.54 -79.51 -0.981 
5.52 -79.33 -0.381 
8.51 -80.07 -0.392 

8.52 -80.39 -0.396 
8.52 -80.43 -0.397 
5.52 -80.46 -0.397 
8.52 -80.48 -0.398 
8.52 -&l.7J -0.401 
8.52 -81.01 -0.405 
8.92 -81.01 -0.405 
8.52 -81.01 -0.405 

8.12 -81.0'I -0.405 

8.52 -m.m -0.393 

-7.55 
-5.47 

-5.63 
-4.43 
-4.11 
-3.72 
-3.39 
-3.51 
-3.s5 
-3.53 
-3.43 

-2.w 
-2.95 
-2.98 
-3.45 
-3.46 
-3.46 
-3.70 
-3.77 

-4.11 
-4. i l  
-4.37 
-4.37 
4 . 6 3  
-4.43 
-4.w 

-4.30 
-4.27 
-6.25 
-4.24 

- 3 . a  
-3.56 
-S.% 
-3.96 
-3.54 

-4.31 

-4.51 
- 3 . I  
-3.8( 
-3.59 
-3.46 
-3.42 
-5.19 
-3.37 
-3.41 
-3.41 
-5.40 
-2.% 
-Z.% 
-2.95 
-3.65 
-3.47 
-5.47 

-3.72 
-3.m 
-4.16 
-4.17 
-4.49 
-4.49 
-4.60 
-4 .M) 

-6.50 
-4.64 

-4.28 
-4.24 
-4.99 
-4.15 
-3.29 
-3.90 
-3.29 
-3.29 
-3.29 

-1.m -141.115 
-1.30 -1sB.m 
-l.w -51.18 
-1.m -24.08 
-1.80 -20.19 

.o.m - 1 O . B  
-l.M -10.67 
-1.79 -10.66 
-1 .79  -10.34 
-1.79 -10.34 
-1.m -9.62 

-?.a -9.62 
-7.m -9.62 

-1.50 -9.50 
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Fig. 1 (continued). Reaction of Pumpkin Valley Shale groundwater and rock at T - 13.5"C, 
CH4 suppression, pyrite present: (e) C1, Br, and F ,  ( f )  Alkalinity, ZCOji-, CC, C s 0 4 2 - ,  CS2-,  and XS. 
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Fig. 1 (continued). Reaction of Pumpkin Valley Shale groundwater and rock at T - 13.5'C, 
CH4 suppression, pyrite present: (g) product minerals 1, (h) product minerals 2, (i) product minerals 3. 
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In Case lb, where CH4 is not suppressed, the groundwaters are also 

assumed to be initially oxic. At the termination of the reaction 

progress, the groundwaters in this case remained slightly more oxic 

than in Case la, while many of the elemental and species 

concentrations, including the pM, are the same. This case did have 

lower total alkalinity, total carbonate, total Soh2-,  total H2S,  and 

Fe, and higher t :otal  C (Table 3 )  than Case la. Most of the additional 

C is accounted for by CN4. In the CH4 suppressed case (la) 

substantial CH3COO- is present, presumably because no CHq was 

permitted, while in this case little CH3COO- is present, The final 

equilibrium mineral assemblage is lacking l4h-daphnite compared to 

Case la, where CH4 was suppressed. 

Case 2 :  Reaction of PVS groundwater and rock to T = 250°C. The 

starting conditions are identical to those of  Case 1, including C H 4  

suppression, but the temperature is gradually increased E r o m  13.5" 

to 250"C, The temperature increase was included so that the 

temperature would reach its maximum value at the minimum water:rock 

ratio. 

minimum of -78.2 and then increased to a final value of -38.6 at the 

maximum temperature of 250°C (Table 4 ,  Fig. 2 ) .  This is quite reducing 

under the given temperature conditions. The pH increased Crorn 5.6 to a 

maximurn value of 8.4 at T = 17.1"C from which it decreased to 5.5. 

This pII is close to neutral at 250"C, as the dissociation constant o f  

water changes as a function of temperature. EQ6 does n o t  define 

alkalimity at temperatures greater than 5 0 " C ,  but total carbonate 

continues to increase during the experiment, as does total H2S while 

total- decreases. The total concentrations of F, Fe, C, K, Na, 

and Si increase i n  the solution while Al, Br, Ca, C1, Mg, Mn, S ,  and 

Sr decrease. The predominant f o r m  of the C at the termination of the 

reaction is as C02(aq), fol.lowed by HCO3-, and the predominant form o f  

the S is as H2S(aq)  followed by IIS- .  A small amount of water i s  

produced during the course of  the reaction. The final equilibrium 

mineral assemblage at 250°C contains albite, calcite, l4A-daphnite, 

The log fo  decreased from its starting value of -1.3 to a 
2 
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Fig. 2 (continued). Reaction of Pumpkin Valley Shale groundwater and rock to T .. 250°C, 
C H 4  suppression, pyrite present: (h)  product minerals 1, (i) product minerals 2, (j) product minerals 3. 
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graphite, muscovite, pyrite, quartz, strontianite, and Reykjanes-, and 

Ca-smectite. Celestite, ordered dolomite, hematite, pyrolusite, 

kaolinite, laumontite, heulandite, paragonite, and Na-smectite are part 

of the equilibrium mineral assemblage at various points during the 

reaction progress. The final water:rock ratio is 0.16. 

Case 3 :  Reaction of PVS groundwater and rock with Praphite 

reDlacinn pyrite at T = 13.5"C. 

on an equimolar basis in the initial rock composition and the formation 

of CH4 was not suppressed. 

present, as CHl;(aq) is incorporated in the equation for the 

formation/dissolution of graphite in the data base. The water was 

initially assumed to be in equilibrium with air but quickly became 

reducing, the log f decreasing from - 1 . 3  to -78.9. The pH steadily 

increased from 5.6 to 8.4 (Table 5, Fig. 3 ) .  The alkalinity increased 

while the total carbonate decreased slightly. 

decreased markedly while the total H2S increased. Total dissolved Br, 

Ca, C1, C, and Si increasedwhile Al, F, Fe, K, Mg, Hn, Na, S ,  and Sr 

decreased. 

reaction was CHq(aq) and the predominant form of S changed from S042- 

early in the reaction progress to HS- at the end. A small amount of 

M20 was consumed during the reaction progress. An assemblage 

containing calcite, fluorite, kaolinite, muscovite, paragonite, pyrite, 

quarts, strontianite, and Reykjanes-, Ca-, and Na-smectite was present 

at the end of  the experiment. Ordered dolomite, 14A-daphnite, 

hematite, and pyrolusite were present at various points during the 

reaction progress, the last two being present only in the very earliest 

stages o f  the reaction progress when the system was relatively 

oxidizing. The final water:rock ratio achieved was 0.16. 

In  this case graphite replaced pyrite 

CH4 cannot be suppressed when graphite is 

O2 

The total Sob2- 

The predominant form of C present at the end of the 

Case 4 :  Reaction of PVS groundwater and rock with graphite 

replacing pvrite to T = 250°C. The initial conditions of this case 

are identical to those of Case 3 ,  but during the course of the 

experiment the temperature is raised from 13.5" to 250°C. As a 



table 5.. Reaction of P u p k l n  Valley Shale Eroundwater and Rock a t  1 = 13.5.C. Yo tHs Syrpre8mlci1, Cr.phite Replacing Pyri te .  
log mold concentrations of dissolved e l m n t r .  

.9w 
-6 

-5.6365 
-S.67? 

-5.6013 
-5.5 

-5.531 

-5.2666 
-5.12W 

-5 
-4.w 

-4.7912 
-4.7% 

-5.5 
-4 

-3.6959 
-3.5 

-3 
-2.6191 
-2.5656 

-2.5 
-z 

-1.093S 
-1.68W 
-1.6102 
- 1 . W  

-1.5 
-1 .m 
- 1 . l n 2  
-1 .a658 

-1 
-0.5 

-0.23 
-0.lW 

13.5 1.01 3.W 
13.5 1.01 3.49 
13.5 1.01 6-17 
13.5 1.01 5.04 
13.5 1.01 5.29 
13.5 1-01 5.36 
13.5 1.01 6.19 
13.5 1.01 6.26 
13.5 1.01 6.33 
13.5 1.01 6.54 
13.5 1.01 6.59 
13.5 1.01 7.18 
13.5 1.01 7.18 
13.5 1.01 7.19 
13.5 1.01 7.23 
13.5 1.01 7 . M  
13.5 1-01 7.93 
13.3 1.01 7.96 
13.5 1.01 7.W 
13.5 1.01 8.14 
13.5 1.01 8.14 
13.5 1.01 8.21 
13.5 1.01 8.27 
13.5 1.01 8.29 
13.5 1-01 8.44 
13.5 1.01 6.k4 
13.5 1.01 8.64 
13.5 1.01 8.44 
ts.5 1.01 8.44 
13.5 1.01 8.46 

13.3 1.01 8.44 
13.5 1.01 8.44 

13.5 1.01 8.44 
13.5 1.01 8.64 

-1.28 1.043 
-1.9s 1.005 
-5.59 0.915 

-54.31 0 . l n  
-58.1s 0.104 
-59.91 0.075 
-&.B -0.ocn 
43.46 - 0 . m  
-66.53 -0.103 
-68.76 -0.118 
-@.a -0.122 
-69.48 -0.165 
-69.a -0.165 

-69.49 -0.166 
-69.56 -0.169 

-70.51 -0.222 
-77.1I -0.320 
-77.49 -0.325 
-77.69 -0.336 
-77.77 -0.158 
- 'a27 -0.34a 
-A.52  -0.355 

- m . s  -0.217 

-7e.61 -0.358 
-m.s - 0 . w  
-m.w -0.370 
-m.s -0.3m 
-76 .8  -0.320 
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-78.1 -0.370 
-78.35 -0.370 
-n.w -0.m 
-7u.m -Q.S~O 
-a.w - o . ~ m  

-7.55 
-6.36 
-5.16 
-4.58 
- 4 . 8  

4 . 1 4  
-3.43 
-3.33 
-3.58 
-3.36 
-3.35 
-3.M 
-2.93 
-2.99 
-2.91 
-3.41 
- 3 . a  
- 3 3  
-3.38 
- 3 . Y  
- 3 . 9  
-3.92 
-4.11 
-6.15 
-4.37 
-4.37 
-5.37 
-4.31 
-6.37 
- 4 . w  

-4.37 
-4.37 
-6.11 

- 4 . 3 ~  

-4.51 
-3.77 
-3.66 
-SA? 
-3.42 
-3.32 
-3.11 
-3.11 
-3.18 
-3.22 
-3.23 
-3.02 
-2.96 
-2.95 
-2.% 
-3.41 
-3.44 
-3.40 
-3.3a 
-3.55 
-3.60 
-3.w 
-4.16 
-4.20 

4 - 6 9  
-4.49 
-4.49 
-4.49 
-4.59 

-4.49 
-4.49 
-4.49 
-4.4v 
-4.49 

-1 .80 
-1.80 
-1 .OO 
-1.80 
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-1 .SI 
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-1 .w 
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-8.49 
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-8.38 
-8.33 
-8.32 
-8.32 
-8.32 
-832  
-8.32 
-8.32 
4 . 5 2  
-8.31 
-8.31 

-169.45 
-14O.m 
-lY.S9 
- 3 7 . a  
-30-44 

-26.M 
-10.64 
-1o.n  
-10.67 
-10.41 
-10.32 
-9.62 
-9.62 
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-9 .M 
-8.71 
-8.58 
-7 .w 
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-7 .M 
-7.45 
-1.52 
-7.25 
-1.19 
-6.93 
-6.m 
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-6.97 
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-3.39 
-3.21 
-3.11 
-3.23 
-3.32 
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-6.00 
-6.21 
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-7.01 
-7.15 
-1.73 
- 7 . n  
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-7.11 
-7.06 
-7.01 
-7.01 
-6.65 
-6.85 
-6.79 
-6.73 
-6.71 
-6.M 
-6.56 
-6.56 
-6.M 
-6.55 
-6.55 
-b.f5 
-6.56 
-6.53 
-6.56 

-r.m 

-2-77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.n 
-2.77 
-2.77 
-2 .11  

-2.77 
-2.n 
-2.77 
- 2 . n  
- 2 . n  
-2.n 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.77 
-2.78 
-2.n 
-2.79 
-2.79 
-2.78 
-z.n 
-2.77 

-2.n -1.441 - 0 . w  
- 2 . n  - 1 . u 1  -0.262 
-2.n -1.441 -0.262 
-2.77 -1,440 -0.262 
-2.77 -1 .4s  -0.262 
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-2.77 -1.442 -0.262 
-2.77 -1.441 -0.262 
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. 2 . n  -1.435 -0.262 
- 2 . n  -1.434 -0.262 
-2.77 -1.426 -0.262 
- 2 . n  .I.bZf -0.262 
-2.77 -1.421 -0.262 
-2.77 -1.401 -0.262 
-2.77 -1.372 -0.m 
-2.77 -1.505 -0.262 
-2.77 -1.909 -0.261 
-2.R -1.530 -0.261 
-2.77 -1.510 -0.261 
-2.77 -1.4n -0.260 
-2.77 -1.167 -0.2% 
-2.77 -1.013 -0.2% 

-2.77 -0.?7? -0 .bS  
-2.n -0.811 -0.257 
-2.77 -0.811 -0.2% 
-2.77 -9.815 -0.260 
-2.78 -0.819 -0.262 
-2.n -0.m .o.2m 
-2.29 -OX33 -0.m 
-2.79 -0.m -0.272 
-2.78 -0.624 -0.266 
-2.n -0.u12 -0.255 
-2.77 -0.810 -0.m 

-3.01 
-2.w 
- 2 . w  
-2.96 
-2.97 
-3.15 
-6.10 
-4.11 
-4.11 
-4.12 
-4.12 
-4.12 
-4.12 
-4.13 
-4.15 
-4.20 
-4.18 
-4.15 
-4.14 
-4.15 
-4.17 
-4.31 
-4.37 
-4.39 
-4.43 
-4.45 
-4-45 
-6.45 

4 . 4 5  
-4.45 

4 . 4 5  
-4.45 

-4.45 
-4.bS 

-5.51 
-7.51 
-9.26 

-4.28 
-3.88 
-3.58 
-3.26 
-3.40 
-3.52 
-3.92 
-4.02 
-5.14 
-5.t4 
-5.15 
-5.22 
-6.53 
-6.72 
-5.18 
-5.11 
-5.49 
-5.36 
-5.37 
-5.43 
-5.47 
-%77 
-5.77 
-5.77 
-5.78 
-5.79 
-5.29 
-5.79 

-5.n 
-3.78 

-5.m 

-4.309 
-3.767 
-3.657 
-3.46r 
-3.b18 
-3.325 
-3.171 
-3.105 
-3.177 
-3.219 
-3.227 
-3.023 
-2.955 
-2.%3 
-2.P3T 
-3.414 
-3.441 
- 2 . 0 0  
-1.3?2 
-1.382 
-1.193 
-0.626 
-0.418 
-0.305 

-0.321 
-0.312 
-0.2% 
-0.289 
-0.2% 
-0.296 
sO.259 
-0.217 
-0.215 

-0.3~5 

-2.W 
-2.w 
-2.97 
-2.% 
-2.95 
-2.95 
- 2 . B  
-2 .e  
-2.90 
-2.87 

-2.81 
-3.46 
-3.46 
-3.47 
-3.51 
-4.16 
-4.21 
-4.26 
-4.27 
-4.42 
- L A 3  
-4.49 
-4.55 
-4.51 
- 4 . n  
-4.R 
-4,R 
-4.72 

-4.n 
-4.73 

-4.n 
-4.n 

-4.n 

-6 .n  

-1.m 
-1.W 
-3 .89 
- 1 . S  
-1.w 
-t.S 
-1.68 
-1 .m 
-1.68 
-1.87 
-1.87 
- 1 . 1  
-1.W 
-1.m 
-2.93 
-2.& 
-2.49 
-9.68 
-2.62 
-2.- 
-2.96 
-3.10 
-3.22 
-3.24 
-LIZ 
-333 
-f.53 
-3.53 
.Lis 
-3.51 
-3.54 
-3.53 
-3.52 
-332 

-4.77 
-5.w 
-4.W 
4.22 
-4.22 
-4.22 

-4.22 
-4.22 
-4.x 
-4.22 
-4.22 
-4.22 

-4.25 
-4.27 
-4.55 

-221 .et 
-233.20 
-287.92 
-290.10 
-313.76 
-317.M 
-350.60 
-311.34 
-S76.U 
-409.Y 
-4m.34 
409.37 
-4w.w 
-4O?.u 
-*09.45 

-4C9.45 
-4Qp.u 
-46Q.61 
-soP.19 

-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.320 
-0.m 
-0.319 
-0.318 
-0.316 
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-0.315 
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-0.460 
-0.610 
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-0.611 
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-0.616 
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-4.26 
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-4.25 
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-4.2I 
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-4.21 
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-7.41 -4.62 
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Fig. 3 (continued). Reaction of Pumpkin Valley Shale groundwater and rock at T - 13.5'C, no 
CH4 suppession, graphite replacing pyrite: (g) product minerals I, (h) product minerals 2, (1) product 
minerals 3. 
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consequence of the temperature increase the l og  f decreased from an 

initial value of -1.3 to -77.4 and then increased 20 -38.5 which is 
quite reducing under the elevated temperature conditions (Table 6, 

Fig. 4 ) .  The pH is initially acid at 5.6, increases to a maximum of 

8.1 and then decreases to 5 . 5 .  

conditions this final pH is actually quite close to neutral. In the 

EQ6 code, alkalinity is undefined at temperatures greater than 5 0 " C ,  

hence no values are given for this property f o r  the later part of the 

reaction progress. Earlier, however, alkalinity is increasing, and the 

total carbonate increases throughout the reaction. Total Soh2- reaches 

a minimum during the reaction progress at a temperature of 1 3 . 9 " C  and 

then begins to increase but is never as high as the initial value, 

while total H2S gradually increases throughout the reaction progress. 

F, Fe, C ,  K, Na, and Si increase in the solution while Al, Br, Ca,  C1, 

Mg, Mn, S, and Sr decrease. The predominant form of C is C02(aq), 

followed closely by CHq(aq) and smaller amounts of HCO3-. 

predominant form of S is as H2S(aq) followed by HS-. A small amount of 

water is produced during the course of the reaction. The minerals 

albite, calcite, 14h-daphnite, ordered dolomite, graphite, muscovite, 

pyrite, quartz, strontianite, and Reykjanes-, and Ca-smectite comprise 

the final equilibrium assemblage while celestite, fluorite, hematite, 

pyrolusite, kaolinite, heulandite, paragonite, and Na-smectite are 

present at various points during the reaction progress. The final 

water:rock ratio achieved is 0.16. 

0 

Under the elevated temperature 

The 

Modeling of Smectitic Shales 

The smectitic shale used in all cases is the Pierre Shale. A 

wide range in compositions has been reported for this shale formation 

which is quite extensive in area. Two different compositions were 

used, the first was based on literature data from Schultz et al. (1980) 

and the second was based on the data of Lee et al. (1987). The major 

difference in the two mineralogies is the relative amount of calcite, 

graphite, and illite which are present. Evaluation of two 

compositions (Table 7) is helpful in understanding the range of 
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Table 7. Pierre Shale Rock and Bearpaw Shale Groundwater COUIpoSitiOW 

Pierre Shale 

Mineral Holes in -10000 IL RRRa 
(Schultz et al.) (Lee et al.) 

Biotite 
Annite 
Pd-oxyannite 
Phlogopite 

Calcite 
Na-clinoptilolite (zeolite) 
Cristobalite 
Graphite 
Illite 
Kaolinite 
Quartz 
Pyrite 
Plagioclase 

Albite 
Anorthite 

14A-Ripidolite (chlorite) 
Siderite 

Ca-smectite 
Ca-beidellite 
Ca-nontronite 

0.506 
0.189 
11.8 
5.73 
8.52 
0.745 
26.3 
0.506 
0.749 
(90%) 
( 10% 1 
0.291 
0.437 
8.29 
(46%) 
(54%) 

0.834 
(30%) 
(30%) 
(40%) 
15.0 

41.6 
0.521 
0.387 
16.6 
1.67 
0.37 
(50%) 
(50%) 
0.160 

14.1 
(46%) 
(54%) 

20 

100 
20 
1 
20 
20 
20 
1 

20 
20 

20 
100 
20 

~ ~- 

Bearpaw Shale Groundwater (Stn no. 480758106431901) 

Element or Species Concentration 

PW 8.1 
I" 10.5 ' C  
NEl 43.50 molas/ l  
K 0.07613 moles/l 
M$ 0.1234 m o l e s / l  
Ca 0.1871 ~ o l e s / l  
Li 24.49 ~ o l e s / l  
Fgl 1.253 poles/l 
Mn 0.3640 paoles/l 
A1 2.295~10'~ molal 
si 0.1631 nrmoles/l 
F 0.1053 moles/l 
c1 28.21 moles/l 
NQ3- 7.139 pnoles/l 

Alkalinity 17.38 aw/l 

%elative reaction (dissolution) cat0 

bColleeted from 600 ft depth in Montana (from Von Danrm (1987)) based on 
U . S . C . S .  WATSTORE data base. A 1  based on equilibrium with kaolinite. 

2.042- 0.2915 mQleS/l 
82s 15.60 pmoles/l 



39 

natural variability observed. 

(Table 7) was the same in all cases and is from Von Damm (1987). The 

groundwater was from the Bearpaw Formation, which is equivalent to the 

The groundwater composition used 

Pierre Formation. 

chemical analysis, was from a depth of 600 feet, and was  close to the 

median composition (based on ionic strength) for waters from the Pierre  

Formation as summarized by Von Damm (1987). 

be slightly low in potassium compared to other Pierre waters. 

lower temperature chosen is the reported temperature for the 

groundwater when sampled. 

This particular groundwater had a very complete 

The water composition may 

The 

Case 5 : Reaction of BearDaw water 4nd Pierre Shale (Schu1t:z 

et al. 1 at T = 10.SOS. 

groundwater had an initial log f - -73.7 which decreased slightly 
during the course of the experiment to reach a final value of -78.6 

(Table 8 ,  Fig. 5). The pH increased slightly from 7 . 9  to a final value 

of 8 . 6 ,  but reached a maximum of 9 . 3  during the course of the 

experiment. The concentration of alkalinity and total carbonate in 

solution decreased slightly, while both total S042- and H2S decreased 

by several orders of magnitude. 

dissolved A l ,  C1, F, Fe, C ,  Li, Mg, Na, N (primarily as NH4') and Si 

had increased while Ca, K, Mn, and S had decreased. Some of the small 

increases can be attributed to the consumption of water during the 

reaction progress. Total dissolved Mn, F e ,  C and Ca show the largest 

changes in the solution (in that order). The increase in total C is 

primarily a result of the production of large amounts of CH4. Sr is 

not modeled in this, or the subsequent smectitic cases as data were not 

available for I t  in the groundwater analysis. The final mineral 

assemblage consisted of 14A-daphnite, dawsonite, ordered dolomite, 

kaolinite, muscovite, pyrite, quartz, siderite, and Reykjanes- and Na- 

smectite, in addition calcite and paragonite were stable €or parts of 

the reaction progress. The final value for the water:rock ratio 

w a s  0.127. 

Based on the measured ratio of S04*-/HzS the 

*2 

A t  the end of the experiment total 
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-1.79 
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-1.76 
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1.n 
1.73 
1.74 
l.w 
1 .eo 
1-81 
1 .81 

-0.361 
-0.365 
-0.369 
-0.Svl 
-0.u7 
-0.139 -1.39 
-0.874 -4.44 

4 . 4 4  

-l.U 
-4.64 

-b.b4 
-4.64 
-4.44 
-4.G 
4.U 
-4.44 
-5.44 
-l.U 

-3.5m -4.44 

-0.992 4 .U 

0.072s -4.44 
-0.- -4.44 
-0.5543 -4.44 
-0.5311 -4.44 
-0.5311 -4.U 
-0.5311 -4.44 
-0 .n11 -4.u 
-0.5311 -4.44 
-0.5511 -4.64 

-0.5311 -5.44 

-o.zpn -4.44 

-6.m 
4.443 
-1.M 
-S.W 
-3.135 
- S . W  
-$.a21 
-2.579 
-2.obb 
-1.559 
-1.055 
-0.W 
-0.5S2 
-0.m 
-0.347 
-0.271 
-0.167 
-0.147 
-0.005 
0.01h 
0.022 
0.m 

0.1036 
0 .21u 
0 . 1 m  
0 . 1 0  

O . U j 7 8  
-0.obo1 
0. law 
0 . m 1  
0.3155 
0.SlSS 
0.3155 
0.3155 
0.3155 
0.3155 
0.3155 



-9pp -999 
-8 -999 

-1.2541 -9pp 

-6.2T73 -999 
- 5 . m  -9w 

-5.5 -999 
-5.0345 -9w 

-5 -999 
-4.9294 -999 

-4.5 -ppo 
4 -999 

-3.5 -9w 
- 3  -9w 

-2.8114 -999 
-2.5 -9W 

-2.%12 -959 
-2.3239 -999 
-2.1543 -9W 
-2.u246 -w 

-2 -999 
- I . a Y  -9w 
-1.m -990 
-i.b?95 -9W 

-1.5 -w 
-1.4265 -49) 

-1.1947 -9w 
-1.lTpI -999 
- ) . I D  -999 

-1 -999 
-0.WY9 -w9 

-0.5 -999 
-0.3825 -w9 

.0.3)06 -9w 
3 -999 

0.5 -w 
1 -9w 

7 . W  -w 
9.0?07 -9w 
'1.0119 -W 

9w.w -w 
-6.699 -9W 
-5.954 -9w 
-5.976 -wQ 
- 4 . 4 n  -999 
-4.199 .999 
-3.m -999 
-3.699 -9w 
-3.620 -999 
-3.199 -9w 
-2.6W -9w 
-2.lW -999 
-1.6W -9w 
-9.510 .999 
-Y.lW -9w 
-7.040 -9w 
-7.023 -999 
-0.853 -9w 
-0.724 -999 
-0.699 -990 
-0.5% -999 
-0.405 -999 
-0.31p -9w 
-0.199 -9w 
-0.126 -WV 
O.1M -999 
0.122 -9w 
0.171 -WV 
0.31 -w 
Q.67 -9w 
0 . m  -999 
0.919 -9w 
0.mo -9w 
0.930 -987 
0.930 -9W 
0.930 -w9 
0.930 -9w 
0.m -9w 
0 . 9 ~  -9w 

9W.w 
-6.699 
-5.954 
-b.P76 
- 4 . m  

-4.199 

-3.734 
-3,699 
-3.M1 
-5.199 
- 2 . M  

-2.199 
-1.699 
-7.510 
-1. iw 
-3.MO 
-1.023 
-0.853 
-0.R4 

-0.699 

-0.536 

-0.409 
-0.379 
-0.199 
-0.izb 
-0.126 
-0.126 
-0.126 
-0.126 
-0.126 
-0.926 
-0.126 
-0.126 
-0.126 
-0.126 
-0.126 
-0.126 
-0.126 
-0.126 

.w.OO 
-&W 
-9.25 
.4.28 
-3.n 
-3.50 
-3.03 
-3 .w 
-2.93 
-2.93 
-2.95 

-2.93 
-2.93 
-4.93 
-2.m 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 
-2.93 

-2.93 
-2.93 
-2.93 
-2.93 
. 2 . 0  
-2.93 
-2.vs 
-2.93 
- 2 .v3 
-2.93 

.9W.m 

-6.699 
-5.954 
-4.9?6 

-4.473 
-4.1w 

-3.734 
-3.699 
-3.623 
-3.1W 
-Z.6W 
-2.lW 
-1.699 
-1.510 
-l.?99 
-1.040 
-1.023 
-0.1153 
-CJ.nr, 
-0.- 

-0.536 
-0.503 
-0.379 
-0.1w 

-0.126 
0.106 
0.122 
0.171 
0 . m  
0 . W  
0.m1 
0.919 

0.918 
0.919 
U.9IQ 
0.939 
0.919 
0.919 
0.919 

,949.00 
-6.05 
-5.25 
-6.za 
-3.n 
-3.n 
-3.n 
-3.77 
-3.n 
-3.77 

-3.77 
-3.n 
-3.n 
-3.77 
-3 .n 
-3.77 
-3.77 
-3.77 
-3.n 

-3.77 
-3.77 
-3.77 
-3.77 
-3.77 
-3.77 
-3.n 
-3.n 
-1.77 
- S . T I  

-3.n 
-3.n 
-3.n 
-3.77 
-3.77 
-Y.?? 
-3.77 
-Y.n 

-3 .n  

-3.n 

- w . w  
-6.10 
-5.95 
-4.98 
-1.b? 

-4.20 

-3.73 
-3.73 
-3.73 
q3.73 
-3.73 
-3.73 
-3 .73 
-3 .n  

-3.73 
-3.73 
-3.73 
-3.n 
-3.73 

- 3 . n  
-3.73 
-3.73 
-3.73 

-3.73 

-3.73 

-3.73 

-3.73 
-s.n 
-3.73 
-3.73 
-3.73 
-3.n 
-3.n 
-s.n 
-3.n 
-3.n 
-3.n 
-3.73 
-5.73 

- w . m  
-6.6W 
-5.w 
-4.976 

-4.lW 
-3.734 
-3 .6w 

-3.1W 
-2.699 
-2.199 
-?.bw 

-1.510 
-1.tw 
-1.MO 
-1.023 
-0.853 
-0.R4 
-0.6W 

-0.536 
-0.536 
-0.536 
-0.536 
-0.536 
-5.536 
-0.5% 
-0.536 
-0.5% 

-0.536 
-0.536 
-0.535 
-0.536 
-0.5% 
-0.536 
-0.534 
-0.336 
-0.536 
-0.536 

-4.473 

-5.aa 

+W.W 
-8.00 
-7.25 
-6.28 
-5.n 
-5.50 
-5.03 
-5.W 
-4.93 

-4.50 
-4.w 
-3.M 
-3.M 
-2.81 
-2.30 
-2.34 
-2.32 
-2.15 
-2.02 
-2.00 
-1.65 
-1.10 
-1.M 
*1.50 
-1.63 
-1.19 

-1.13 
-1.00 
-0 .a  
-0.50 
-0.m 
-0.37 
0.00 
0.50 
1.00 
1.05 
1.01 

-1.w 

i .or 

-9w.w 
-6.699 
- 5 . W  
4.976 

-4.473 

-i .?99 
-3.m 
-3.699 

-3.626 
-3.199 

-2.694 
-2.lW 
-1.699 

-1.lW 
-1.040 
-1.023 
-0.653 
-0.R4 

-0.726 

-0.724 
-0.724 
-0.724 

-0.724 
-0.724 

-0.724 

-0.726 
-0.724 

-0.724 

-0.nr 
-0.724 
-0.R) 

-0.724 
-0.724 
-0.Rb 
-0.724 
-0.72& 
-0.Rb 
-0.724 

-1.516 

-999.300 0.w 
-6.999 U.ml 
-5.653 0 . a  
-4.675 0 . ~ 2  

4.1R 0.133 
-3.m 0.2% 

-3.433 0.652 
-3.398 0.101 
-3.327 o.au 
- 2 . m  ?.a5 
-2.398 §.bo1 

-1.898 16.650 
-1.399 52.210 
-1.m n0.w 
-0.m 'I46.m 
-0.no 2J1.500 
-0.n2 2u.m 
-0.552 X4.m 
-0.423 491.lw 
-0.m 510.500 
-0.235 6%.200 

-0.102 m.m 
-0.OR M0.m 
0.102 %OY).OM 
0.176 1t55.W 
0 . w  75a?..ak3 
0.423 1Pl.ml 
OAR 3 M . 0 0 0  

0.602 2161.000 

O.TI8 zM7.w 
0.7% 5581.000 
U.ISi3 7129.000 
0.758 n12.810 
0.7% n47.m 
0.758 n77.w 
0.M m7.m 
0.m m.m 
0 . 7 s  m.000 
o.na ra96.m 

l a 1  
16L1 
1661 
l6Ll  
wv. 
1692 
1885 
la 
1935 
1936 
1940 
1951 
1% 
2015 
rn 
11t4 
2176 
m 
240.2 
2621 

2692 
4717 
2956 

ma 

3Y19 
4113 
a75 
1635 
9201 

e553 

pp(6 

m 
9974 

M I  0.008 y)B.m 

i ~ i  0.m 4w.m 
1 6 ~ 1  0 . m  5w.m 
1651 0.606 5w.m 
16% 0.020 615.M 
1692 0.012 615.40 
1ua4 0.m 6Q9.m 

lea4 0.m m.10 

19% 0.215 689.90 
19% 0.623 60.60 

79% 6 . m  m.10 

19% c.m w . m  

1% 1.926 692.90 

i 9 u  9.255 To5.m 
ipu i9.am m.m 

19s a.110 n9.a 
1930 27.- TJ7.70 

1917 42.1m m.50 
19XJ 56.780 FpI.50 
1919 6O.UlO laa.TQ 
l91C 87.410 634.09 
1916 118.m W.29 
1'216 125.- 873.64 
3925 1w.m w.50 

1963 u0.m 7iir.m 
1 W  S39.900 111.00 

1906 4 T 4 . W  1?a.m 
mo8 u1.m 7Y)l.W 

im m.900 m1.m 

1 ~ 7 2  3n.m 1im.m 

2055 iwi.000 m0.m 
an tm.m ~7p5.0~ 

am im.m m . m  
mm aio.000 m . m  
mR) 2043.000 f0n.m 
2078 2056.w 3009.80 
MR) 2057.810 3lFS.m 

am ~?ln.ooo 2an.m 
2078 1m.m m?.m 

m . m  
5w.m i2606(o.o(< 
5w.m 2zma.30e 

5w.m 
615.a 
615.60 

@.so 
m.60 
m.10 

69Q.m 
641 .W 
691.10 
m4.411 
m3.90 
710.30 
n0.w 
RI .cO 
n7.m 
M.60 
7U.M 
YS9.5Q 

Ib?.bD 
153.30 

w . m  

m.66 
mc.m 
mr.m 

m.m 

io1i.m 

m.50 

V15.00 

1W.W 
lM0.I 
1O%J.00 

roa1.m 
mmo 

w r . m  
iD2s.m 
ioE5.m 

2 6 0 ~ . U v  
7535.m 
62m.ou 
15%. 2l3 
%27.552 
1 2 3 o . a  
562.005 
185.137 
60.060 
1f1.153 
72.425 
6.072 
2.216 
b.050 
2.712 
2.034 
9.960 
1.506 

1.2b9 

1.289 6 

0.9n 
0.1166 
9.m 

8.572 
9.461 
0.Y9 
0.120 
0.140 

0.139 
0.136 

0.128 
0.127 
0.121 

0.921 

0.6~ 

0.133 

I c m 3  = cubic centimeters 
2s * orsin 
'Dei = Destroyed 
'Cre = Created 
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Fig. 5 (continued). Reaction of Bearpaw Shale water and Pierre Shale (Sehultz et al.) et 
T = 10.5"S: (e) C1 and F, (fj Alkalinity, C C C J ~ ~ . ,  SC, CS04*-, C S 2 - ,  and CS. 
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Fig. 5 (continued). Reaction of Bearpaw Shale water and Pierre Shale (Schultz et al.) at 
T = 10.5"C: (g) product minerals 1, (h) product minerals 2 .  
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Case 6: Reaction of  Bearpaw water and Pierre Shale (Schultz 

et- al.) to T = 250°C. In this case the temperature is gradually raised 

from a starting value of 1 0 . 5 " C  to a final value of 250°C during the 

course of  the experiment. 

reaction and decreases to -37.9, whicg is quite reducing at T 

(Table 9, Fig. 6). The pH decreases from 7.9 to 6.1, however, because 

the neutral pW of water decreases to -5.6 at 250°C, the water remains 

slightly alkaline. Alkalinity is not defined at T > 50°C in EQ6, hence 

no values are given for the termination of the experiment. 

carbonate, Sob2-, and H2S increase during the course of the 

experiment. Among the dissolved species total Al, Fe, C, K, Na, Si, 

and S increase while Ca, Cl, F, Li, f?g, Mn, and N (primarily as NHr++) 

decrease. A small amount of water is produced during the course of  

experiment and may account for some of  the small decreases observed in 

dissolved concentrations. C02(aq), CHq(aq), and HCO3- are the 

predominant C phases, in order of abundance. Mn and Fc show the 

largest changes in dissolved concentrations. At the end of  the 

reaction progress 14A-daphnite, ordered dolomite, graphite, muscovite, 

paragonite, pyrite, quartz, siderite, and Keykjanes-, Ca-, and Na- 

smectite comprise the equilibrium mineral assemblage. During the 

course of the reaction Mg-beidellite, low albite, calcite, dawsonite, 

and kaolinite are stable at various points. As in Case 5 a final 

water:rock ratio of 0,127 is achieved, 

The log fo - -73.7  at the start of the 

250°C 

Total 

Case 7: Reaction of  Bearpaw water and Pierre Shale (Lee et al.) 

= -73.7 at the start of the reaction and at T = 1 0 . 5 " C .  

decreases to -79.2, the temperature remaining isothermal at 1 0 . 5 " C  

(Table 10, Fig. 7). The pH gradually increases from 7.9 to 8.2 at the 

end of the reaction but reaches intermediary values as high as 9.3. 

The alkalinity and total carbonate both decrease slightly while 

decreases in both total S04*- and H2S are larger. 

species A I ,  Cas C1, F, Fe, C ,  Li, Na, N (primarily as NH,,+), and Si 

increase while K, Mg, Mn, and S decrease. Mn initially decreases in 

concentration and then begins to increase again, but remains below 131e 

The log f o  
2 

The total dissolved 



Table 9.. Imactlon of 8eerp.u Shrle Grow&aetmr mrd Plerrr Shale (Schultt mt ai.) at 1 = 2lO.C. 
Lap ml.1 camentrectonr of dlmsoived e l sumr .  

-4w 
-8 

-?.a47 
-6.2775 
-5.7736 

-5.5 

-5.0345 
-5 

-5.9294 
- 4 . 5  

-6 

-3.3 
-3 

-2.8139 
-2.f 

-2.Sall 
-2.3238 
-2.lY3 
-2.0246 

-2 
-1.8371 
-1.7044 
-1.6794 

-1.5 
-1.43b3 
- 1 A265 
-1.1954 
-1.1801 
-1.1766 

-1  
-o.E%39 

-0.s 
-0.?225 
-0.3m 

0 
0.1603 

0.5 
0.6665 
0.74n 
O.TQ41 
0.811 

0.9679 
1 

1.0119 

10.5 1.01 
10.5 1.01 
10.5 1.01 
10.5 1.01 
10.5 1.03 
10.5 1.01 
10.5 1.01 
10.5 1.01 
10.5 1.01 
10.5 1.01 
10.5 1.01 
10.5 1.01 
10.1 1.01 
10.5 1.01 
10.6 1.01 
10.6 1.01 
10.6 1.01 
10.6 1.01 
10.1 1.01 
10.7 1.01 
10.8 1.01 
10.9 1.01 
10.9 1.01 
11.1 1.01 
11.2 1.01 
11.3 1.01 
11.8 1.01 
11.8 1.01 
11.9 1.01 
12.5 1.01 
13.4 1.01 
16.9 1.01 
18.9 1.01 
19.1 1.01 
30.8 1.01 
39.9 1.01 
74.7 1.01 

104.6 1.19 
124.0 2.26 
136.6 3.30 
141.9 3.81 
199.0 15.22 
213.5 20.G 
250.0 39.78 

1.95 
7.95 
7.w 
1.97 

8.02 
8.06 

0.19 
8.18 
8. t9 

8.34 
6.40 

8.46 
8*40 
8.52 
8.54 

0.17 
9.17 
9.27 
9.27 

9.28 
9.27 
9.16 
9.13 
9.15 
9.15 
9.12 
8.61 
8.60 
8.58 

8.56 

8.50 
8 . a  
8.46 
0.29 
E. 18 
7.b2 
6.- 
6,M) 

b.U  
6.40 
6.15 
6.12 
6.10 

a.27 

-73.67 -0.252 
-?3.63 -0.252 

-?l.be -0.2s 

-71.81 -0 .30  
-71.92 -0.UL 
-76.12 -0.W 
-76.19 -0.301 
-76.30 -0.303 
-76.70 -0.313 
-?7.03 -0.322 
-R.32 -0.329 

-7i.m - 0 . 2 1  

-n .m -0.336 
-?7.70 -03% 
-??.a7 -0.345 
-R.% -0.yb 

- N u 3  -0.386 
-?B.57 -0.397 
-78.59 -6.397 
-78.68 -0.399 
-711.68 -0.400 
-78.63 -0.390 
-78.b3 -0.391 

-ra.2a -0.387 

- m . a  -0.591 
-7u.43 -0.391 
-78.37 -0.592 
-78.11 -0.360 

-R.W -0.3bO 
-77.R -0.561 
-76.70 -0.362 
-76.11 -0.363 
-76.04 -0.363 
-72.81 -0.370 
-70.46 -0.37S 
-42.59 -8.3TQ 
-56.98 -0.366 
-53.11 - 0 . u  
-5l.W -0.3b1 
-5l.U -0.362 
43.58 -0.363 
-4l.W -0.391 
-38.2b -0.413 

-n.m -0.359 

-1.77 
- 1 . n  
-1.n 
-1.77 
-1.n 
-1.77 
-1.73 

-1.78 
-1.m 
-1 .n 
-1.7l 
- 1 . n  
- 1 . n  

- 1 . n  
-1.77 

-t.n 
-1.n 
-2.05 
-2.07 
-2.15 
-2.13 
-1.72 

-1.R 
-1.72 
-1.72 
-1.72 

-l.m 
-1.- 
-1.74 

-1.69 
-1.67 
-1.67 
-1.50 
- 1 . s  

-sse.cn 
-999.03 
-999.00 
- W . W  
-9w.00 

-999.00 
-ppP.W 
-999.00 

- 1 . n  

-1.15 

-1.16 -3.53 -4.95 -7.66 
-1.76 -3.53 -5.M -7.37 
-1.76 -3.54 -8.W -7.56 
-1.76 -3.57 -8.95 -7.30 
-1.76 -3.65 - 8 . 1  -7.25 
-1.76 -3.79 -6.82 -7.21 
-1.77 -9.08 -8.16 -?.Or 
-!.n -9.07 -6.15 -7.00 
- 1 . n  -9.06 -0.13 -1.07 
-1 .n  -9.w -7.w -6.99 

- 1 . n  -a.9t -7.n -6.~16 

-1.n -a.m -r.sr -6.74 

-1.n -1.93 -7.68 -6.92 

- l . n  -8.07 -?A7 -6.M 
- 1 . n  -1.115 -7.65 -6.m 

-1.77 -6.61 -7.54 -6.R 
-1.76 -8.71 -6.79 -6.09 

-1.76 -8.m -6.78 -6.M 
-2.W -I.& -6.65 -3.W 
-2.11 -6.65 -b.64 -5.99 
-2.19 -6.62 -6.61 -5.98 
-2.17 -8.62 -6.61 -5.96 
-1.75 -8.65 -6.74 -b.W 
-1.75 -8.66 -4.n -6.07 
-1.75 -8.63 -6.13 -6.01 
-1.75 -6.63 -6.TJ -6.07 
-1.m -8.W -6.71 -6.06 
-1.76 -8.66 -7.30 -6.57 
-1.76 -8.64 -7.32 -6.58 
-1.75 -8.U -7.21 -4,55 
-t.n -1.59 -7.23 -6.52 
-1.70 -8.u -7.10 - 6 . ~  
-1.67 -8.42 -7.03 -6.28 
-1.67 -8.41 -?.W -6.27 
-1.51 -8.02 -6.M -S.W 
-1.39 -7.76 -6.26 -5.50 

-7.U -6.68 - i . M  -5.37 
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starting value. The largest changes are seen in Fe, C (CHq(aq) is the 

predominant species), Mn, and S .  A substantial amount of water is 

removed from the solution during the course of the reaction. At the 

end of the reaction progress calcite, 14A-daphnite, ordered dolomite, 

kaolinite, muscovite, pyrite, quartz, siderite and Reykjanes-smectite 

comprise the stable mineral assemblage while low albite, dawsonite, 

paragonite, and Ca- and Na-smectite are stable at various times during 

the reaction progress. The final water:rock ratio is 0.15, again 

slightly higher than the goal of 0.1 due to saturations of initial 

minerals during the reaction progress. 

Case 8: Reaction of Bearpaw water with Pierre Shale (Lee et al.) 
to T = 250°C. In chis case, as in that of Case 6 ,  the temperature is 

gradually increased from 10.5 to 250°C during the experiment and the 

l o g  fo increases from -73 .7  to - 3 8 . 2 ,  which is reducing under these 

conditions (Table 11, Fig. 8 ) .  The pH decreases from 7 . 9  to 6.1, and 

thus remains slightly alkaline. Alkalinity increases during the early 

phase of the experiment but is undefined in EQ6 at temperatures above 

50°C. Total carbonate increases as does total S042- and H2S. 

dissolved Al, C 1 ,  F, Fe, C ,  K, Li, Na, N (primarily as NH3 and N H 4 + > ,  

Si, and S increase while Ca, Mg, and Mn decrease. A small amount of  

H 2 0  is consumed during the course of the reaction. Total dissoLved Mn, 

Fe, A l ,  Si, and C (primarily as CO2(aq), CB4(aq) and H C O 3 - )  show the 

largest changes. Calcite, 14A-daphnite, ordered dolomite, graphite, 

muscovite, paragonite, pyrite, quartz, siderite, and Reykjanes- and C a -  

smectite comprise the final equilibrium mineral assemblage while low 

albite, dawsonite, kaolinite, and Na-smectite are also part of the 

equilibrium assemblage during the course of the reaction. The final 

water:rock ratio achieved is 0.15. 

2 

Total 
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Fig. 8 (continued). Reaction of Bearpaw Shale water and Pierre Shale (Lee et al.) to T - 250°C:  
(h) product minerals 1, ( i )  product minerals 2, (j) product minerals 3. 
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DISCUSSION 

Table 12 provides a summary of the composition f the aqueous 

phase at the end of the reaction progress, i.e., the final step from 

the previous tables, when the water:rock ratio reaches its minimum 

val.ue. Table 13 provides a summary of the final equilibrium 

mineralogy. In general, regardless of  mineralogy, total dissolved 

C032- 

cases than in the lower temperature cases. Graphite is present in the 

final equilibrium mineral assemblage for every higher temperature 

case,  regardless of starting mineralogy, but is never present at l ower  

temperature. 

S042-,  S 2 - ,  A 1  and Si are higher in the elevated temperature 

Comparison of  Illitic Cases 

In the two low temperature cases with pyrite present, significant 

CH3COO- is present in the case wlth C H 4  suppression. The presence or 

absence of CH3COO- is of particular interest as it is a potentially 

important ligand for metals, and may increase their transport in a 

repository setting. These results suggest it may be present in 

significant quantities (approaching molal concentrations), as the 

production of  CH4 is kinetically slow. This is a result that must be 

resolved by laboratory or field studies, as kinetics and organic matter 

speciation are not adequately addressed in EQ6. 

The water in the 750°C case, compared to the 13.5"C case is more 

acidic, has higher total H2S, carbonate, and F which suggests that it 

is n more aggressive solution and may be better able to transport 

metals as indicated by the higher Fe content. The main differences in 

the niineralogies are that albite is stable at the end of the 250°C 

experiment while fluorite, kaolinite, and lamontite are not. 

Iaumontite is a potentially important phase to have present as it is a 

zeolite and these minerals are strong scavengers o f  many radionuclides. 

However, laumontite and, in addition, heulandite are stable at higher 

water:rock ratios at the higher temperature conditions. Hence their 
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presence or absence is not a simple function of temperature but a 

complex combination of temperature and water:rock ratio. 

A comparison of the lower temperature cases, with graphite 

replacing pyrite shows that the waters are similar in almost all 

Total C is significantly higher 0 .  properties including pH and l og  f 

in the graphitic case than in the lower temperature pyritic ease with 

CH4 suppressed, but is lower than the pyritic case in which C H 4  is 

permitted. The mineralogy shows additional differences, Na-smectite 

being present in the graphitic case, but absent in the two low 

temperature pyritic cases, 14A-daphnite being present only in the 

pyritic case with CH4 suppression, and laumontite being absent in the 

graphitic case. 

A comparison of the lower to higher temperature graphitic case 

shows that the waters are more acidic, and have higher total carbonate, 

total Soh2-, total HzS, A l ,  Fe, K, Na, Si, and lower Ca, and F, in the 

higher temperature case. Minerals present in the final assemblage in 

the high temperature case that are absent in the final mineral 

assemblage from the low temperature case are albite, l4A-daphnite, 

ordered dolomite, and graphite (albite and graphite are never part of 

the lower temperature equilibrium mineral assemblage) while fluorite, 

kaolinite, paragonite, and Na-smectite are all present at higher 

water:rock ratios in the higher temperature case but are not present at 

che end of the experiment as they are in the lower temperature case. 

A comparison of the higher temperature pyritic to graphitic case 

shows that all the dissolved species, including the pH and log fo , are 
almost identical, with a small additional amount of C being present in 

the graphitic case. 

2 

These results show that while the presence of a very reduced 

mineral has an important influence on the chemistry of  the system, 

quickly creating reducing conditions in the groundwaters, the form of 

the mineral itself, at least for the case of pyrite versus graphite, i s  

not very important to the overall chemistry of the groundwaters. The 

temperature will however play an extremely important role in 

determining pH and other properties in the groundwaters. The 

mineralogy observed throughout the reaction progress is quite similar 

with the exception of a few phases, but the final mineral assemblage at 
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ehe same water:rock ratio differs for the two temperature cases. This 

is especially apparent for some of the zeolitic phases, which are of 

particular usefulness in retarding radionuclide transport. 

_I Comparison of  Smectitic Cases 

A comparison of the low temperature to the high temperature case 

based on the Schultz et al. (1980) mineralogy shows that both waters 

are alkaline and reducing, and that the higher temperature waters have 

higher total carbonate, total SO4*-, total H2§, Al, Ca, Fe, K, Li, N, 

and Si, and lower C1, C ,  F, and Mg. The final equilibrium mineral 

assemblage in the higher temperature case includes graphite, 

paragonite, and Ca-smectite which are not stable at the end of  the 

lower temperature reaction, but does not include dawsonite and 

kaolinite, which are stable for the lower temperature case. It is 

unclear if the higher temperature case would be more effective at 

transporting, radionuclides. 

A comparison of the lower temperature to the higher temperature 

case based on the Lee et al. (1987) mineralogy shows that both 

groundwaters are again alkaline and reducing, with the higher 

temperature case having higher total carbonate , total Sob2- , total H7S, 

A l ,  K, and S i ,  and lower Ca, C 1 ,  F, Fe, C, Li, Mg, Mn, Na, and N. In 

the higher temperature case the final equilibrium mineral assemblage 

contains graphite, paragonite, and Ca-smectite which are not present in 

the final assemblage at the lower temperature; but kaolinite which is 

present at the lower temperatures is absent from the higher temperature 

final assemblage. 

A comparison of the two low temperature cases shows that both are 

alkaline and reducing, while the Schultz et al. (1980) mineralogy 

results in more Al, and Mg in solution and less ea, C1, F ,  F e ,  C ,  K, 

Li, Pln (a very large amount less), Na, and N. Regarding the final 

mineralogy the Schulcz et i d . .  (1980) case has dawsonite and Na-smectite 



but is lacking calcite compared to the Lee et al. (1987) case. 

Different phases are also present during the reaction progress. 

A comparison of the two higher temperature cases shows that the 

two cases are similar in most dissolved species including pH and l o g  

, while the Schultz et al. (1980) case has higher C, and Mg, and 
fo2 lower Ca, and Mn. In general these differences are quite small. The 

only difference in the final mineral assemblages is the presence of 

calcite in the Lee et al. (1987) case. This suggests that the 

mineralogy observed by Lee et al. (1987) would have more buffering 

capacity and would therefore be able to keep the groundwaters more 

alkaline in the case of oxidation reactions. The Lee et al. (1987) 

mineralogy does initially contain much more calcite than that observed 

by Schultz et al, (1980) (Table 7 ) .  

Comparison of Illitic to Smectitic Cases 

A potential advantage of the illitic mineralogy is the predicted 

formation of zeolites during the reaction progress which may help to 

remove radionuclides from the groundwaters. 

of the illitic cases, however, is that the groundwaters appear to 

become acid at elevated temperatures while the smectitic cases do not. 

This may be a result of several differences between the two cases: 

(1) the illitic groundwaters used in the calculations were acidic 

initially while the smectitic ones were initially alkaline, and (2)  the 

illitic waters were initially oxic which resulted in the oxtdation of 

reducing minerals and the production of protons, while the smectitic 

waters were initially reducing. Calcite, which can be an important 

mineral for buffering the pH, was present in the final mineral 

assemblage of the high temperature illitic cases. 

the pfl of the groundwaters remained acid, demonstrating that an acid pH 

is not simply the result of the consumption of all the calcite. 

Calcite also exerts an important mineralogical control on the carbon 

speciation in the waters. The total carbonate is limited by calcite 

solubility, which is a function of pH. Dawsonite, siderite, and 

dolomite are other carbonate minerals present in some cases but are 

usually not as abundant as calcite. Total carbonate in solution can 

continue to decrease, after the initial saturation with calcite is 

A significant disadvantage 

In spite of this, 
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reached, due to additional input of calcium to the dissolved phase. 

Once calcite saturation is reached, increases in the total carbon 

present in solution (which are not accompanied by decreases in calcium) 

are a result of increasing non-carbonate carbon (e.g., CH4, CH3COOH). 

Illite never appears in a final equilibrium mineral assemblage but 

muscovite is present in every case. Illite and muscovite are quite 

similar and muscovite may be serving as a proxy for illite as a result 

of thermodynamic limitations. Illite is another mineral phase which 

can be important in sorbing radionuclides. The concentration of 

potassium in solution is not a simple function of the conversion of 

siiiectite to illite or muscovite, but appears to also be re lated to the 

temperature and pN. Dissolved potassium is higher in all of the 

illitic cases than in the smectitic cases. 

Srnectites were also included in all the Einal mineral assemblages, 

although the type varied between Reykjanes-, Ca-, and Na-smectite or a 

combination of them. The thermodynamic data for Reykjanes smectite is 

highly uncertain and is based on the hydrothermal alteration of basalt; 

hence, it is probably unlikely to form in a sedimentary system. The 

Na-smectite will swell more and hence has better physical. properties 

fort aiding the isolation of waste and is probably a l s o  a better sorber 

or ion exchanger than the Ca form (Deer et al. 1 9 6 6 ) .  Na-smeetites are 

preseaiC in the final mineral assemblage only in the illitic, graphitic, 

low temperature case and in both the high and low temperature smectitic 

cases based on the mineralogy of Schultz et al. (1980). Na-smectites 

are, however, found in all cases during some part of the reaction 

progress, usually at somewhat higher water:rock ratios. Smectites can 

also be important sorbers of radionuclides and other ions and have been 

suggested as backfill material fOK an HLW repository. 

Dawsonite and siderite are present in every smectitic case, but 

never appear in the illitic cases, although the species required for 

their formation are present. Laumontite and heulandite (zeolites) are 

only present in the illitic cases. In addition, fluorite, 

strontianite, celestite, hematite and pyrolusite are only present in 

the illitic cases but their absence from the smectitic cases is a 

result either of the needed species not being present or of the initial 

oxidizing conditions, 



73 

CONCLUSIONS 

-. .... 

The model calculations conducted suggest that there may be 

important differences in the final groundwater compositions and 

equilibrium mineral assemblages depending on the starting mineral, 

whether illitic or smectitic. 

to both, hence neither appears to have a distinct advantage on the 

basis of this study. 

a reducing mineral, in even very small amounts, is important in 

controlling the redox state of the groundwaters, its form (e.g., 

graphite or pyrite) does not appear to be of major importance. An 

uncertainty in the "alteration" of the organic matter exists that 

cannot be resolved with a modeling approach related to the formation 

(or lack thereof) of C W 4 ,  CH3COOH, and other organic species. These 

observations relating to reducing minerals and organic speciation also 

relate to the use of carbonaceous shales, which were not specifically 

modeled in this study. The presence or absence of carbonate minerals 

was shown to have an important effect on buffering the pH in the 

experimental study of Von Damm and Johnson (1987). Their system was, 

however, oxidizing. In the model cases where the groundwaters remain 

reducing, the importance of carbonate minerals in buffering the pH is 

less clear. 

mineralogies, but the final pHs show no clear relationship to the 

starting concentrations or the abundance of carbonate mineral at the 

termination of the modeling experiments. Finally, elevated 

temperatures are shown to have a potentially large effect on the 

solution chemistry, although they tend to reduce the observed 

differences in final mineralogies created from different initial 

mineral assemblages. 

There are advantages and disadvantages 

The results suggest that although the presence of 

Calcite concentrations varied among the starting 

Further work may include (1) modeling of similar ionic st:rength 

solutions in both illitic and smectitic mineralogies to see if and how 

this parameter changes in a relative sense, (2) modeling of 

groundwaters which have the same and varying initial redox states to 

evaluate how this parameter may effect the final pH, ( 3 )  

groundwaters w i t h  varying initial pH's to see how this effects the 

final pH, ( 4 )  addition of large amounts of calcite to further examine 

modeling of 
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its potential as a pH buffer, (5) suppression o f  unlikely mineral 

phases such as muscovite and Reykjanes smectite in an attempt to 

produce the (probably) more realistic illite and Ca- and Na-smectites, 

respectively, ( 6 )  use oE the open system option to better represent 

reactions along a groundwater f l o w  path, (7) inclusion of radionuclide 

species of interest, where reliable thermodynamic data are available, 

to better assess their behavior under a variety o f  conditions, and 

( E l )  experimental validation of the model results. 
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APPENDIX A 
MINERAL NAMES AND CHEMICAL FORMULAS 

Mineral names and their chemical formulas as included in the EQ3NR/EQ6 
data base, in alphabetical order. 

NAME 

Albite 
Anorthite 
Mg-beidellite 
Biotite 
Phlogopite 
Pd-oxyannite 
Annlte 

Calcite 
Celestite 
Na-clinoptilolite 
Cris tobalite 
14A-daphnite 
Dawsonite 
Ordered dolomite 
K-feldspar 
F 11-10 r i t e 
Graphite 
Hematite 
Heulandite 
Illite 
Kaolinite 
Laumontite 
Muscovite 
Paragonite 
Plagioclase 
Albite 
Anorthite 

Pyrite 
Pyrolusite 
Quartz 
14A-ripidolite 
Siderite 
Ca-smectite 
Ca-beidellite 
Ca-nontronite 
Ca-saponite 

Na-beidellite 
Na-nontronite 
Na-saponite 

Reykj anes- smectite 
Strontianite 

Na-smectite 

FORMULA COMMENTS 

a chlorite 

a zeollte 

a zeolLte 

solid solution 
N a A l  S i308 
CaA12si208 
FeS2 
Mn02 
S io2 
MgFe3A12Si301~(OH)g 
FeC03(c) 

Ca.165A12. 33Si3.67010(0H)2 
Ca. 165Fe2AP. 33si3. 67OlO (OH) 2 
Ca.165Mg3A1. 33si3. 67°10(0a)2 

Na. 33Af2. 33si3. 67O10 (ow) 2 
Na. 33Fe2A1. 33sf3.67010 (OH) 2 
Na. 33'g3A1. 33si3. 67010 (OH) 2 
Fe. 68Na. 33Mn. Q 1 K .  3Ca. liGMgl. 29All. lls~3.17010 (OH) 2 
SrC03 

solid s o l u t i o n  

solid solution 
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