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ABSTRACT

Geochemical processes will significantly influence the
performance of nuclear waste repositories. The computer codes
EQ3/EQ6 and PHREEQE, can be used to describe these processes. They
can be applied to far-field and near-field performance assessment and

to evaluate data acquisition needs and test_data. __Both_ codes—embody

the ion- association conceptual model of solution behavior and can
simulate geochemicallreactions. The codes require tHermo&&namic data
for each solid, gaseous or dissolved chemical species being modeled.
The data bases accompanying the codes are for testing purposes only
and should not be applied to real problems without first being
carefully examined. Five test problems have been run for code
verification and demonstration. Routines to manipulate thermodynamic
data were written so that each code could run with both data sets.
Two prdblems of aqueous speciation 1n sea water verified the codes by
comparison of results with hand calculations and i1llustrated the
extent of the test data bases supplied. The third problem simulated
the dissolution of microcline and verified both codes' ability to
locate phase boundaries and simulate non-redox reaction paths. The
fourth problem verified the codes' ability to follow abrupt redox
changes 1n a reaction path simulation, while the fifth tested the
temperature changing capacity of the codes. When run with the same
thermodynamic data, each code gave virthally identical results in all

problems.
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1 INTRODUCTION

The 1initial major task of the SCEPTER (Systematic Comprehensive
Evaluation of the Performance and Total Effectiveness of
Repositories) Program being carried out by INTERA for ONWI is to

assemble a tested and useful set of computer models suitable for

nuclear—waste—performance—assessments Geochemical—processes—will
have a profound 1nfluence on the behavior of nuclear waste.sites,
repositories and waste packages, and so methodology to quahtitatively
estimate the extent of geochemical effects on their performance are
necessary. We have therefore, carefully reviewed the literature
describing the present state-of- the-art of geochemical modeling and
from the rather large number of such models which have been
described, have selected two for detailed in—housé testing. The
selected codes are PHREEQE (Parkhurst, Thorstenson, and Plummer,
1980, 12 January 1981 version) and the EQ3/EQ6 package (Wolery, 1979,
EQ3.3015U19, 9 APRIL 1981 aﬁd EQ6.301§U93, 28 MARCH 1981 versions).
The features of these codes which led to their selection include the
generality of the coded algorithms, the non-proprietary nature of the
codes and their general aQailability, the fact that they are easily
portable from one computation system to another, their opérating
efficiency and the fact that they include the capability, at least 1in
principle, to handle such important but difficult geologic. processes
as chemical kinetics and solid solutions.

In this report we present a brief description of the theory on
which the geochemical models are based, plus a brief discussion of

how this theory is transformed for practical operation in the codes

selected. We then present a comparison between the results of

! operating the two codes on a series of test problems. By operating
. both codes on the same set of pfoblems, and finding comparable
results, we have verified the codé construction by a code to code
comparison test. These problems were chosen to demonstrate the
abilities of these codes to handle various types of geochemical

processes including speciation of complicated solutions, phase

boundary location and changing tomperatures. Though these problems
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do not specifically illustrate waste 1solation systems, the processes
they describe will certainly be important 1afluences on the behavior
of such systems. It 1s i1mportant to note, though, that there 1s no
intention that this report be an operating manual for either of the
codes.

Finally, we point out areas of strengths and weakness 1n our
present ability to assess the brobable effects—of—-geochémical proces~-
ses on_repository performance., The major weaknesses, most of which
have been pointed out by others, include the inapplicagflity of the
aqueous model contained 1in any of the available computer codes to
waters of high 1onic strengths, such as are likely to be found in

salt repositories; the spotty availability of the thermochemical data
needed for aqueous speciation and solid-solution equilibria, particu-
larly among actinide elements; the almost total absencé of data on
the kinetics of mineral precipitation and dissolution; and the limi-
ted abi1lity of present models to handle mineral solid solutions and
mineral réadﬁion kinetics even were more data on these p:océsses
available. '

The documentation for the geochemical codes PHREEQF and EQ3/EQ6
appears in separate reports (INTERA, 1982 a and b). The documenta-
tion for the thermodynamic data routines EQTL, PHTL, and PQTL, refer-
red to in section 4 below, which were adapted or written for this

code comparison report also appears in these two reports.
1.1 APPLICATIONS OF GEOCHEMICAL MODELS

This section does not attempt to present an exhaustive list of
geochemical.questions which may come up during the course of reposi-
tory performance assessment, because such questions are discussed by
Moody (1982) and INTERA (1981), for example. Instead, it discusses
selected examples of the types of applications expected of geochemi- |
cal models. The examples fall in the categories of near-field and

far-field performance assessment and of the evaluation of data acqui-—""

data
SRR
sition needs and ceigﬂggﬁa*,u~f——~_‘”’””~wﬂﬁ—~

- =
[

—
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1.1.1 Far Field Performance Assessment

Far field performance assessment focuses on the ground-water
transport of radionuclides and uses models which simulate retardation
of nuclides reéulting from geochemiéal reactions betweeh‘the moving
solution and stationary aquifer framework (Pearson, -1981).

The extent. of retardation of a substance can be expressed in

o

terms of its partitioning between the moving fluid and stationary

solid phases. That 1is:

ve T "s.i .

R_i=v—-=;—=l+M =1+kM,i S (1.1.1)
i F.d F,oL

‘where:

R = retardation coefficient,

v = velocity,

M = mass,

k = mass partition coefficient,

M

and the subscripts:

F refers to the fluid phase,

S refers to the solid phase,

T 1s the total, e.g. MT = MF + MS’ and

1 refers to the species (element or nuclide) of interest,

In most transport models, the solid-solution interaction
described by ky,; 1s assumed to result from sorption behavior and
described by a simple linear isotherm. While such isotherms fit a
number of experimental data sets, the actual -chemical process
operating may be more than simple sorption (Veith and Sposito, 1977).
In fact, the value of the mass partition coefficient will be
determined by all of the chemical reactions which occur between the

fluid and solid phases and among the several solid_phéses themselves.

Reactions-—such-ras—solution/precipitation, ion_exchange, hydrolysis
and solution complexing, oxidation/reduction, simple sorption, and

others will act together to set mass partition coefficient values. A

000911
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need for geochemical modeling 1in far-field performance assessment 1s
to simulate these reactions and realisticallv evaluate the mass part-

ition coefficients required for transport calculations.

1.1.2 Near-Field Performance Assessment

Near-field concerns—embrace both the repository and the waste
package. To model nuclide transport by ground water within the repo-
sitory region will require the same sort of geochemical modeling to
evaluate mass partition coefficients that will be done fbr far-field.
Near-field requirements for this type of‘géochemical modeling will be
more stringent than the far-field requirements because thermal
effects will be more i1mportant in the vicinity of the repository than
in the far-field (INTERA, 1981).

The performance of the waste package will be particularly
influenced by geochemical ¢considerations. In concept, the waste
package will consist of a waste form encased in a canister surround-
ed by back-fill. Before a radionuclide in the waste form can reach
the repository, 1t 1s necessary that:

° The canister be corroded - a process with rate strongly

dependent on the chémistry of the corroding fluid;

. The nuclide leach from the waste form - where the rate of
leaching has a complex dependence on the geoéhemistry of
the leaching fluid;

° The nuclide traverse the back-fi1ll to the repository
boundéry - the rate of which transit will be verv strongly
influenced by reactions between’the nuclide 1n solution and
the chemicallyAhighly reactive material which may be used
for back-fill,

Geochemical modeling 1s needed to provide the boundary conditions for
adequate waste package performance assessment as well as for the
modeling of nuclide transport within the repository. A number of
recent reports, such as those by Deutsch (Lﬁﬁﬂl_and—smi&h—%&@ﬁﬂﬁj“’“”*

di5cuss the application of geochemical models to near-field

problems.

0000912
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1.1.3 Data Acquisition Needs and Test Data Evaluation

—

In addition to theilir importance 1n performance assessment, geo-
chemical models are needed to guide data acquisition activities
(INTERA, 1981; Jenne, 1981). Such models when used in a sensitivity

analysis mode will help set briorities and help specify the precision

needed—in—the—laboratory—collection—of—thermodynamic_and_kinetic
data. Such model usage will aiso guide field data collection éctivi-
ties by helping to select from several potentially measurable parai.
meters the one which will be of most use for performance assessment
purposes. ' _

A second broad use of geochemical models will be to assist in
the interpretation of data collected as part of specific site evalua-
tions. Interpretation of such data 1n terms of, for example, the
mineralogical controls on the chemistry of ground water will be
important in defining the state of the system on which effects due to
waste emplacement will be superimposed. The use of models to inter-
pret regional aquifer geochemistry is exemplified by a number of
recent reports, of thch that by Thorstenson, Fisher, and Croft

(1979) can be cited.
1.2 OVERVIEW OF GEOCHEMICAL MODELS

Although geochemical models are being used with increasing
frequency, their principles of operation and mode of application may
still be unfamiliar to many people active in waste repository verfor-.
mance evaluation. Thus, before describing PHREENE and EQ3/EQ6 and
the detailed results of the intercomparison between them, 1t 1is
approprliate to briefly describe'the n&ture and use Gf geochemical
models and to mention several of the detailed published reviews of

such models which have recéntly appeared. y

1.2.1 Geochemical Model Typeé

The two types of geochemical models can be termed aqueous

solution models and geochemical reaction models.

0G09I13
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Aqueous solution models are used to calculate such thermo-
dynamically important quantities as free 10on activities from measured
chemical compositions of solutions. The quantity which determines
whether a mineral will dissolve or precipitate, or which effects the
rate of leaching from a waste form near equilibrium, is not the total

concentration of the element or nuclide 1n the solution, but__its

thermodynamic activity. Both IaBoratory and field measurements how-
ever, tend to be only of total elemental concentrations. Models
thch calculate thermodynamic activities from measured concentrations
are called "aqueous solution"”" or "aqueous speciation" models.

Geochemical reaction models describe changes in the chemistry of

solutions and associated solids which occur as reactions proceed.
Such reactions may be brought about by mixing two solutions, adding
solid material to a solution, or by changing the temperature of a
solution or a solution and solid. Geochemical reaction models
describe the behavior of such reacting systemé in terms of the masses
of elements which are transferred between solid phases and the solu-
tion or from one solid to another.

Geochemical reaction models may simulate reaction paths or

simply calculate mass transfer. A reaction path model describes the

evolution dfythe system as 1t reacts from a given fluid and solid
composition to a final state in which all solids and the fluid are in
thermodynamic equilibrium, The model 1tself calculates the identi-
ties of the phases which precipitate or dissolve. as a reaction pro-
lgresses and calculates their amounts and the resulting changes 1in

% solution composition. Reaction path models are required to take very
small steps of reaction progress in the vicinity of phase boundaries,
and have extensive computer core and time requirements.

Mass transfer models, on the other hand, calculate masses of

A e ol

phases dissolved or precipitated and the associated fluid composi-

tions resulting from user specified reaction steps and phase assemb-

lages. While these models require éonsiderably greater user know-

ledge of the-system-being—modeled than do reaction path models, they

are computationally considerably more efficient.

000914
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Both PHREEQE and EQ3 1nclude aqueous speciation models based on
the same chemical principles. The techniques used to solve tge
resulting equations are different 1n the two codes, however, with the
PHREEQE algorithm being Computatidnally more efficient than that
included in EQ3.. EQ6 1s a reaction path model! which begins its simu-

lati1on with the solution specified by the results of an EQ3 run.

PHREEQE 1ncludes mass transfer calculation capability.

1.2.2 Recent Reviews and Summaries’

Computer models have been used to perform calculations of

interest 1n the field of aqueous geochehistry since the late 1960's

but the use of such models became common only in the late 1970's.
Many of the most frequently used and mentioned aqueous solution
models were reviewed and compared by Nordstrom and others, I979,

Only rarely is a complex computer model of any process developed
entirely from first principles witﬁ-no reference to similar preced-
1ng codes. GeoéhemicalAcodes obey this precept and thus, a brief
description of the historical évolution of certain of the major
groups of codes 1s useful as a means of distinguishing among the
large number of named codes which exist today.

There are two major lines of codes which perform aqueous specia-
tion calculations which Nordstrom and others (1979), term the
Newton-Raphson Programs and the Successive Approximation Programs.
The first in the series of Newton-Raphson Programs 1is known as REDEOQL

and was developed and first described by Morel and Morgan (1972). 1In

"addition to solving for aqueous speciation, REDEQL like EQ3, has the

capacity to calculate the concentration of a dissolved element or
elements based on user specified mineral saturation constralnts.
Other more recent codes developed from the principles established 1in
REDEQL 1nclude REDEQL2, MINEQL, and GEOCHEM, references to which are
given by Nordstrom and others (1979). Although codes of this type

are widely used, they have no features which are not duplicated 1in

PHREEQE and/or EQ3/EQ6. Thus, in order to keep the number of codes

adopted 1n the SCEPTER Package to the minimum required, no codes from

this group were adopted.

0GOIS |
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The Successive Approximations approach to calculating aqueous
speciation was used by Garrelé and Thompson (1962) 1in their pioneer-
ing manual calculation of the distribution of dissolved species 1in
sea-water. The earliest well-known general solution codes developed
following this principle were WATEQ (Truesdell and Jones, 1973) and
SOLMNEQ (Kharaka and Barnes, 1973). Table l-1 lists a number of the

Successive Approximation codes. and references to them. These include
a FORTRAN version of WATEQ c511ed WATEQF as well as several modified
PL/]l versions: WATEQ2 and WATEQ3.

While the WATEQ series of codes, as well as SOLMNEO and 1its des-
cendants, até well-known and widely used, they have a serious dis-
advantage as compared to the agggog&_§pecibtion portions of PHREEQE
and EQ3. Their disadvantage is that each reaction considered by them
requlires a separate>1ine of code i1n the program itself. Thus, to
change the identities or compositions of individual aqueous species
or minerals requires a changé 1in the programs themselves. This need
for change has given rise to a succession of named codes (WATEQ3, for
eiample),_which differ from their predecessors (WATEQ2 in this case)
only by their inclusion of additional aqueous species and mineral
reactions.

In contrast, the aqueous models included in.PHREEQE and EQ3 are
general 1n that the coded algorithm does not refer to specific ele-
ments or specles, 1on palirs or minerals. Instead, in these codes the
identities of the chemical species to be included and the reactions
among them are entered as data to the program and the program 1itself
need not be changed to accommodate different solution species, ele-
ments, or minerals,

PHREEQE can only loosely be considered a descendant of the WATEQ
series of codes because, while it does use a continued fraction ver-
sion of the Successive Approximations approach to the solution of the
chemical speciation model, its generally coded‘algorithm and ability

to calculate mass transfer set it apart from the WATEQ group. Simi-

larly, EQ3_although—rt—performs—functions of an éarlier routine call-

ed SOLSAT (part of PATHI), does so by means of a monotone sequence
approach to the Successive Approximations. This and other differ-
ences are significant enough that EQ3 also can be considered only

0G0016
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i i . . .
; Table 1-1 Geochemical Programs Frequently Referred to
% in this Report, with Primary References and
i Programming Language. Additional Geochemical
% Solution Programs are Listed with References by
: Nordstrom and Others, 1979,
3
] .
|
% PROGRAM PROGRAMMING
{ NAME REFERENCE(S) LANGUAGE
EQ3/EQ6 Wolery and Walters, 1975 FORTRAN
i’ Wolery, 1979
MIX2 Plummer, Parkhurst, and FORTRAN
Kosiur, 1975
.
PATHI Helgeson and others, 1970 FORTRAN
PHREEQE Pafkhurst, Thorstenson and FORTRAN
Plummer, 1980
SOLMNEQ Kharaka and Barnes, 1973 PL/1
; WATEQ Truesdell and Jones, 1973, PL/1
‘ 1974
{ WATEQF Plummer, Jones and 'FORTRAN
j Truesdell, 1976
{
: WATEQ2 Ball, Jenne, and PL/1
i Nordstrom, 1979
{ WATEQ3 Rall, Jenne, and PL/1

Cantrell, 1981

0GOIL7?
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Although a number of aqueous speciation codes have been written,
very few mass transfer or reaction path modeling programs existed
prior to EQ3/EQ6 and PHREEQE. The first reaction path code, called
PATHI, was developed by Helgeson in the late 1960's and expanded bv
Helgeson.and his students during the succeeding decade. PATHI,

although successful 1n simulating irreversible reactions between

sotuttions—and solTd phases, was computationally inefficient and

tended to drift away from the governing algebraic constraints of mass
and charge balance and mass action. This drift‘occurred because the
code 1ntegrated the differential couanterparts of the governing
equations by evaluating truncated Taylor's series.

The EQ6 code performs all the functions of the original PATHI
code but 1s computationally }onsiderably more efficient,and because
1t corrects finite-difference approximations to the PATHI Taylor';
series to satisfy the original algebraic constraints, does not suffer
from the potential numerical error difficulties of the earlier code.
EQ6, therefore, was adopted as the general reaction path code for
this work., -

PHREEQE is capable of calculating the amount of mass transfer
required for a given solution to reach equilibrium with specified
mineral phases. A predecessor code, MIX2, algo calculated mass
transfer amounts but was limited to simple carbonate-sulfate systems -
and did not consider oxidation-reduction reactions. PHREEQE also is
capable of calculating reaction paths, but only given input on the
phase boundaries'along them. The solution algorithm in PHREEOE 1is
extremely efficient however, and as phase boundarv locations and the

mass transfer required to reach them are frequently of importance in

repository assessment calculations, PHREEQE has been adopted with
EQ6.
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R
2 CONCEPTUAL BASIS OF GEOCHEMICAL MODELS

The term "model" is often used in placé of "code" to refer to a

computer program which 1s used to simulate the behavior of some pro-

cess. It 1s important to make clear the distinction between the

e

physical descripcion of the system which has been chosen and the

—me.t-hod—by_which—that—descripti-on—i-s—used—for—practical—calculations=
The description of the system - the group of principles which govern
the behavior of the system - 1s here called the conCeptual.model anh‘
1s to be distinguished from PHREEQE or EQ3 which are names of com-
puter programs or codes by which the principles embodied 1n the con-

ceptual model are applied to practical problems.
2.1 AQUEOUS SOLUTION MODELS

The conceptual model most often applied to aqueous solution§ in

. geochemistry 1is the ion-association or 1on-complexing model, origin-

ally due to Bjerrum. This model assuaes that oppositely charged dis-
solved 1ons react to form complexes which are treated as thermo-
dynamic entities. These complexes are assumed to be 1n eaquilibrium
with the free 1ons and the equilibria described by thermodynamic
equilibrium constants.

The ﬁopularity of this approach 1n geochemistry stems from 1its
early use by Garrels and Thompson (1962) to interpret the chemistry

~of sea water, and 1ts inclusion 1n the first-zeﬁeration computer pro-
grams WATEQ, SOLMNEQ, and others copstructed for the 1nterpretation
of aqueous solutions.

A point which has favored the continued use of the 1on-associ-
ation model is that there exist for it many sultable thermodynamic
data. These data result from the fact that such a model 1s frequent-
ly used to reduce laboratory experiments on solution behavior. Data
so treated are, 1n turn, éuitagie for the model to use. In spite of

the wide availability of data, problems frequently occur which cannot

be handled satisfactorily because data needed specifically for them

4
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or for particular elements 1mportant to them are not availahle. The

"data needs of PHREEQFE and EQ3/EQ6 are discussed with the test problem

descriptions 1n Chapter 4.
The most serious limitation to the 1on-association model pre-.
sently available 1s that it becomes less capable of representing real

solution behavior as the salinity of the solution increases. TIn

5 bt

general, this model béhaves well iﬁ solutions with salt contents as
high as one molal, certainly includineg the range of normal sea water
which 1s 0.7 molall At concentrations significantly greater (a few
molal) and particularly i1n such highly saline waters as brines, the
lon-as'socitatlon model breaks down. ‘ A

A second conceptual solution model, the mixed electrolyte model,
1s beginning to come 1nto use 1n geochemistry. This model does not
assume the existence of explicitly defined complex ions in solution
as does the 1on-association model but, 1nstead, uses an expression
for the activity coefficient of iong as functions of the concentra-
tions of all 1ons 1n solution. The formalism for this conceptual
model 1s presented by Pitzer (1973) for;single electrolyte solutions
and by Reilly and others (1971), and Pitzer and Kim (1974) for mixed
electrolytes.

The mixed electrolyte conceptual model. is advantageous in that
1t 1s able to reproduce the properties of solutions at all concentra-
tions, 1including those far more saline than could be satisfactori}y
treated using the lon-association model. This has been demonstrated
1n recént work by Fugster and others (1980) who use a model described
by Harvie and Weare (1980) to simulate the sequence of minerals which
deposit from evaporating sea-water. Because extremely good experi-

mental data are available on this mineral sequence, Eugster and

.others can be considered to have validated mixed electrolyte models

for geochemical problems in highly saline solutions by successfullyv
simulating this sequence.

In spite of the fact that saline solutions such as those associ-

,ated with salt deposits may-be—of—importance-—tn—certatn nuclear waste

repository analyses, .no mixed electrolyte model is included in the

SCEPTER Package at this time for two reasons. First, no generally

, | , - 0G0NR0
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avaiiable code exists which makes use of the mixed electrolyte con-
ceptual model 1n 1ts aqueous speciation routine. The Harvie -and
weare (1980) code, for example, has not been published. Second, only
limited experimental data are available to evaluate the coefficients
which occur in the activity coefficient expressions used 1n this
model. Most of these data are restricted to simple solutions

containing salts of Na‘t, k*, Cafz, Mg+2, 804'2, and

C!” which, while appropriate for examining evaporating sea-water,

are of less uvtility for examining the behavior of radionuclides of
exotic chemical elements. In addition, only recentlv have data at
temperatures other than 25 C begun to be available (see, for example,
Peiper and Pitzer, 198l). Given this lack of data for real systems
of interest to performance assessment and the lack of a readily
available mixed electrolyte model elsewhere, it was decided that the
development of a mixed electrolyte model for 1nclusion 1n the SCEPTER
Package would be inappropriate at this time.

The remainder of this section 1is concerned with a generaIAde-
scription of the equations by which the 1on-association aqueous solu-
tion model 1s described. The methods by which PHREEQE and E03 solve
these equations and their auxiliaries also 1s outlined. No attempt
has been made here to be entirely rigorous 1n the description either
of the aqueous solution model equations or their.programmed
solutions, but only to convey generally what the programs do, and
why. For details, the reader should consult the code documentation
(INTERA, 1982a, b) and the descriptions of the programs given by
their authors (Parkhurst, Thorstenson, and Plummer, 1980; Wolery and

Walters, 1975; and Wolery, 1979).

2.1.1 Governing Equattions

Information available on a solution usually comprises concentra-
tions of dissolved elements. Although analvtical data commonlv refer
to total conceantrations, i1n the actual solution, according to the
"i6H;éssbéTEfTﬁﬁ“ﬁﬁﬁETj‘fHe'éTeméhEWTE_bTESEhT;nbt”bnTvﬁln*its—free"‘—‘—”"***

form but also paired with other specles.
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To describe real solutions using the Lon-association model one

first writes a mass balance equation for each element, 1, for which

analytical data are given:

J .
.= m. + a. ., m, 1= 1, 2, ..., 1 2.1.1)
= — J_l —_— _—
~wheT€f—~mi =—ctoncentration of free element of species 1;
mj = concentration of complex 1on j containing

n.. moles of 1;
1] -

m_ . = total (analyzed) concentration of ij;

I = total number of elements for which analytical
data are available or which are being

considered; and

J = total number of solution complexes. (If the
complex j does not incluyde element 1, nii is
zero). . -

The complex 10ns themselves are entities which have equilibrium

concentrations described by mass action equations:

; I n. .
: 1 . .
: a. = K. T a. 21, =1, 2, ..., 3 (2.1.2)
' _J_ ;]. '=1 _1. -
where: aj = thermodynamic activity of solution complex j;

a, = thermodynamic activity of free elements, 1;

nii = stoichiometric coefficient of ion 1 in species j;

Ki = equilibrium constant for formation of complexA

o j; and

I and J are as for eaquattion 2.1.1.

The solution activities, a, _in_ terms .of-—which—-equations (2.172)

are written, are related to the concentrations, m, of equation
(2.1.1) by:

x a. = y. m. ’ (2.1.3)

Goon22




"6790

LS

tn which Y 1s the activity coefficient. Activity coefficient values
for each species depend on temperature, pressure, and the concentra-
cions-of all other species 1in thé solution. A number of methods for
calculating activity coefficients have been proposed. Those 1ncor-
porated in PHREEQE and EQ3/EQ6 are discussed in Section 3.2, below.

Equilibrium constants are functions of temperature and pressure,

and the values required for each of the J equations (2.1.2) will be

part of the thermodynamic data base required for the problem,
Further, I total concentration values from chemical analvses will be
available., - Even with equations (2,1.3) relating a and m values, two'
additional phenomena must be accounted for before the sets of
cquations (2.1.1) and (2.1.2) can be solved.

The first additional requirement is to account for the involve-
ment of the ions HY and OH from the solvent itself in some of
the solution complexing reactions, While the activities of the two |

Ltons are related by a mass action expression for water,

a = K a a , : } (2.1.4)

either an additional equation or an additional specified input para-

"meter 1s still needed.

Programs of the WATEQ/SOLMNEQ group require that pH (= -log
ay+) be entered, eliminating the need for an additional equation.
In MIX2, which was derived from WATEQF, the need for a specified, -
fixed pH was eliminated by making use of the fact that a solution can

have no net electrical charge. This electro-neutrality principle 1s

embodied 1n the equation:

I J
0 = z ml z-i— + ng mi Z_j_ (2.1.5%5)
where z 1s the charge on the dissolved species and the sums are over
all I+J dissolved 1o0ns. '

1f, on the other hand, pH is.specified, a net charge can be cal-
“culated. The departure of this net charge from its theoretical value
of zero 1s a measure of the adequacy of the analytical data entered.

The calculation of dqueous solution speciations 1n both PHREEOE
and EQ3 permit either the entry of pH or its calculation from the

electroneutrality equation.
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One last phenomenon must be accounted for to completely pose the

aqueous solution problem. This 1nvolves the manner 1in which

oxidation-reduction (redox) reactions are treated. One approach 1s
simply to ignore redox reactions by writing separate mass balance
equations (2.1.1) for each oxidation state of an element, and

entering corresponding total concentration values. For a solution

containing—irrony,—for—examplé, separate equations for Fe*?Z and
Fet3d would appear, and two total concentration values
(mT,Fe+2 and mp Fe+t3) would be required.

A second alternative 1is to treat all oxidation states of an ele-
ment as products of reactions of a single chosen state of the ele-
ment. For 1ron, for example, Fet2 might be chosen as the specles
in terms of which the mass balance equation (2.1.1) would be written.
Fe*3 and its complexes then simply become members of the sum in
the mass balance equation. An additional mass action expression 1s
also added for the reaction by which the two oxidation states are
related.

Mass action expressions for this or for any other redox reaction
require a definition{ of the oxidation potential of the solution.

A - This 1s accomplished by requiring that the value of the oxidation
potentials be part of the solution definition data entered 1f redox
couples are to be considered, PHREEQE requires that pe. be entered.
(pe = -log a,- = 16.90*Eh (volts) at 25 C). Tée oxidation poten-
tral for EQ3 can be defined by entering pe, Eh (volts), the fugacity
of bxygen, or by specifying a redox couple for which both oxidized
and reduced specles concentrations will be entered and used to calcu-
late the oxidation potential of the solution. All of these options
amount to the same thing: 1f oxidation-reduction reactions are to be
constdered, an additional piece of 1nput data 1s required,

The unknowns, equations, and data needs to solve an aqueous

solution model can be summarized as follows: 1In a solution of T sol-
ute elements capable of forming J complexes, the I + J values of free

and complex 10n concentraiigﬂgujor_gthmLLLes)_&ne»to~be"fouwd7‘hfdﬁk

“with the two concentrations (or activities) needed for the solvent,
and the E species which are oxidation or reduction products of the

species representing the element., Thus there are I+J+E+2 unknowns.
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To set agalnst these are 1 mass balance equations, J complex
assoclation reactions, E redox reactions and the dissoclation of
water mass action equations - a total of I+J+E+l equations. The"
extra one unknown 1s handled either by specifying pH, and so reducing
the unknowns by one, or by adding the electoneutrality requirement

and so lncreasing the equations by one.

Data required are I values of total dissolved elemental concen-

tration, J complex ion association and E redox reaction equilibrium
constant values, a value for the oxidation state of the initial solu-~
tion, and, 1f the electroneutrality equation 1s not included, the pH
of the solution, B}

Two approaches have been taken to the solution of the set of
equations specifying the aqueous model. The method of successive
approximations was used by Garrels and Thompson (1962) in their
pioneering hand calculation of the distribution of aqueous species in
sea water. This method is illustrated in the discussion accompanying
test problem 1 below. ‘

The successive approximations approach . was adopted 1in a number
of the early aqueous speciation programs including WATEQ and SOLMNEQ
and 1t is used as well in PHREEQE and EQ3. It was used in the early
WATEQ and SOLMNEQ codes in what Wigley (1977) referred to as a "brute
force'" method. In this method, the mass action'exﬁressions (2.1.2)
are substituted into the mass balance equations (2.1.1) and the
result solved directly for free element concentrations. Iteration
through the system of equations continues with the results of the
previous 1teration belng used as the starting estimate for the
present iteration. When the calculated total concentration of each
specles agrees with the 1nput concentrations within.some user set
tolerance, the system 1s considered solved.

Wigley (1977) pointed out that the combined mass balance, mass
action equation can be rewritten in the form of a continued fraction
which convefges with many fewer iteratlions than are required by the
brute force method. The continued fractions appfoach to successive
:Eﬁgfbilmdtisﬁngk_Edopfé‘fTﬁ_WKTEQF_ﬁﬁH_T%”used“tn'solve~the—mass~“A;——
balance equations (2.1.1) in PHREEQE. Wolery and Walters (1975) have

described a monotone sequence method of controlling the continued
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fraction series in the method of successive approximations, This has
the advantage of increasing stability with respect to a wide raﬁge of
input aqueous solution compositions and has been adopted 1an EN3,

The second general approach taken to the solution of aqueous
speciatlon equatlons makes use of the Newton-Raphson technique.

‘Morel and Morgan (1972) used this method in thelr aqueous_spec-l-atlon

program REDEQL and the method has been retained in the various other
aqueous speciation codes derived from the Morel and Morgan program,
.The Newton-Raphson approach 1s also used 1in PHREEQE for the solution
of all equations other than the mass balance equations for which, as
mentioned above, a continued fraction approach to the method of suc-
cesslve approxlimations 1s employed. . _

The WATEQ/SOLMNEQ group of codes provide a thermodynamically
adequate description of the solution given analyzed total elemental
concentration data. Further, they use this calculated solution
description to determine the affinities of various reactions which
the solution could undergo. These codes do not actually calculate
affinities, but rather, the Saturation Index (SI) which is related to

the thermodynamic affinity (A) by the expression:

A = -R*¥T*2 _303*SI1 ’ (2.1.6)
P P
where

Ap = Thermodynamic affinity (Joules/mole)

R = Gas constant (8.3143 Joules/mole-Kelvin)

T .= Temperature {(Kelvin)

SI "= Saturation, index for bhase p. as defined 1in eQuation
2 (2.1.8) (dimensionless) -

2.303 =

In 10

The calculated aqueous species activities are used to calculate

reaction quotients for minerals with which the solution could poten-

tially react. Reaction quotients (Q) which are also fregquently

called ion activity products (IAP), are equivalent in form to mineral
equilibrium constants (K). That is:

-~

Q, = TAP = m, a. =P (2.1.7)
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The tendency for a mineral, p, to dissolve 1n or precipitate
from a solution is 1ndicated by comparing the IAP and K using the

saturation i1ndex:

IAP
P
SIp = log - o (2.1.8)
- P
If SI = 0, the mineral and solution are at equilibrium; 1f ST > O,

the mineral will tend to precipitate from the solution while 1f SI

< 0, the mineral will tend to dissolve. _

The most important use of the WATEQ/SOLMNEO family of .codes has
been to calculate mineral saturation indices for natural water sam-
ples. These saturation itndices can then be compared with the miner-
alogy of the aquifer from which the sample was taken and used to
assess the validity of hypotheses concerning the identity of minerals
presumed to be dissolving or precipitating and so controlling the

observed water chemistry.
2.2 GEOCHEMICAL REACTION. MODELS

The aqueous speciation models 3just described are static 1n the
sense that while they calculate the aqueous speciation existing in a
given solution as well as the tendency of minerals to dissolve or
precipitate in the solution, they do not calculate the changes in
mineral quantities and solution compositions which would occur as the
solution reacts toward equilibrium. Calculations of this type are
particularly important to repository performance assessment.- While
WATEQ tyvpe models are useful for testing hypotheses regarding.mineral
reactions which may have led to an observed water concehtration; they
cannot be used 1n a predictive mode to estimate cﬂanges 1n the geo-

chemistry of waters and their containing rocks brought about bv the ﬁ

‘introduction of waste.

“Both—the PHREEQE—and EQ3/EQ6 codes described hereand--adopted—1n— »
the. SCEPTER Package, are able to perform all the aquedus speciation E:
modeling functions of the WATEQ/SOLMNEQ group of codes, but in addi-

tion, are able to describe quantitatively the effects of ongolng geo-
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chemical reactions. They do this by describing the changes in

solution composition and 1n relative masses of solids which occur as
a system comprising solids, gases, and a solution reacts toward a new
equilibrium state following a perturbation. The system description

given by these models 1s 1n terms of the masses of material trans-

formed—from—phase-—to—phase—during—the course of the reaction. They

are thus known as mass transfer or as reaction path models. _

Two approaches have been taken toward the development of geo-
chemical reaction models. The approach realized in PHREEQE is that
of mass transfer modeling in which the code solves directly for the
final equilibrium state of a system given a series of initial condi-
tions. In EQ6 on the other hand, the reaction path approach 1is used
1n which small steps of reaction progress are taken from an initial
state toward equilibrium and the entire reaction path from 1nitial to
final state 1s calculated and displayed rather than simply the mass
transfer 1nvolved 1n the overall reaction from the initial to the

final state.

2.2.1 Mass Transfer Models

Mass transfer models are similar to the aqueous speciation
models in that they assume a state of equilibrium throughout the
entire system of interest. That is, they assume that not only do the
aqueous phase reactions occur rapidly, but also that all potential
solid phase dissolution or precipitation reactions occur equally
rapidly. )

Solution reactions with solid or gas phases are handled 1in much
the same way as are 1on complexation reactions in the solution

ttself. For each mineral or gas reacting, a mass action expression

can -be written similar to equation (2.1.2):

K = q. a ﬂ’.j_ b = l, 2, ... P ”,__(_2_._[‘,,91)___7, T
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where
a, = activities of dissolved free 10ons 1;
Kp~= equilibrium constant for the dissolution of phase p;
nip = stoichiometric coefficient of 10n 1 1n phase p.

The addition of thuis eéuation to the set of equations describing the
system allows the addition of another unknown to the mass balance
equations for each ion i. This additional term is simply the number
of moles of 1 which must be transferred between the solution and the
phase p to bringAthe system to equilibrium. :

The direct mass transfer code PHREEQE has hHeen included in the
SCEPTER Package for several reasons. First, by virtue of 1ts -struc-
ture, it tends to run rapidly and efficiently and therefore can be
used at little cost. It is valuable for performing calculations 1n
rapidly reacting systems such as solution mixing problems and solu-
tion reaction with minerals that are-likely to dissolve or precipi-
tate rapidly. It 1is- also useful for long time scale problems and for
bounda;y ca1culations where system equilibrium 1s a reasonable
boundary state.

PHREEQE will also calculate changes in solution composition with
speci1fied mass transfers i1nto or out of the systemi Thus the code
can be used to simulate the path followed by a system reaching 1rre-
versibly with a solid or another solution.

)
2.2.2 Reactilion Path Models

The reaction path simulation code E0O6 is also included in the
SCEPTER Package. In this code,Aas 1n other reaction path models, it
1s assumed that equilibrium exists within the solution and between
the solution and reaction produc{ phases, During a reactibn, equili-

brium will persist among dissolved species, and further, 1f the solu-

tion becomes oversaturated with respect to a phase, that phase will
immediately form in whatever auantity 1s reaulred to return the solu-
tion to equilibrium. The particular value of this approach to repos-

itory performance assessment (Wolery, 1980) is that 1t permits the
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simulation of the path by which a system ori1ginally at dis-equili-
brium reacts toward equilibrium. Information from this path simula-

tion itncludes the masses of solid phases dissolved or formed during

the course of the reaction 1including transient phases, rather than
simply the overall mass transfer required to go from the 1nitial to

the final equilibrium state.

Reaction path models are based -on the principles of irreversible
or non-equilibrium thermodynamics. The development of the equations
by which these principles are apolied to geochemical problems is due
to Helgeson (1969) and his students (Helgeson and others, 1970). The
application of tﬂese principles within the EQ6 code 1s described 1in
detail by Wolery (1979).

Basically, Helgeson's approach consists of differentiating equa-
tions describing the reaction to be tracked with respect to a reac-
tion progress variable. The progress variables measures the extent
of reaction of a set of 1rreversible reactions which proceed accord-
ing to specified relative reaction rates. The series of differential
equations, together with the mass action and mass balance equations

; necessary to describe the equilibrium within the fluid phase, are

! sufficient to define the problem and in principle, can be solved for
the-amount of mass transferred at any stage of reaction progress.

The original computer code embodying Helgeson's approach was

called PATHI or PATHCALC (Helgeson and others, 1970). 1In this code

the differential equations describing mass transfer were solved by a
truncated Taylor's series technique. An aqueous speciation model
first produced a descriptioq of the initial solution and calculated

] the affinities with respect to possihle products of reaction between

the solution and existing specified phases. Then small arbitrary

steps 1n reaction progress were taken in the direction of reducing

these affinities. Numerically, the first and second derivatives of
system parameters were found by solving a set of linear differential

equations, which were then used in a truncated Tavlor's series.

Following each _step .of reaction—progress the new solution was resol-

ved and affinities calculated again. When phase boundaries were

reached (when the affinity of any reaction became zero or negative)

0G0030
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a process of interval—halving.was used. to more precisely define the
exact value of the reaction progress variable at equilibrium between
the solution and that phase.
Obviously such a solution procedure 1s very slow to compute and
furthermore, has a tendency to drift because of the truncation. So,

.

after ;many stebs of reaction progress, such a model tends to produce

s b uu.vmﬁm

system compositions—different—from—those which_would result from a
one-step mass transfer calculation.
In order to reduce the computer time required for simulations’

using PATHI, high-order predictor-corrector methods of integration

‘were put into a version of the program developed at Los Alamos

Scientific Laboratory (Herrick, written communication 1976, reported
by Wolery, 1979). Programs of this type are presently 1n use hy
several investigators. This modification improves the running speed

of the program markedly and it diminishes, but does not eliminate,

. the problems of drift.

Another approach to the solution of reaction path computations
was taken by WOléry (1979) 1in EQHh. This program is a combination of
the direct mass transfer approach of the previous section with the
differential path-following concept of PATHI. While reaction paths
continue to be predicted by finite-difference approximations to
Helgeson's Taylor's series, the compositions. at points are re- calcu-
lated directly by applying a mass transfer approach like that des-
cribed 1n the pfev1ous section. Any drift iﬁtroduced into_the prob-
lem during the appFoacH to the equilibrium position 1s corrected
by this direct solution for equilibrium mass transfer.

Even EQ6 executes considerably more slowly than a direct mass
transfer program su;h as PHREEQE. Generally, the geochemical under-
standing of the system will be such that its definition using direct
mass transfer computations will suffice. However, there will cer-
tainly be problems 1n which the identities and amounts of inter-
mediate reaction products may be important and for these problems 1t

may be simpler to use the reaction path code EQ6, because of the con-

siderably less user input than is required to perform similar calcu-

lations with ?HREEQE.
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3l THERMODYNAMIC DATA REQUIREMENTS

EQ3/EQ6 and PHREEQE, like all other geochemical codes, are based
on the principles of chemical thermodynamics. To simulate the aqueous
_speciation within a solution or to model a reaction path requirés a
value for the equilibrium constant for .each mass action equation
(2.1.2) at a temperature of interest as well-as—a—value for the acti-
~“f_____ﬂlggx_coeiﬁfcfeNCE'(eq. 2.1.3) for each dissolved species in the
system, ) '

A geochemical code cannot be used without a thermodynamic data
base, so the authors of such codes customarily supply some thermo-
dynamic data with their codes ofimarily so that new code users can run
the codes as received and gain familiarity with their operation.

These data bases are not 1ntended for general application. As

Parkhurst, Thorstenson and Plummer state in their description of

PHREEQE (1980, pg. 42) "...the PHREEQE data base... 1s not documented

in detail, and 1s 1intended only as a preliminary data base which may

be used for testing purposes. The responsibility for final selection

< tom e e

of thermodynamic data used by PHREEQE,resEs with the user".
It 1s presently the 1ntention of the SCEPTER Program to supply
with the geochemical codes PHREEQE and EQ3/EQ6 only preliminary

O

thermodynamic data bases which will be useful for testing and model
comparison purposes. The thermodynamic data bases required for speci-
fic applications of the codes will require compilation as part of

those applications in the same way that hydraulic, thermal, and

!

mechanical property data bases will be assembled for site specific
applications,

The differences 1n the simulation modeling results which can be
brought about by different choices of thermodynamic data are 1llus-
trated in several of the test problems in Chapter 4 1in which compari-
_sons are made hetween the rTesults of running the same simulation usineg

data originally supplied with PHRREEQE against results obtained using

data supplied with EQ3/EQ6T e ST

—

The first seq}iggﬂpj_xhdsﬂfhhifi?ﬂﬁlscusses briefly the form 1in

———

— which equilibrium constant data are required by the two codes and

mentions a number of recent thermodynamic data compilations which wmay
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be of assistance to future users of these codes in assemhling
thermodynamic data bases for their épecifie applications.

The second section describes equations used by these codes to
calculate activity coefficients and presents several comparisons of
their results. The activity coefficient expressions included 1n the

codes are intended for use 1n relatively dilute solutions and become

l-e-s-s-—v-a-l-i-d—a-s—the—tot.al _solids_content_of the solutions 1ncreases.

The tllustrations in this section show the departure from realitv of
these expressions as the dissolved solids content of the solution
increases. Thus, they form guides to potential code users as to the

range of applicability of these codes.
3.1 EQUILIBRIUM CONSTANTS

Both EQ3/EQ6 and PHREEQE require temperature corrected values for
the equilibrium constants of each reactlon described by mass action
‘equations (2.1.2) and for each dissolution/precipitation reaction
(2.1.9). Both programs are structured so that the number actually
required is the logarithm base 10 of the equilibrium constant
(log K).

Log K values are functions of temperature and the codes include
several expressions which describe this temperature dependence.

EQ3/EQ6 expresses log K values using a polynomial expression:

log K(t) = a + bt + ct?2 + dt3 + ettt -(3.1.1)

i

where log K(t) base 10 logarithm of the equilibrium constant

X at temperature t,;

]

t temperature, in Celsius; and

a,b,c,d,e = polynomial coefficients.

The data set used with EQ3/EQ6 includes log K values at a number of
temperatures- generally, 0, 25, 60, 100, 150, 200, 250, and 300

Celsius. Polynomlals of the form of equation (3.1.1) are fit to thes&
data and their coefficients a, b, ¢, d, e; rather than the data them-

selves, are 1nput to EQ3/EQ6.
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Two expressions for the temperature dependence of loe X are used

1n PHREEQE. One 1s a polynomial expression of the form:

log K(T) = a| + b T+ c /T +dT "’ +e/T (3.1.2)

with the temperature, T, in Kelvin (t + 273.15), and the other items

as before.

PHREEQE also uses the van't Hoff equation, usually written:
9

d In K _  an° (3.1.3)
dT RT2
or, 1n another form
d (R 1n K) _ o _ (3.1.4)
T a/m - |
1in which: ln K = natural logarithm of the equilibrium constant;
R = gas constant = 8.3143 Joules/mol-Kelvin
T = Temperature, in Kelvin; and
AH® = standard enthalpy of the reaction, (Joules/mol).
PHREEQE includes equation{ 3.1.4) written as
AH° 11 : '
log K(T) = log K(T ) - — (= -=) (3.1.5)
r R 1In 10
. T Tr .

which calculates the value of log K at temperature T from log X and
AH® values at a reference temperature T,, of 25 C (298.15 K).
PHREEQE accepts thermochemical data for a given reaction either

as log K75 ¢ and AHO)g ( values or as a set of values of

the polynomial coefficients aj, by, ¢y, di and ey. The mod-—
1fied SCEPTER version of PHREEQE, can also use expression (3.1.1) and’

accepts values of the polynomial coefficients a, b, ¢, d, and e gener-

ated from the EQ3/EQ6 data bases. . — " S

The development of thermodynamic data bases suitable for perform-
ance assessment tasks will not be a trivial undertaking. It will be

necessary, first, to i1dentify the chemical elements which will be
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1mportant fo the system being analysed, It 1s 1mportant that the data
base include not only the elements whose radionuclides are important
indicators of répository performance, but also those other elements
present 1in major or 1n trace amounts which may control the water and
rock chemical environment in which the radionuclides will be trans-

ported. Having identified the elements, 1t 1s necessary further to

identify the aqueous species and 1o6n complexes—rn-which—the—elements
may appear and to determine which solid and gaseous phases may be
important 1n the system. Having 1dentified the elements, solution;~
species, and solid and gaseous phases of 1mportance in the system, and
‘written reactions among them, it is necessary to have available log K
values for each reaction over the range of temperatures which are
likely to be encountered in the assessment calculation.

Robinson, Schafer and Haas (1981) have recently completed a study
on the availability and feasibility of obtaining thermodynamic data on
rock types of present interest to repository designers.' While they
conclude that sufficient reliable dagé do exi1st to evaluate the pfo-
perties of most important mineral phases 1n these rock types, they
also point out that significant effort 1s needed to compile them 1in an
intérnally consistent form ready for use by geochemical modelers.

They also do not address the availability of solution phase geo-
chemical data.

A number of compilations of ﬁhermodynamic data are availlable and
may be of assistance to a user in setting up a data base for a
speéific problem. Some of these sources will be listed briefly here
to assist potential users. }

In the -WATEQ group of models (Tablé 1-1), each reaction con-
s1dered 1s hard programmed into the code. Thus, data sets are an
integral part of these codes and cannot be considered separately from
them as they can when discussing the PHREEQE and EQ3/EQ6 codes. Data
accompanying the WATEQ codes consist of log Kjg ¢ and

AH%S data for the reactions for use with equations like

. (3.1.5) or of polynomial coefficient values for use with expressions

like (3.1.2). According to the authors of the WATEQ codes, the data
are accepted only after evaluation of factors including the type of

experiment from which they were derived and their consistency with
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other data 1n the data set. Thus, the WATEQ data should form a rea-
sonably consistent general data set and the WATR0O2 data have, 1n fact;
been adopted by the authors of PHREEQFE and comprise the preliminary
data set supplied with that code.

The data supplied with the EOQO3/EQ6 codes by Wolery also presum-

ably represents an internally consistent set of data. As the results

of the test problems described 1n Chapter 4 show, however, differences
between the EQ3/EQ6 and WATEQ2/ PHREEQE data sets do exis; and lead to
considerable differences 1n simulation results when the different data
sets are applied to certain problems. This is not to say that either
the WATEQ2/PHREEQE data or the EQ3/EQ6 data is more correct thaa the
other, only that they are different, and that these differgnces nay
lead to considerable differences in simulation results, These differ-
ences exemplify the need for carefui data base Fompilation before
applying eirther PHREEQE or EQ3/EQ6 to a real performance assessment
problem.

There are several other cbmpilations of critically evaluated data
suitable for thermochemical modeling which should be mentioned. These
include compilations of mineral and solution thermodynamic data by
Robie, Hemingway and Fisher, (1978); and by Helgeson and others,
(1978). These two are of interest because they include data not only
at the reference temperature 25 C, but also at temperatures at least
as high as a few hundred degrees C, as will be needed for geochemical
modeling in the vicinity of the waste package its%lf. A more general
compilation is the "Selected Values of Chemical Thermodynamic Pro-
perties' published by the U, S. National Bureau of Standards in their
Technical Note 270 series. This CJ;pilation 1s. limited, in that:
First, only data at 25 C are reported so that they can be used only
for simulations in the vicinity of that temperature where the van't
Hoff expression (3.1.5) is valid; and, second, the sources of the data
included are not given.

Recently a number of compilations of data of the sort useful for

modeling nuclear.waste._chemical-transport- problems have been ~

assembled. These include many values of reaction equilibrium con-

stants, but they have not been critically evaluated either for their
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experimental validity or for their consistency with other data on
related reactions. Thus, 1nformation from them should be used with
care. Reports by Ames and Rai, 1978; Benson and Teague, 1980; Rai and

Serne, 1978 are 1n this category.

3.2 ACTIVITY COEFFICIENTS

Knowledge of the activity coefficients (Y;) of each solution
species and of the solvent is required by equations (2.1.3) to couple
the set of mass balance equations (2.1.1), written 1n terms of species
holalities, with the set of mass action equations (2.1.2), written in
terms of species activities. The methods for calculating activity
coefficients depend on whether the solvent or a charged or uncharged
solute species 1s being considered. - There is a limited choice of
expressions 1in EQ3/EQ6, while PHREEOE‘users have several options for

calculating activity coefficients -of charged solute speciles.

3.2.1 Activity Of Liquid Water

The activity of the solvent, water, 1s a function of temperature
and the total concentration of solutes. The EQ3/EQ6 expression for

water activity 1s based on that éiven by Helgeson, and others,
(1970):

In a = -0.018 X:v m ¢ (3.2.1)
H,0 e & ¢
) ) - ) 3
in which: 0.018 Molecular Weight H?O/IO ;
v, = number of moles of ions in formula for
—_— = . AV = .
electrolyte e, (e.q., Vyacl 2 CaC17 3),
m_ = molality of electrolyte e; and
¢e= molal osmotic coefficient for electrolyte e..
Ln—EQ3-/EQ6s—the—supporting-electrolyte;—es—1s—taken—to-beNalls;

-s-0
that Vg, = 2 and mg = Ip 1s the stoichiometric 1onic

strength of an NaCl solution.
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The expression for the osmoti¢ coefficient, ¢,, includes
four temperature dependent coefficients, values of which were derived
from a fit to measured osmotic coefficlient data of the tvpe presented
by Robinson and Stokes (1970, Appendices 8.3 and 8.8). Values of

these constants at several temperatures are 1included in the data set

.supporting EQ3/EQ6.

The expression for water activity used by PHREEOE is that used

1n the WATEQ group of codes and adapted from one suggested by Garrels
and Christ (1965, p. 64)., Garrels and Christ point out that the
change of water activity with temperature in the range of 0° to 100°C
1s not appreciable up to moderate dissolved electrolyte concen-
trations. Thus they write:

H,0O

a =1 - 0.018 Vv nm ) (3.2.2)
2 e &

Equation (3.2.1) aad (3.2.2) become equivalent in the limit of dilute
solutions, | _ -

When the measured activitf of water 1s plotted against v, m,
for various electrolytes, the activity curves conxergé on a straight
line with a slopé of 0.017 1in the range of Vem, values of 4 to 3

and below, (cf. Garrels and Christ, 1965, fig. 2.16).

The empirical expression used in PHREEQE from Garrels and Christ
1s: ‘

"o = ! " 0.01"7 Img | (3.2.3)
where Zmi 1s the sum of the molalities of dissolved anions,
cations, and neutral species. )

Table 3-1 compares measured 3H70 values at 25 C with those
calculated using equations 3.2.1 and 3.2.3. The measured and calcu-
lated values agree within 0.1% up to concentrations of 2 molal NaCl
(Ig = 2). Those calculated using the EQ3/EQ6 expression also agree

within 0.1%Z through 4.0 molal at all three temperatures, while the

PHREEQE expression (3.2.3) predicts an 4H90 nearly 3% higher than
that measured at 6.0 molal at 25 C. Neither PHREEQE nor EQ3/EQ6 1is
tnt'ended for use 1n solutions more concentrated than a few molal.
Thus, at least at temperatures below 100 c, thefe 1s little to

recommend the use of the more complicated EQ3/EQ6 expression over the
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simpler equation used in PHREEQE.

3.2.2 Neutral Solute Species

Expressions for the activity coefficients of neutral (uncharged)
species rest mainly on measured activity coefficients of COy dis-

solved in electrolyte solutions of various temperatures. To calculate

YCOy, EQ3/EQH uses the expression:

Iog YC02 = I + c, IW *+ cy I7 +¢, I (3.2.4)

where 1 1s the 1onic strength and ¢ through ¢4 are temperature
dependent constants derived from fitting equation 3.2;4 to experlimen-
tai-daxa (Cf. Helgeson, 1969). These constants are included in the
data set supporting EQ3/EQS.

Few other data exist from which activity coefficients as precise
as those known for CO; can be found. &he available data do sugsgest
that activity coefffcients of different neutral speclies in a given
salt solution are similar (Helgeson, 1969), and so activity coeffi-

cients for other neutral species are frequently taken as equal to that

-0of COy 1n the same solution, This option is availabhle in EQ3/EQ6.

A much simpler empirical equation than 3.2.4 was suggested by

Garrels and Chraist (1965, p. 69) and Helgeson (1969):
log v = ¢ I (3.2.5)

where cg 1s a function of temperature. This eqﬁation_is also avail-
able 1n EQ3/EQ6 with cg taken as equal to the Debye~Nuckel BDOT
value at the solutlion temperature.

The activity coefficients of all neutral species except the dis-
solved gases in EQ3/EQ6 are taken as 1 by setting Cp 1n equation
3.2.5 to zero, .in accordance with th;'5uggestion'§f Helgeson and
others (1970, p;S?&)-for moderately polar, neutral species.

PHREEQE uses a single activity coefficient expression for all

neutral specties, which is simply 3.2.5 with Cp = 0.1. This expres-

sioan 1s also used in_the predecessor—programs—to PHREEQE, WATEO

(Truesdell and Jones, 1974), and WATEQF (Plummer, Jones and Truesdell,
1976), but no source for it is referred to in the descriptions of any

of the three codes.
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Table 3-2 compares the values of activity coefficients calculated
using these expressions. Values from the simple PHREEOQOE expression
are within a few percent of the measured values for YCO9 as smoothed
by equation 3.2.4 to an lonic strength of about 5 molar. Values from
equation 3.2.5 with C, = BDOT show poorer agreement, however. At
temperatures of 60 and 100 C, agreement between values from equations
3.2.5 and 3.2.6 with-C, = BDOT is still poor, and 1t appears that

3.2.5 with C, = 0.1, in spite of 1ts independence of temperature, is

decreasing activity coefficients with increasing 1onic strengths at

still adequate though to lower 1onic strengths.

3.2.3 . Charged Solute Species

Activity coefficients of 1on1ic (charged) solutes are calculated
using the extended Debye-Huckel expression, or some variant of it.
This expression as it appears 1n both EQ3/EQ6 and PHREEQOE 1s written:

A zi 1/1
log Y, = - + biI (3.2.6)
1 + Baq/I
1
where: A, B = Debye-Huckel constants, functions of temperature

and dielectric constant of the solvent (Robinson
and Stokes, 1970, p. 230; Truesdell and Jones,
1974, p. 241)

z, = charge on 1on 1
I = Ionic strength of solution
2
= 1/2 Im. z_
11

Valves of A and B at various temperatures are given 1in the data
supporting EQ3/EQ6. In PHREEQE, the full equations for A and B
(Truesdell and Jones, 1974) appear and A and B are calculated from
them, ' '

The extended Debye-Huckel as originally proposed included only
the first term on the right 1n equation 3.2.6, with a; equal to
ai, an 1on size parameter. Values of ai calculated
by Kielland, (1937) are accepted in the data sets of both EO03/E06 and
PHREEQE .

While the extended Debye-Huckel equation adequately accounts for
low 1onic strengths (<0.1), it does not reproduce the 1increase of

activity coefficients at higher 1onic strengths. This reversal has

led to the inclusion of the second term on the right equation 3.2.6,.
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In EQ3/EQ6, b; is the same for all 1ons, and 1s equal to the
deviation function B (BDOT) described by Helgeson, (1970, n.748),
following Lewis and Randall, (1961). BDOT is taken as independent of
tonic strength, I, or electrolyte type‘but 1s temperature dependent.
Its value at several temperatures appears in the supporting data file
for EQ3/EQ6.

Several expressions for calculating ionic activity coefficients

AR s v s

@ N S i AT v

are included 1n PHREEQE. ~The one used for—any glven—ron—iIs—selected
by the user. The PHREEQE expressions include:
1) The extended Debye-Huckel expression;
11) The Davies equation, which appears 1n PHREEQE as:
. 2 Y1 '
Log Y, = - Az (——————— - dI1) (3.2.7)
Sl +,/I :
where the constants are-as above. This equation 1s referred

to by Robinson and Stokes (1970, p.232) where d = 0.1,
Stumm and Morgan (1981, tab 3.3) give d = 0.3, and the
latter value 1s used 1n PHREEQE.

111) An expression called the WATEQ Debye-Huckel equation can
also be gsed. This equation is 1dentical with 3.2.6, but
the value§ of a; and b; are not the same as when the
equation is used in EQ3/EQHh. These coefficients 1in the
WATEQ Debye-Huckel result from fitting the equation to
activity coefficients from mean salt data, as described by
Truesdell and Jones (1974). These coefficients are given 1n

the PHREEQE data set only for the ions:

+ o+ + + - - -2 -
Ca 2, Mg 2, Na , X , HCO,, CO 2, SO , and Cl
- 3 3 4
The SCEPTER version of PHREEQE contains all the activity coeffi-
cirent options of the original code, but has been modified so 1t can

also use the EQ3/EQ6 form of the Debye-Huckel expression‘with b, =

BDOT.

Activity coefficient values calculated using these various ex-

pressirons—are—shown-In—Frgures—3-l—and—3=2.-Comparisons for _a_univa-
lent cation (Na*) and anion (Cl7) and a divalent cation

(ca*?) aad anion (SOZZ) are given at 25 and 60 C.
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Pl

Experimental activity coefficients derived from mean salt data

(Truesdell and Jones, 1974, Tabh. 3) are also given. For perspective
when using these plots 1t is useful to keep in mind that the ionic
strength of sea water is about 0.7 molal, while that of a saturated

halite (NaCl) solution 1s about 6.2 mol at 25 C and 6.3 mol at 60 C

(Gevantman, 1981).

—_—

Figures 3-1 and 3-2 show that the experimenta1,mean=sa4¢—déta Are

e e

__’____‘~____be&e~pepro&uc€d—by the WATEQ Debye-Huckel expression. This 1is-not
surprising because the parameters a; and b; were evaluated simply

by fitting equation 3.2.6 to these same Tean—salt data (Truesdell and
Jones, 1974). 1In spite of its ability to reproduce experimeatal
activity coefficient dafa, the WATEQ Debve-Huckel approach will have
only limited utility in performance assessment applications because of
the‘general lack‘of_activi&y coefficient data for the uausval elements
which must be considered in these applications. The WATEQ Debye- ‘
Huckel approach will Be useful though 1n making the sorts of relative-
ly simple calculations which will bhe required to investigate halite
solution effects around salt deposits Qhere onlv major elements need
be considered for which WATED Debve-Huckel coefficient values are
available, - _ _

At 1onic strengths below 0.1 molar the results of the various
expfessions group nicely except for the Davies expression with_d4=0.1
which predicts lower activity coefficients for the divalent cation
cat? (figure 3-2). At higher ionic streagths the.conventional
Debye~-Huckel expression>does not reproduce the inflection at ionic
strengths of about | molar because it contains no term'directly depen-
dent on tonic stfength. The Davies equation and the Debye-Huckel with
b; equal to BDOT follow this inflection with varyine degrees of suc-
cess. The Daﬁies‘equations with d=0,3 predicts activity coefficients
higher than those predicted by any other quations.for all i1ons at
lonic strengths of 0.5 and above.

As all the figures show, there 1s likely to be considerable
uncertainty 1n the activity coefficient values calculated using any of

the expressions available in_ PHREEQE—or—EQ37/EN6 for waters with ionic
Mﬂ’*” N : -
_”M .
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strengths 1n excess of about ! molar. For this reason neither code is
_particularly appropriate for use 1n waters of high 1onic strengths,
although for such simple calculations as salt dissolution, PHREEQE

used with the WATEQ Debye-Huckel expression should be adequate,
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4 CODE COMPARISON AND VERIFICATINN PROBLEMS

Five test problems were run using both the PHREEQE and EO3/E0Q6
codes. The problems were designed to:
o Provide code verification bv means of code-to-code and code

~to-hand calculation comparison; and

o To 1llustrate and test the various operating _opt.ions

avairlable in the codes.:
Veri1fication by code-to-code comparison is demonstrated by the
achlevement of essenﬁially identical results when two codes are appl-
"1ed to the same problem. It 1s necessary therefore that not only thé
geochemical prbhlem description supplied to each to be the same, but
that the thermodynémic data base used also be the same. Two thermo-
dynamic data sets were available. One was the preliminary PHREEOE
data set 1ncluded 1in the‘pubfished code description (Parkhurst,
Thorstenson and Plummer, 1980) and referred to here as the PREPHR
set. The second was the data fi}e,set DEQPAK7 which accompanied ver-
sion 3015J of EQ3 and EQ6. The PREPHR data set is structured so as
to be read directly by PHREEQE. The DEQPAK7 data though, requires
maanipulation by a code EQTL, which is supplied as part of the E03/E06
softwafe package, before 1t can be used by those codes.

. To test each code with both data bases required the modification
and development of data handling codes. An extensivelyv modified ver-
sion of EQTL 1s used to write DEQPAK7 data in a form readahle by
PHREEQE. This modified EQTL which 1is called PHTL 1is described with
the SCEPTER PHREEQE documentation.(INTERA, 1982a). Certain minor
mod1fications to PHREEQE were also required so that 1t could use PHTL
output. These modifications are also described by INTERA, 1982a.

It was also i1mportant that the PREPHR data be available for use
by EQ3/EQ6 and so code PQTL was assembled to make this possible.
This code 1s described as part of the EO03/EN6 documentation (INTERA,
1982b) ,

The fact that most of the problems were run using two data sets

e also _makes—them—of-1nterest 45 illustrating the disparities in
results which may come about from differences in the thermodynamic

data sets used with geochemical models.
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4.1 TEST PROBLEM l:- SPECIATE MAJOR [ONS OF SFA WATER

The ion-association model was first applied to geochemistry by
Garrels and Thompson (1962) who used it to describe the major ion
éhemistry of sea water. Summarizing.their work here serves to:

o Illustrate the use of the aqueous specilation model

described_1n_Section_2.1; and

o To verify the coding of the computational ‘algorithms in
both PHREEQE and EQ3/EQ6 by comparing their output with the
results hand-calculated here. '

[y

4.1.1 Input

The major 1on composition of sea water is dominated by seven
elements. Their concentrations, in molality (moles per kg Hp0) as

given by Nordstrom and others (1979, tab III) are:

Sodium (Na¥) 0.4854 Chlorine (c17) 0.5658
Potassium,(K+) 0.0106 Sul fur (SOZZ) 0.0293
Calcium (ca*?) 0.0107 : (HCOZ) 0.00186
+2 : Carbon -2
Magnesium (Mg ~) 0.0551 (CO3 ) 0.00022

Sulfur and carbon can occur in several oxidation states 1n the range
of conditions which occur naturally at or near the earth's surface.

They are present in sea water 1in their oxidized states, with sulfur

o e Y N RN

represented by sulfate (SOZZ), and carbon commonly present
as bicarbonate (HCO3) and carbonate (c6§).
Concentrations of the latter ions are reported separately so 1andivi-
dual analyzed values for them are given in the table.
A total of 20 10on pair complexes are theoretically ﬁossible from

combinations of the four cations and four anions in the table, plus

.% the hydroxide anion (OH ) which commonly forms ion pairs. How-_
z  ever, some of these 20 are either unknown of are s0 weakly associated ~
; that they can be neglected. Chloride (Cl ) and hydroxide (OH™)

000049
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complexes were considered by Garrels and Thompson (1962) to be so weak
at 25 C that they were not included 1in thelr treatment of sea water.

Log K values for these r1on patr reactions»are given 1n Table &4-1.
Values contained 1n the PREPHR andIDEQPAK7 data sets are 1ncluded. The
PREPHR values were used in the hand calculations.

The meaning of these constants can be 1llustrated using the

o

N AT v B .

CESOZ ion pair. This palr assoclates according to the

rcaction:

+2 -2 _ o
Ca + SO& = CaSO4
for which the mass action equatioa (2.1.2) can be written: {
‘ = * * -
Tcaso® Kc $0, a2 Tgo72 e
aSo, aso, o 4
From Table 4-1 log K = 2,31
- o
CaSO4

Given the analyzed species concentrations and the identities of
the solution complexes to be considered, the mass balance equations
(2.1.1) can now be written. There are nine such equations, one for
cach of the eight analyzed species and one for OH . For
ca*?, for examﬁle; one writes:

m - = m + m + m + m + m (4.1.2)
+2 +2 -+ o o
T,Ca Ca CaHCO3 ) CaCO'3 CaSO4 CaOH

For each lon pair concentration term in the mass balance equa-

-tions, one mass actlon equatlion exlsts. FEquation 4.1.1 corresponds to

the mCasoziterm in 4.1.2, for example. To combine them

requires values for the activity coefficients of the free and complexed
tons (Equation 2.1.3). The evaluation of activity coefficients was
discussed at length 1n Section 3.2, but for the purposes of this test
problem 1t 1s expedient to adopt the set of published values for sea

water activity coefficients given in Table 4-2. The ionic strength ,of

sea—water—1s—about—0.7. The values 1n this table are well within the
range of values calculated by the several procedures available within
PHREEQFE and EQ3/6 and given 1n Figures 3-1 and 3-2 for water of an

equivalent 1onic strength.
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Table 4-1: Log Association Constants of ton Pairs at 25 € 1n Simnle

Sea Water Test Problem. Values Contained 1n the PREPHR and

DEOPAK? Data Bases are Given, PREPHR Values were ''sed 1in

Hand Calculations.

ANION
CATION Dggg Hco; co;2 so;2 cl- on-
N PREPHR -0.25 1.27 0.70  ——=~==  m==--
Na :
DEQPAK7 |  ----- 0.96 0.72 -0.91 -0.68
. PREPHR |  =-=---- = =—=—=-- 0.85  ——===  —====
K
DEQPAK?7 S g 0.85 m———— =
.o PREPHR 1.02 3.15 2.31  ———-- 1.40
Ca ' ' .
DEOPAK7 1.25 3.20 2.31  —---- 1.40
.2 PREPHR - 1.07 2.98 2.25  —=--- 2.20
Mg ) ' . C o
DEQPAK?7 1.08 2.98 2.25  -—=-=-- 2.21

063951
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4.1.2 Results:
\
Hand Calculations: To make hand-calculations of sea-water

speciation tractable, Garrels and Thompson (1962) assumed that
because chloride i1s the dominant anion 1n sea water, yet 1s not part

of any complexes being considered here, a reasonable first step in

solving the mass balance and mass action equations would be to
neglect the effect of complexing on cation concentrations and assume
that, for example, M, +2 = mT,Ca+2- The free anion '
concentrations can now be found directly as follows, using

C03“ as an example.

CO--2 mass balance:

3
m m + m + m + m
T, 2 = -2 - o o
0 ; c
CO3 C NaCO3 (‘aCO3 Mg 03
NaCOS mass action:
a = K _*a _ * a -9
N N C) :
aco, aCco, Na co,
= * x * *
mNaCO— (KN co. - mN * Na® mco'2 00'2)/ YN co-
"3 naklsg a a 3 3 at-tq

Substituting K and Yvalues from tables 4-1 and 4-2 and

assuming m = m

‘ : | 000NS
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Table 4-2: Activity Coefficients of Major Free Ions and Ion Pairs
in Sea Water. Data from Holland (1978, Table 5-4),
- ' -2 -2 .-
HCO3 : CO3 SO4 Ccl
Free .
Ions .68 .20 .18 0.62
Na® .68 1.13 .68 .68 1.13
K" .62 - -- .68 --
+2 .22 .68 1.13 1.13 --
Ca .
+2 .25 .68 1.13 1.13 --
Mg :

0GO9EL g
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N } . . .
Cacog mass action: {(sim1lar to NaCO;)
m o = 0.5885 * m -2
CaCO3‘ ) CO3
?
| _MgCO. ?5 mass_actioni—~Csimi-lar—toNaC0o ; )
m o = 2.3283 * m g
MgCO ] - co,
Substituting 1in 00;2 mass balance:
m g = m 5, (1L + 1.8077 + 0.5885 + 2.3283)"
T,Co, co,
m .. = 0.00022/5.7245 = 3.84E-05
. =2 o i
CO3
AN
= 17%Z of m -9
T,CO,

Substituting 1n mass action equations:

m = 3.,84E-05 * 1.8077 = 6.94E-05 (32%)
NaCQ
3

m . = 3.84E-05 * 0.5885 = 2.26E-05 (10%)
Caco
3

m = 3.84E-05 * 2.3283 = B8.95E-05 (41%)
MgCog

The percentages are those of the 1on pairs with respect to

...2 3
the total CO3 concentration. )
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- -2
Similar calculations for HCO and SO lead to:

3 4
m = L.43E-D3 (77%) mo _, *+ L.53R-02 (52%)
HCO | s0,
m , = 1.60E-04 (9%) m = 6.69E-03 (23%)
NaHCO Naso,
m . = 3.52E-05 (2%) m _ o+ 1.88E-04 (1%)
CaHCO kSO,
m . = 2.32E-04 (12%) m , = L 17E-03 (4%)
MgHCO 5 caso,
m , = 5.96E-03 (207%)
MgSOa

Concentrations for all complexes are now available and 1t remains

to calculate the free cation concentrations from the cation mass

balance equations. For example:
m = m - m - m - m
Na® T, Na' NaHCO2 Naco, NaSo;
-~y 3 ‘3 - 4
= 4,8S54E-01 - 1.60E-04 - 6.94FE-N5 ~ 6.69E-03
= 0.4785 (= 99%Z m +)
T,Na

Similarly:

mo = 0.0104 (987%)
K
mo, T 0.0095 (88%)
Ca.
m = 0.0488 (897%)
+2
Mg
The assumption made in this set of calculations - that the
cations are not significantly complexed - is borme out for Na* and

K*, but is less adequate for Ca*t? and Mg*?2. The calc¢ulation

—~—-———can_be_refined by iterating through it once more, this time using the

free cation concentrations just calculated in placé ofthe total

cation concentrations used 1n the first 1teration. The results of

such a second i1teration are shown 1n Table 4-3.

00005
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£ : Table 4-3: ©Percents of Total Concentrations for Free Tons and
1

Important Ion Pairs 1n Simple Sea Water, as Calculated by

Hand and by PHREEQOE and EQ73.

i :
! - -2 -2
Free HCO3 CO3 SOA
Ion Pair Pair . Pair
. 1) 98.6 0.0 0.0 1.4
Na 2) . 98.6 0.0 0.0 1.3
3) 96.0 --- 0.0 1.2(+2.7% Nacl)
1) 98.1 --- --- 1.8 )
+
K 2) - 98.4 - \ —-—- 1.6
' 3)  98.3 - ——- 1.7
. 1) 88.8 0.3 0.2 10.6 (
‘Ca _ 2) 88.6 0.3 0.2 10.8
§ | : 3) 88.0 0.6 0.3 11.2
H s 1) - 88.6 0.4 0.2 10.7
8 Mg 2) 88.5 0.4 0.2 10.9
i 3) 87.0 0.5 - 0.2 12.3
1 ' '
ii Free B Na+ k" Ca+2 szz
{ A Ion ‘Pair Pair Pair Pair
i
b ) 1) 78.5 8.6 ' - 1.6 11.3
; HCo] 2) 78.2 8.6 - 1.7 11.5
3) 81.3 -- -—- 3.2 15.4
L 1) 18.6 33.2 --- 9.5 38.6 -
co, 2) 17.5 30.3 --- 10.4 41.7
3) 19.1 15.1 -—- 13.3 52.4
_, ) 53.8 23.2 0.6 3.6 18.6
so, 2)  .s53.1 21.8 0.6 4.0 20.5
3) 51.9 21.0 0.6 4.1 23.3

1) Hand calculated, as above, with PREPHR data

-~

2) PHREEQFE results, with PREPHR data base.

3) EQ3 results, with DEQPAK7 data base.

0GOS
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The free 1on concentrations differ by onlv a percent or less from
those calculated by the first 1teration. This suggests that little
additional precision would result from a third iteration made using the
cation concentrations from the second 1teration, so the hand calcula-
tions stopped here. V

PHREEQE and EQ3 Calculations: The solution composition data used

for the hand-calculations were also used as input to the two codes.
The equilibrium constant values used were those for the dataAsets;suo-
‘plied with the codes. That is, PREPHR data were used in the PHREEGE
calculations and DEQPAK7 for the EQ3 calculations (Table 4-1).

Because these calculations are intended to distribute total
measured 1on concentrations among free 1ons and lon pairs, 1t 1S appro-
priate to express the results of these code runs as percentages of the
total ion concentrations represented by ion pairs and free 1ons. These
results together with those from the haﬁd—calculations are glven 1in

Table 4-3.

4.1.3 Discussion

The results of the three sets of calculﬁtiods are shown inLTable
4-3. While the agreement among them 1s generally good, there are some
points of difference which require further discussion.

The PHREEQE and gand calculations were made using the same set of
equilibrium constant values, and so the two sets of results should
agree closély, as they do. The EQ3 results using the DENPAK7 data show
some differences from the other two sets. The results for Na*, for
example, are dffferent because of the 1nclusion 1n the DEOPAK7 data sét
of an NaCl 10n pair and the absence of an NaHCO% pailr.

Similarly, the PHREEQE and hand-calculated results for the
HCO§ ton and 1ts pailrs agree well.while the EQ3 results
suggest larger percentages both of free HCO; 1ons aand of cal-

c1um and magnesium pairs because of the -absence in the DEOPAK7 data set

o .
of the rather strong NaHCO3 pair.

On an overall basis though, the results compare closely enough to
show that the algorithms are coded correctly by virtue of their ability

to reproduce the hand-calculated results.

-

0GO9537
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4.2 TEST PROBLEM 2: SPECIATE FULL SEA-WATER ANALYSIS

Sea water contaias measurable quantities of most of the elements
in the periodic chart, and has been carefully analyzed many times.
Such a complex, well-known solution 1s 1deal for demonstrating and

testing the capabilities of aqueous speciation models, and 1t has

been used for that purpose by many authors, Including a sea-water
problem here 1s useful to compare the ability of the two codes to
handle compléx solutions, to éompare the output of each with the pub-
lished results of other code comparison studies, and to tllustrate

the extent of the data bases accompanylng the present versions of the

codes.

4.2.1 Input

Input fequired includes both solution analytical data and
thermodynamic data. Both the PREPHR and DEQPAK7 data sets described
in Chapter 3 were used.

The analytical data used are given 1n Tables 4-4 and 4-5. To

facilitate comparison with the code comparison results of Nordstrom

and others (1979), the concentrations given in their Table III were
adopted. Becaunse the concentrations of certain minor elements repre-
sented in the DEQPAK7 data base were not given 5y Nordstrom and ’
others, minor element concentrations reported by Holland (1978, Table
5-2) are also given in Table 4-5, and were used where needed in the
code comparisons.

Tables 4~4 and 4-5 also 1ndicate the data sets 1in which the con-
stituent 1s included. 1In addition to the PREPHR data supplied with
PHREFQE and DEQPAK7 with EQ3/EQ6, a comprehensive thermodynamic data
set has recently been published by Ball, Nordstrom and Jenne (1980)
for use with WATEQ2 (see-Table 1-1). The 1nclusion of a constituent

1n the WATEQ2 data set 1s also shown in Tables 4-4 and 4-5.

Fach code has a number of 1nput options. Complete description

of these options are_given-—in_the descriptions-of the-codes them=

selves and will not be repeated here. For documentation of these

results, however, the options chosen here are listed.

1.@ 0639E8
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Table 4-4: Major Dissolved Lon Content of Sea Water and Values
of Other Parameters. From Nordstrom and Others
(1979, Table III).

Concentration Included In
in DEOPAK7 (D), PRREPYR
milligram/kg soln. (P) and WATED2 (W)

"CONSTITUENT (ppm) A Data Sets
Sodium | Na* 10768. D,P,W
Magnesium Mg+2 1291.8 D,P,w
Calcium  ca*? 412.3 D,P,W
Potassium 7 _K+ 399.1 n,p,w
Strontium ' ér+2 8.14 ‘ D,P,W
SUM CATIONS (meq/kg) 605.648
Chloride cl 19353, . D,P,W
Sulfate | so"z | 2712. n,P,u
Alkalinicy-l/as Hco; 141.682 D,P,W
Bromide Br 67.3 P,W
Fluoride - F _ 1.39 D,P,W ’
SUM ANIONS (meq/kg) 605.581
Silica 510, 4.8 D,P,W
Boron B 4.45 P,
SUM DISSOLVED SOLIDS (ppm) 35, x 10° . n
OTHER PARAMETERS:
CoH ' 8.22 n,p,w

pE (0.500 volts) . | 8.45 D,P,W

Density (gm/cc) ©1.02336 D,P,W

Témperature (¢c) 25. D,P,¥

1/ Total carbonate as HCO
\

3 123.377 ppm. - (See Table 4.2.3)

000959
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Table 4-5: Minor Constituents of Sea Water. From Nordstrom and Others
(1979, Table III) and from Holland (1978, Table 5-2).

Concentration in
Micrograms/kg soln. (ppb) , Included In
DEQPAK7 (D), PREPHR
(P) and WATEQ2 (W)

ELEMENT FORM ’ Nordstrom Holland Data set
Silver Ag 0.04 0.008 ~ D,W
Aluminum Al ‘ 2. 2. D,P,W
Arsenic As(OH)Z 8. 6., D,W
Gold Au - 0.005 D
Barium Ba 20. 20, : D,P,W
Cadmium Cd 0.1 0.1 W
Cesium Cs 0.4 0.4 . D,W
Copper Cu 0.7 i 0.3 . D,W
Iron Fe 2. N 2. . D,P,W
Mercury " Hg 0.03 0.02 D
Iodine I 62. 60. W
Lithium Li - 181. 180. P,W
Manganese Mn 0.2 0.2 D,P,W
Nitrogen -

Nitrate No; 290. D,P,W
Nitrite No; 20. . , W
Ammonium NHZ 0. D,W
Nickel Ni 1.7 0.6 u
Phosphorus POZ3 60. 60. D,P,W
Lead Pb 0.05 0.03 D,W
Rubidium Rb 117. 120. ' 1%
Uranium U -~ 3.3 D
Vanadium Vsz : -= A 3.3 D
Zinc Zn 4.9 3. D,W
+2 — ' - b

- __Zirconium—————-7r0- p—y 0.04

. 0GONE0
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Input concentrations: Molalitv (m), the numher of moles of a

solute per kilogram of water 1s the concentration unit used by both
EQ3/EQ6 and PHREEQE in thetr calculations. Water analytical data of
. the sort likely to be input to either program only rarely are given
“as molalities and so for convenience, both codes include routines for
converting concentrations entered in any of several units to molal-

ity.

Analyzed solute concentrations are usually expressed as masses

of solute per mass or volume of solution, 1n, for example:

milligrams solute

mg/gf_ liter solution » of
o = mg _ milligram solute
PP ke kilogram solution

It is also not uncommon to find solution composition given as:

Moles solute
liters solution_ -

Molari1ty =

Conversion of the units entered to molality reauires values for
the solution density (P) and for its total dissolved solids content
(TDPS). Both codes require the entry of a densitv value (or assign it
a default value of 1). EQ3 also requires that TDS, in mg/% or ppm,
be entered, while PHREEQE calculates TDS from the solutibn compos1l-
tion entered, ‘ .

The units conversion 1s a straightforward combination of the

expresslions:

mols = mg " 103

' 1 o GFW

kgsoln - Qsol*p

kgsoln TDS(ppm)

T 1/¢1 - — % )
540 10

with the definitions of particular units as given above.

000961
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Inputs for this problem were tn milligrams per kilogram solution

(ppm) as given 1n tables 4-4 and 4-5. The solution density i1nput and

the total dissolved solids required by EO3 are also in table 4-4,

Oxidation potential: EQ3 accepts a number of measures of oxida-

tion potential, including oxygen fugacity, Eh (volts),

L pe, or as determined by a specified redox_reactl.on_couple-.—

pe 1s defined:

O P e

pe = - log a.- : \

: Fafaday ]
In 10 * Gas Constant * Abs. Temp

= [ Eh (volts)

16.90 * Eh (volts) @ 25 C.

PHREEQE accepts only pe, so for comparability, the pe given 1in Table

4-4 was 1nput to both codes.

Alkalinity and carbonate species: Alkalinity 1is the capacity of

an aqueous solution to neutralize strong acids. The dissolved carbo-
nate specles CO§2 and HCO3 are the dominant contributors
to the alkalinity of most waters by their participation in the

reactions:

—

O
o
+
==}
[}
-
(@]
O

Adding H* to a solution drives these reactions to the right until
at a pH of about 4.5, they are essentially complete. The number of
equivalents of HY required equals equivalents of HCO3 plus

€032 4nd is the carbonate alkalinity of the system. Carbonate

alkalinity 1is an optional_input-.to_EQ3. — — —  — — 0

Q00HE<2
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Alkalinity can also iaclude contrihutions from other species

with a capacity to neutralize H 1on. Such species as Al(OH); react
+ + . s

with H to form Al+3 or Al(OH)z, for example, while H3SLO4 reacts to

HQSiO&, and both add to the titration alkalinity. Both PHREEQFE and

EQ3 accept titration alkalinity as 1nput, and correct 1t for the
+ . .
presence of non-carbonate, H reactive specles to reach a carbonate

value=

Some analyses report total dissolved carbonate (CO2 + HCO, +

, 3

COSZ) instead of alkalinity, and PHREENE and 03 can accepnt this

1nput as well,

To compare the ability of the two codes to handle the several
carbonate input options, each was run with both titration alkalinity
and total carbonate options.

Electrical Neutrality: BRoth codes have two options to adijust

the calculated solution to electrical neuatralitv, as well as a third
option, to ignore electro-neutrality. FElectrical balance can be
achieved by.aading a specified anion (generally Cl17) or cation

(Na* or K*¥) or by changing the pH. For this test problem,
eleétrital balance was 1gnored,.

Activity coefficients: The activity coefficent options are

described at length in Section 3.2. Several were used for this
problem for more adequate code result comparisons -and for comparison
with the published results of other codes. The options used are

shown 1n Table.&4-7.

4.2.2 Results and Discussion

The results of running PHREEQE and EQ3 with both the PREPHR and
DEQPAK7 data sets are given in Tables 4~6 through 4-10, and discussed
in this section.

Alkalinity and carbonate species: Table 4-6 shows the carbonate

species concentrations calculated by each code using the two

" thermodynamic data sets and both—the—total—alkalinitv_and total

dissolved carbonate input options. Calculated values of tog P €Ny

. = , o) 1¢
and of SI.jicite (, Log (IAPcalcxte/KTcalcxte ) which

are sensitive to carbonate species lon activities are also shown.

cGone3
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Analytical data from Nordstrom and others (1979, Tab, 1ILl) are

given 1n the first two columns of Table &4-6. According to Plummerc

(written communication, Nov. 1981) the total carhonate and carbonate

species concentrations were calculated from analyzed titration alka-

linity and pH values for sea water, using apparent constants for the

-

f carbonate system 1n sea water as 1s common practlce among marine

i chemists.

St For each test run, the total carbonate value calculated when
alkalinity 1s entered 1s not 1dentical with that given by Nordstrom
and others. Likewlise, when the Nordstrom and others total carbonate
values are entered, the calculated alkalinity values do not agree
with the analvzed value. -This 1s because neither the PREPHR nor the

DEQPAK7 data bases 1nclude carbonate system equilibrium constants

with exactly the same values as those used to arrive at the concen-
trations given by Nordstrom and others.

A similar comparison obtaineJ}Gsing WATEQF is also given by
Nordstrom and others (1979, Tab. XII). The results given by them are
the same as obtained here using the PHREEQE and the PREPHR data base,
as they should be because the PREPHR and WATEQF data baseS'ére

closely similar. ‘

The results of the last two pairs of columns in Tabhle 4-6 were
obtained using DEQPAK7 data with both codes. The results from the
two codes agree within a few thousandths - differences due to
activity coefficient formulation 1nconsistencies hetween the codes,

rather than to any fundamental difference.

Aqueous specles distribution and mineral saturation indices: A

number of runs were made to compare the aqueous species distributions
calculated by each code with the two data sets, and for comparison
with distributions calculated by other codes and published by
Nordstrom, and cthers (1979, Tab. VI and VII). The distribution of

selected major 10on species 1s given in Table 4-8, and of selected

winorTIonTspecres in~4-95—both—presented—as—negative—-log—molalities: —

Saturation indices (SI = log (IAP/KT)) of selected

mineral

minerals resulting from the calculated aqueous species distributions

are given 1n Table 4-10. The sources of data 1n the numbered columns

are described i1n Table 4-7, QGoNE4
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; The important factors giving ri1se to the differences among the
& comparison results 1n columns 3 through 7 are:
? o The code used, whether PHREFRNQE or EO3
E 0 The thermodynamic data base used, whether PREPHR or

DEQPAK7; and

o The activity coefficient expression used.

The results in column 3 were obtained using total alkalinity, rather
; that total carbonate as input. The effect of this selection on car-
bonate speciation was discussed 1in the preceeding section. Its
effects on other aqueous species, the subject of this section, are
negligible. The results 1n column 3 were from running PHREFOE as
described 1n Table 4-7. They are 1identical with the results of Test
Problem | of the original PHREEQE documentation (Parkhurst,
Thorstensen and Plummer, 1980).

The number of digits shown 1n the results 1n Tables 4-8, 4-9,
and 4-10 and similar tables 1n succeeding test problems was chosen
for code comparison.purposes, not to suggest levels of phvsical sig-
nificance. The log molalities in Tables 4-8 and 4-9, for examnle,
are given to three decimal places because 1t 1s at this level that
differences between the codes, dﬁe to activity coefficient conven-
tions and other second order effects, began to appear. DNifferences
due to data base differences are much largér, as these results show. -

Differences between columns 5 and 7 of Tables 4-8, 4-9, and
4-10, result only from the code used, whether PHREEOE or E03. With a
few exceptions, values in columns 5 and 7 agree within 0,001 or 0,002
log units.’ More significant differences result from the different
manner in which the two codes treat the activity of water 1tself and
1ts products H* and OH™, as described in section 3.2.1. . This
gives rise to the differences in HY and OH™ molalities in Table
4-8, and because of the 1mportance of OH™ to 1ts overall behavior,
to the Al*3 molality 1n Table 4-9 and to the pibbsite and
kaolinite saturation indices 1n Table 4-10, .
Di1fferences_between_columns—6_and_ 7T .are—due--only—to-—-di1fferences——

between the PREPHR and DEQPAK7 data sets, because the results 1n both

columns were reached using the same code and the same dissolved 10n

0009E6
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Sources of Information 1n Columns 2 through 7 of

Tables 4-8, 4-9, and 4-10.

Results 1in

Activity Dissolved * column of
Coefficient Carbonate Tables 4-8,
Expression Input as: 4-9 and
(equation 4-10
number 1n
this report)
Published WATEQF (upper) and
WATEQ2 (lower) results from Davies Total
Nordstrom, and others, (1979); 2
Tab. VI: Majur species, (3.2.7) Alkalimity
Tab. VII[: Minor species, and
Tab. X: Saturation indices d - 0.3
Original published PHREEQE Davies Total
results with PREPHR daca: 3
(Parkhurst, Thorstenson, and (3.2.7) Alkalinity
Plummer 1980, Test Problem 1)
d - 0.3
. Davies Total
PHREEQE Code - PREPHR Data : k]
(3.2.7) Alkalinity
d - 0.3
WATEQ Debye- Total
PHREEQE Code - PREPHR Data Huckel 4
( 3.2.6) Carbonate
PHREEQE Code - DEQPAKT Data Debye-Huckel Total
. 5
( 3.2.6) Carbonate
EQJ) Code - PREPHR Data Debye-Huckel Total
"6
(3.2.6) Carbonate
EQ3 Code - DEQPAK7 Data Debye-Huckel Total
7

(3.2.6)

—

Carbonate
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activity coefficient expression. As Table 4-8 shows, each data set

.

includes data for essentially the same major 10n species. 1t also

shows that the differences between the two sets gilves rise to calcu-

lated species molality differences most of which are less than 0.06
log units. This reflects the essential agreement which exists within

the geochemical community about the 1dentity and relative strength of

major 10n pairs.

Table 4-9 shows that the data set similarity does not extend to
the minor i1on species. The DEQPAK?7 data set was intended for use 1n
hydrothermal ore deposit work and so contains many more metallic ele-
ments and higher temperatﬁre (chloride) ion complexes than does
PREPHR, which 1is intended for normal ground-water geochemical
studies. Even where the same elements and species appear in both
data sets, larger differences 1n the calculated molalities exist than
itn the major 10on species, This reflects the greater uncertalinty
about minor 1on complex 1dentities and strengths.

Columns 4 and 5, and 6 and 7 of Table 4-10 show that the mineral

saturation i1ndices calculated using the two data sets have consider-

able disparities between them. This results 1n part from differences
1n the 10n specles activities, as suggested by the molality differ-
ences 1n Tables 4-8 and 4-9. More of the difference 1s due to
different mineral equilibrium constant (log K) values 1n the two data
sets. This 1s 1n keepiug with the generally acknowledged fact that
' ‘ mineral equilidbrium constants are among the least well known geochem-
: ical parameters. The effects of these uncertainties are shown 1in
more detail 1n Sections 4.3 and 4.5, below,

NDifferences among values in columns 3, 4, and 6 of Tables 4-8,
4-9, aad 4-10 show the effects of choosing various acttivitv
ccoefficient expressions. As Figures 3.2.1 and 3.2.2 show, disagree-
ment among vArious activity coefficient equations 1s proportilional to
soluti1on 10on1c¢ strength, so that they will be larger 1n solutions .

more concentrated than sea water and will decrease 1n more dilute

=0yt rON S - e s T s e e
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Table 4-8: Negative Log Molalities (om) of Selected Major Species
in Full Sea Water Test Problem. For Detailed Column
Heading Information See Table 4-7.
ORIGINAL NFW
WATFEQF/ PHRFEQE PHRFFQF £0)
WATEQ2
’ PREPHR DEOPAK? PREPHR NFOPAK T
. SPECIES (2) (3) (%) (5) . (6} m
ca®? 2.02 2.024 2.024 2.028 2.021 2.028
caso, 2.939 2.938 2.938 - 2.925% 2.979 1.921
CaHC(); 4.48] 4.482 4.491 4.224 4.281 4,221
4,649
caco® 4.649 4.650 4.658 4.531 4.660 - 4,529
3
4616
Mgl 1.312 1.312 1.112 1.320 1.314 1.320
MRSO, 2.235 2.222 1.222 2.172 2.222 2.1
2.222 :
MgHCO) 2.655 3.659 3.667 3.564 3.017 3,543
3.624 - _
cho‘; 4.045 4.04L8 4.056 3.931 4.012 1.929
4.014
Na' 0.320 0.320 0.320 n.332 n.322 0.132
Naso, 2.178 2.195 2.195 2,217 2.060 2.214
2.195
NaHCO] 3,785 3.785 3,196 —ee-- 3,808  -----
3.752
NaC(); ----- 4.183 4,191 4.473 4.019 4.472
k" 1.983 1.983 1.983 1.983 1.986 1.983
xso, 31,767 3763 3.763 3,744 3.605 3,743
cl 0.247 0.247 0.267 0.258 0.247 0.258
so;2 1.810 1.808 1.80R 1.821 1.877 1.822
HCO 1.825 2.826 2.R34 2.820 .89 2,820
2.836 : :
co;2 4.422 4.622 4,631 4.362 L.467 4. 154
4.566 -
£ 4.410 L) 4.368 ALY 4. 560 ALY
MgF 4,642 4.462 4.491 4.453 4,337 4,482
set? L0164 4.016 4.014 4.016 L.014 4.4
H, 510, L.145 4.145 4.1465 4.159 4,192 L.154
' 8.093 3.09) 8.098 8.098 R.126 R.125
on” 5.660 5.660 5.570 5.610 5.A09 5. 988
lonic Strength 0.680 n.680 0.680 0,664 n.675 N.AR]
N 0.980% 0.9805 0.9808 n.9R14 0.9814
Q009%9
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Table 4-9: Negative Log Molalities (pm) of Selected Minor Species in
Full Sea Water Test Full Sea Water Test Problem. For
3 Column Heading Information See Table 4-7.
it ORIGINAL NEV
; VATEOF/ PHREEOF, PHREF.OF, £03
e VATEQ2
PREPHR NFE.NPAK? PREPHR NENPAK ]
SPFCILES 2) (3) (&) (§)] (6) n
Ho*? 8.654 8.657 8.621 9,295 8.728 9,798
Mnct’ R.880 8.901 R.982  ----- 8,793  —eeo-
anog --------------- 3.493 —— 8.491
Fe3 17.8917 17.899 17.936 17.934 18,196 17.561
Fe(OH); ----- 8.157 3.157 9.157 8.120 9,158
Fe(OH);) 8.071 8.070 8.071 -e--- 8.229 —=n--
re(ou); 7.664 7.664 7.664 7.439 7.626 7.419
)
Cu 10,153 =meee aoeen 9,057 e-ma- 9.057
coo’t el L. Ll 7.983 —eme- 7.983
Culon)] 7.985  -=ee- emeee eceelieceeaiel
o
Cucoj 9.070 m==a- cccoe amece e eaeas
ag’ 16,396 cemee emenn 16,755 —m--- 16.753
AgCl;s 9.684  e-=-m ool LT Z — 9.521
+2 )
Zn 7.567 ¢ mmmem el 7.360  emea- 7.3
zacl® eeee e e 7.7198 ceee- 7.79R
cho‘; 7.894 semememmen i eiiee eeees
ar®? 15.956 15.964 16.001 15.864 15,250 15.934
16.091
AI(OH)g ----- 3.537 8.538  c-e-- R.696  —m---
7.665
Al(OH); 7.115 7.131 7.131 7.114 7.12% 7.114
7.259
po"2 112135 meeee eeoee 13,757 meees 13. 740
POCL meeee aeees el 13170 emeee 13.172 ’
rbc1‘2’ .17 eeeee el 11,623 —-o-- 13.422
Pbcn‘; 9.743  emeeeemees 9.602  eema- 9,607
uo;2 ----- 15.500 15,4754 16 686 e 16670
unz(col)z'2 ----- $.736 3.728 9.572 e---- 9. 5h%
-4
vo,(coy) .t —-e- 7.902 7.903 7.85( --=e- 7.85]
90;3 10.480 10.481 9,865 9.7285 1n.03a 9.28R
o “PO,-2 6,988 6.9R8 4..-150 — b1 95— — (A TS - - )
nzmz 8.181 8.18] 3_3R2 7.18¢6 8,545 1.182
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Table 4-10: Saturation Indices (log(IAP/KT))’uE Selected Minerals

tn Full Sea Water Test Problem. For Detalled Column

Heading Information See Table 4-7.

NEN -

PHREFOF FOA
WATEQF/ ORIGINAL
i WATEO2 ' PHREEOE PREPHFE nEOPAK? PRF.PHR nNEAPAK?
NAME COMPOSITION (2) (3) %) (s) (%) N
Calcite CaCO3 + 0.74 + 0.74 + 0,73 . n.80 + N,.AR7 « N80
+ 0.74
Nolomite CaMg(cO.) + 2.0 e 2,13 + 2.1 + 3,42 v o« 2. 22 e 342
372
) + 2.39 _
Siderite " Feco, -9.00 -9.01 -9.02 - 641 - 9.3 - k.60
- B8.97
Rhodochrosite HnCO3 - 3.73 - 3.88 - 3.97 T - 4,46 - 4,10 - 4,46
- 3.70
Gypsum Cas0, 2R,0 - 0.44 - 0.35 - 0.3% - 0.40 - 0.4 - 0,40
2
- 0,35
Celestite SrSO4 - 0.61 - 0.61 - 0;82 - 0.87 - 0.89 - 0.%%
Hydroxyapatite Ca (PO, ). 0K + 0.60 + 0.67 + 048 0 eeee- « 0,04 -e---
5 473
,l . + 0.6A7
Fluorite Can - 0.74 - N4 - 0.8 - 0.89 - 1.13 - N.8R
Hematite F0203‘ +15.23 +15.22 +15.22 - +15.40 «14.74 “«th.4n
Gibbsite AI(OH)3 - 1.A8 - 1.24 - 1,2 - 0,24 - 1.45 - 0
: - 1.82
Quartz SiO2 = 0.05 - 0,05 = 0,05 - n.16 - 013 - N.14
Kaolinite A1251205(0H)A -2.11 - 2.3 -2.13 - 030 - 2.1 ~ N,4R
Sepiolite Mg _S1.0 (OR).3H_ O ns . 1,06 + 1.n4 e 2.42 + 0,88 . 2,43
2°°3°7.5 2 . 03 .

Uraninite UO2 ----- -20.20 . =20.18 -20.723 ———-- -In,77

000071
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Finally, comparison of column 2 of Tables 4-8, 4-9, and 4-10,
with the remaining columns tllustrates how results of PHREFROR and EN3
runs with both data sets and various activity coefficient expressions
match with other aqueous spectiation code results. The results shown
are from the codes WATEQF and WATEQ2. WATEQF 1s one of the more

widely used aqueous speciation codes, and in some ways 1is a

predecessor to PHREEQE. WATEQ2, although—weri-tt-en—i-n—t-he—PL=1

(i or s f e

language and so less widely useful than WATEQF, has associated with

1t a relatively large data base. >

Agreement between WATEQF/WATEQ2 results with those made using =
the PREPHR data base 1s generallv good, which is not surprising as
much of the PREPHR data were taken from the WATEOF and WATED2 data
bases. There 1s frequent disagreement of up to several log units
between WATEQF/WATEQ2 minor element species results and those of the
DEQPAK?7 runs, however. As mentioned above, this is an honest
reflection of the lack of geochemical knowledge of not onlvy the

strength but even of the 1dentity of minor 10n aqueous specles.

000972
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4.3 TEST PRORLEM 3: DISSOLVE MICROCLINR IN DLLUTE HCL.

The potassium feldspar microcline (KAlS140g) is a common
rock-forming mineral which dissolves incongruently in pure water and
dilute acids at 25 €. Minerals which may orecipitate durine the

course of microcline dissolution include gibbsite (A1(OH)3),

k-aolrnrte—EATySiy0-5-COH)4)5—and—mu-scovi-te
(KA13S1i301q9(0H) ). _

This problem simulates the dissolution of microcline 1in dilute
(pH=4) HCI in order to illustrate and compare the reaction path model-
“ing and phase boundary locating capabilities of PHREEOE and EQO3/E06.
The system 1s a simple one with only potassium, aluminum, sifica, and
water 1nvolved 1in the reactions. Thus the simulated solution composi-
trtons at the mineral phase boundaries during the dissolution process
can be compared with hand-calculated phase diagrams for code verifica-
tion purposes. '

The results of three simulations are described here. To compare
the operation of the codes, 1ndependent of the data bases, the
problem was run using DEQPAK7 data with both the PHREEONE and FO3/ENG
codes. To 1llustrate the'effects on such a simulation of data base
differences, the problem was run a third time using PREPHR data and

the PHREEQE code.
4.3.1 Input

To simulate a reaction path with either code requires that an
initi1al solution composition be specified. That was done here bv
fixing pH=4 and requiring that the codes add Cl~ for electrical
neutrality. Both PHREEOE and EQ3 calculated a final Cl~ molality of
1.0115E-03, thus verifying the proper operation of the routines 1n
each which achieve electro-neutrality by 1on addition or subtraction.

The dissolution of microcline involves no oxidation-reduction

’ reactions. Thus consideration of redox reactions was suppressed 1n

running both codes.
The prohlem specifies consideration of only gibbsite, kaolinite,

and muscovite, i1n addirtion to microcline. Thus quartz (SiNy) an

000973
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additional possible mineral product of microcline dissolution, was
suppressed 1n the EQ6 1nput and not i1ncluded in the MINERALS lnput to
PHREEQE.

‘ The operation of EQ6 1s straightforward. 6Given the 1nitial solu-
tion composition as calculated by EQ3, 1t i1ncrementally adds micro-
cline. After each increment, it checks for solution saturation with

respect to each active (not suppressed, as was quartz) mineral in 1ts

d4ta base. When a supersaturated mineral or minerals are noted, the
last increment size 1s reduced so aé to better define the total quan-
tity of microcline required to feach the phase boundarv. The newlv
saturated mineral 1s then added to the problen defining matrix and.the
amount of microcline solution required for 1ts saturation found
directly by solution of that matrix. From that point, incremental
addition resumes until either another phase houndary 1s reached or the
reacting mineral (here microcline) saturates or 1s exhausted. Thus
EQA both defines and locates phase changes which occur durinps a
reaction path with only the starting solution and reactant species
defined by the user.

PHREEQE, on the other hand, requlres greater user 1lnput to per-
form a reaction path simulation. Like EQ6, PHREEQE calculates the
extent of reaction progress required to reach a given phase boundary,
along with the amount of mass transfer (moles of minerals dissolved or
precipitated) during the reaction and the solution composition at the
phase boundary. Unlike EQ6, though, PHREEQE does not 1tself determinc-
tne mineral assemblages occuring at the phase boundaries crossed dur-
1ng a reaction path simulation, but requires user 1nput to define
these assemblages. A ‘

Test problem 5 in the PHREEQE documentation (Parkhurst,
Thorstensen, and Plummer, 1980) is a simulation of microcline dis-
solution 1n a neutral (pH=7) pure water, and very closely resembles
this test problem, The detailed procedure by which PHREENE 1s used
for reaction path simulations 1s described there and therefore 1s not

repéated here.

4.3.2 Results and Discussion

-This problem was used both for code and for data base compari-

06097 4

sons, and the results of each will be discussed.
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Code Comparison: The results of PHREEOF and E0Q6 simulations usini
DEQPAK7 data are given in table 4-11. The output values listed for

comparison purposes include various 1on molalities, activities and
activity ratios, mineral saturation indices, the extent of reaction
progress (moles of microcline dissolved) and the quantitv of other
mineérals precipitated during the 1ncongruent dissolution. PHREFEOF cal-
culations were made>on1y'for the phase bounda:ieélso onlv EO0O6 results

’

for the intermediate points at even values of reaction progress are

g-1-v-e-N—

The simulation predicts that after l14.4 micromoles ( pmol) of
microcline dissolve congruently, the system becomes saturated with .
respect to gibbsite at point (A). Microcline dissolution 1is now

incongruent:

KAL1Si. O, + H.O + H@ = AL(OH) , skt o+ 3 sio (4.3.1)

378 2 2(aq) .
)

and proceeds until a total of 18.9 pumols microcline have dissolved,
and the system becomeés saturated with kaolinite at point (B).

Incongruent dissolution continues, by the overall reaction:

bs(o“)a + k7 + 1 "0 (4.3.2)

al, Sy 7 "12%Caa)

. +
KAlS1,0, + 2 Al(OH)3 + H = 9

3
378 5

unt1l, when a total of 22.15 ymols microcline have been dissolved,
gibbsite is no longer saturated (C). The continuing reaction 1s now
incongruent only with respect to kaolinite:

KALSi.O. + 1 H.O + H =

. + .
308 : Al_S1 OS(OH)A + K + 2-:510

1
9 % 281, (4.3.3)

2(aq)

After a total of 102.8 pumols microcline dissolution, the solution
becomes saturated also with muscovite (E),, The reaction then
proceeds:

M : 7 = 1 Q9
KA1S1,0, + Al_S1 OS(OH)4 KAl,S1 OlO(OH)Z + 2810

30g 251, 3513 * L0

2(aq) 2
(4.3.4)

unti1l a total of 150.0 umols microcline have dissolved, and the

system reaches equilibrium with the reactant microcline (F).

0GO973
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' ) Table 4-11: PHREEQFE and EQ6 Results for Test Problem 3 With

{
H
. DEQPAK7 Data.
Microcline - log Total Molalacy @
i . dissolved PH log
N +
; 1/ L 3 H
{ CODE SYSTEM STATE — (M moles) K Al $10,
j . EQ6 1.000 -6.0000 -6.0000 -5.5228 4.0169 -1.9882
EQ6 10.000 -5.0000 -5.0000 -4.5229 4.,2038 -0.8019
N EQ6 ‘Rea:h . 14 .443 -4 .8403 -4 .8403 ~4.3632 4.3305 -0.5157
Gibbsite ) (A : )
. PHREEQE Saturation » . 14.365 ~4 8427 -4 .8427 -4.35656 4.3292 -0.519¢4
; EQ6 Reach Kaolinite 18.932 -4.7228 -4.8753 ~4.24957 4.3432 -0.3854
: Continue Gibbsite (8) ’
PHREEQE Saturation 18.931 -4.,7228 -4.8783 =4.2457 4.3421 -0.3866
EQ6 £nd Gibbsite, 22.129 -4.6550 -4.9017 -4 .2455 4.3528 -0.3080
Continue Kaolinite (c)
PHREEQE Saturation 22.176 ~4.6541 -4.9051 -4.2457 4.3518 -0.3081
i EQ6 Cont. Kaolinite Satn (D) 100.000 -4.0000 -9.0286 ~3.6990 5.9243 1.9193
EQ6 Reach Muscovite, 102.827 =3.9879 -8.3070 - -3.6859 7.4137 3.4207
Continue Kaolinite (E) ' .
PHREEQE Saturation 102.820 ) -3.9879 -8.3958 -3.6869 7.64138 1 3.4208
EQb Reach Microcline, 149.958 -3.9852 -8.4735 -3.5230 7.4110 3.4207
Muscovite, Kaolinite (F)
PHREEQE Saturation 149.950 -3.9852 ~8.5622 -3.5230 7.6111 3.4207

1/ Letter tdeat1fres point on Figure 4-1.
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Table 4-11: (Continued)
.3 Precipitated Saturation Indices
Al
log 43. log aSiOZ Mineral (Mmoles)

- H Gibbsite Kaolinite Muscovite Cibbsice Kaolinite Muscovite Microcline
5.9317 -5.5228 -——- -- --- -2.0286 -6.6115 -15.3261 -12.7082
7.4532 -4.5229 .- -- --- -0.5071 -1.5685 -6.5753 -71.0005
7.9603 -4.3632 0.000 -- -——- 0.0000 -0.2350 -4.2890 -5.7283
7.9602 -4 .3656 0.000 -- --- 0.0000 -0.2397 -4.2997 -5.7390
7.9603 -4.2457 5.603 0.002 -—- 0.0000 0.0000 ~3.8061 -5.2454
7.9503 -4 .2457 5.697 0.000 --- 0.0000 0.0000 -3.80173 -5.2455%
7.9603 ~4,2456 0.000 4,794 --- 0.0001 0.0000 ~3.7288 -5.1680
7.9603 -4 .2457 . 0.000 4.868 -—- G.0000 0.0000 -3.7288 -5.1681
7.4137 ~3.6991 ~-- 50.000 -—— -0.5466 0.0000 -1.5014 -1.8475 *
7.54045 ~3.6899 - 51.411 0.000 -0.5558 0.0000 0.0000 -0.32727
7.4047 ~3.6899 -— 51.408 0.000 ~-0.5558 0.0000 0.0000 -0.3278
7.2406 *3.5266 --- 5.25 46 . L8O -0.7197 0.0000 0.0000 0.0000
7.2408 ~3.5261 ~-- 5.245 -0.7196 0.0000 0.0000 €.009%0

46 .486

(T v




- | 6790

70

The agreeﬁent between the two sets Qf results 1n table 4-11 1s
excellent and clecarly demonstrates that both codes are capable of
giving the same results when used .with the same data base. The
largest differences evident are between the A1*3 toral molality

values. As 1n the previous, sea water, test oroblem, these differ-

. . . . . . N~
ences can be attributed to the differing expressions for water

activity 1n the two codes.

:, Data-base Comparison: The phase relationships 1n svstems such

as that being modeled 1n this problem can be conveniently displaved

1n activity-activity diagrams (Helgeson, Brown, and Leeper, 1969).

Figure 4-1 shows stability fields of the minerals considered in this

problem with boundaries calculated using mineral equilibrium data

from both the PREPHR (dashed lines) and DENPAK? (solid lines) data

bases. This figure shows that there are significant differences

between the data bases for these minerals, and that the PREPHR data

predicts a wider range of stability for kaolinite and muscovite than
does the DEQPAK7 data.

The positions of the several points calculated during the .

reaction path simulations are also shown on figure 4-1. The points

labeled A through F were calculated by the PHREEQOE and F06 simula-

tions using DEQPAK7 data and are given in tahle 4-11. The coinci-
dence of points B and C with the hand-calculated gibbsite-kaolinite

phase boundary, of E with the kaolinite-muscovite boundary, and of F

with the kaolinite, muscovite, microcline triple point provides veri-
fication that the phase boundary location portions of both codes are

operating correctly.

The differences between PREPHR and NDENPAK7 data which give rise

to the two sets of phase boundaries in figure 4-1 also cause dif-

. . )
fterences 1n the amount of reaction progress and mass transfer calcu-

lated and 1an the reaction path itself when each is used

modeling. The

1n simulation
results of simulating microcline dissolution usine

PHREEQE and PREPHR data, are given in table 4-12 and are considerahly

different from those from using PHREEOE andd DEOPAK? data shown 1n

.-fzm—»——tabie'A*Tlf“éﬁa'répéated in part in table 4-12.

In the PREPHR based simulation, the system never becomes satur-

ated with gibbsite, but

instead reaches kaolinite saturation after

9.2 umols microcline have dissolved at point (1). TIncongruent solu-

0CON7YS
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Figure 4-1: Variation of Iron and Uranium Chemistry.With Reactions Progress 1in

Test Problem 4. Letters Correspond to Points Described in Table 4-15.

QGO9I¢I




6790

72

e

k\‘
cj-y aan814 Ut sauT0ed AJTIUAPL SIIQUNU puek AN \M
C:_u%hjuxm
0000°0 0000°0 SEIn0- S100°2- €007 ¢~ 7L90°9 [4: T4 2n4 77LE" 8 8L 91T (7)) ERRRAIEEAL YHdIYd
.v:__u:uu_z“:ue:z
._9_u“m._._g_uv
(615 0- 0000° 0 000" 0 9112 0-  wE87'€ 9LL¢"9 0807 % 129¢° % 8BL7RGL (L) PAITAVISHE dadiILeg AHdINd
Mtutjoey puy
1
| m.w ::_,__“,.u::\..u,
0000°0- 0000°0 0000°0 961¢L 1~ 19267 ¢4 007T° ¢ Lot ¢ tlint 06 671 (4) Piturjoey ‘d11a02sNK INV4044Q
fAUTO000 1| YaeNy
RLIL 0= 0000° 0 0000° 0 BGGS 0~ 6689 €~ t90n° L g0t € el ¢ 0zg ol (3) RALRIRE R RARL AN LAV a0
. PuLioey snurwe)
966670~ 0000’0 0000°0 (ees - L9 ¢~ 7sTs’9 0807 % 9¢ L8 LLS 601 (2) DPITACISNR Yoey YHdINJ
. . . . . . . . . EAARLERAR LA .
066" (- 6092° 6~ 0000° 0 0LL£9 0~ 0866 " 7- 12177 ¢ 6268°0- 6L81° " (X2 AN (@] arturjory yovay ¥YHA3dd
H
Autyanacy Ar1A0dSNK drtutjoe 2311684Qt H :
utryoo W 1A W 10e% Qq1'o . omm L nd (sojow J\V \.ﬂ_”.:.<.~.m W18 AS mec
S421AGNT NO11VHNILYS oS, 30 v %01 3 %o panjossip
£ e ‘e
. ....:——,J;._U_t

0 o e Yt PN IR PASACBIWATINN § 5 e

YTy = *

|

vy e 4 ot ¢

T0EFuHd UT ©aed [Mvd0dd Pu®e ¥yHddd¥d yaog 3ursq SITNS3Y ¢ wd1qoid 3ISIL 1T~ °TqelL

_

0C0NED




“6790

73

tion begins according to reaction 4.3.3 and continues until, after
109.6 umols microcline have dissolved, the solution becomes saturated
with muscovite as well point (2). This 1s the same stage of reaction
progress as point (E) of the DEQPAK7 based simulation, although
because of the data base difference, E was reached after 102.8 ypmol
microcline dissolution and corresponds to a different aqueous phase

composition, as shown i1n Table 4-12 and Figure 4-1.

From point (2), 1incongruent dissolution continues according to
reaction 4.3.4, until, when 168.8 pmol microcline have dissolved,.
kaolinite 1s no 1ongerAsaturated (3). This is a significant
departurée from the DEQPAK7 based simulation in which the reaction
ended at saturation after dissolution of only 150.0 pmol microéline.

Dissolution 1incongruent with respect to muscovite continues from
point 3.

+

KAlS1.,0, + K + 2 S10

2 H =
378 T

KA13SL3010(0H)2 +

% 2(aq)(4.3.5)

1
3

until a total of 216.8 jumol microcline have dissolved at which pcint
the solution reéches saturation with respect to microcline and the
reaction stops at point (4).

As Table 4-12 shows, the compositions of the aqueous phase cal-
culated at microcline saturations from the two data bases are quilte
different. The_difference is also shown on Figure 4-! where both

sets of reaction simulation points are plotted on the phase diagram.
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4.4 TEST PROBLEM 4: REDUCE AN OXYGENATED, CALCITE AND HEMATITE
SATURATED SOLUTILON BY ADDING METHANE.

The previous test problem 1llustrated the ability of each code
to simulate an 1ncongruent mineral dissolution path which did not
1nvolve redox reactions. Redox reactions are particularly difficult

to simulate because of the occurrence of very large changes 1in

R

TG 2 Dadeeben . Vo

oxi-datiron—state—(described as fp, or pe, for example) as one

redox specles galns dominance over anothecr.

A This problem has been designed to demonstrate the ability of
each code to simulate reaction paths which 1nclude redox reactions,
and was chosen less for 1ts resemblance to any real problem the codes
might face than for the radical oxidation state changes it demands.
The problem 1s 1n several steps:

o Simulate a starting solution saturated with respect to
calcite '(CaCO3) and hematite (Fep03), and with fixed
sodium, urantum, sulfate, and chloride conceatrations.
Thié solution 1s open to a gas phase with fixed partial
pressures of 0y and COy.

o] The starting solution, now' ' no longer open to the 05 and
CO0y containing gas phase, 1s reduced bv the addition of
methane (CH,) to it. MNuring this reduction, the solution
maintains saturation with calcite. The system is assumed
to contain 0.1 mmol hematite per kilogram water, and the
solution stays 1n equilibrium with that hematite until it
has entirely dissolved. Finally, it 1s assumed that the
minerals uraninite (UOy) and pyrite (FeSy) will
precipitate should the solution become supersaturated with

respect to them.

4.4.1 Input: Starting Solution

The 1nitial solution was specified by combining fixed input

molalities of some dissolved species with_mineral -equilibria—control—""

on others and gas partial-pressure specifications on the remainder.

The solution pH was also calculated to satisfy electroneutrality.

0GHIAR™
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Input 1n this form 1llustrates the ability of the solution speciation
routine 1n PHREEQE and i1n EQ3 to accept various types of input data.
Table 4-13 shows the 1nput data used and relates the mineral and
gas equilibria to the speclies they define. For EN3, only these data
"(plus a starting estimated pH of 7.4) were required to directly
simulate the starting solution. With PHREEQE,{additional requlred

starting estimates were taken as: pH=7.4; pe=13.2; calcium=1.5 E-03

and total carbonate=3.0 E-03.

4.4 ,2 Results: Starting Solution

The starting solution composition calculated by each code 1is
given 1n Table 4-14, and other properties of this éolutipn in the
first two lines of Table 4-15. No differences between their results
exceed 0.004 lbg units, an error far smaller than likely to be
aésociated'with any thermodynamic data set or water analvsis. These
results show the ability of both codes to simulate solution
compositions given mineral equilibria and gas partial pressure

constraints, and to adjust pH for electroneutrality.

4.4.3 Input: Reaction Simulation

Reaction path simulation using PHREEQE requires that points of
inte?est alonz the path be specified by the user, following which,
the code calculates the amount of mass transfer in the system from
polint to point along the path,. It 1s therefore necessary to describe
here the logic by which the reaction path was specified.

The starting solution is‘oxidizing, by virtue of i1ts exposure to
an oxygen-bearing gas phase. The reactant, methane, 1s reducing and
will tend to lower the oxidation potential of the solution as it is
added. The reaction by which methane 1s oxidized, and hence reduces

N

other species 1n solution can be written:
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Table 4-13: Initial Solution for Test Problem 4.
Species Specified by:

Sodium Input at 7.0 £-03 molal
Calcium . Calcite (Caf03) saturation
“Iron Hematite (Fey03) saturation

Uranium ’ ‘ Input at 4.0 E-05 molal
Carbonate Input Ppgy of 0.0) atmosphere
- Sulfate input at 1.0 E-03 molal
Chloride : Input at 5.0 FE-03 molal
Hydrogen (pH) Solution electroneutrality
Oxygen (pE) Input P02 of 0.2 atmosphere

0GONES
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Table 4-14: Calculated Compositions of Initial

Solution for Test Problem 4 using EO3

and PHREEQE with DEQPAK7 DNata.

EQ3 PHREEQE
Sodium* (log molality) - 2.155 - 2,155
Calcium (log molality) - 2.752 - 2.748
Iron (log molality) ~-16.304 -16.304
Uranium* (log molality) - = 4,398 - 4.398
Carbonate (log molality) | - 2.415 - 2,411
Sulfate* (log molality) ~3.000 -.3.000
Chloridex  (log molality) - 2.301 - 2.301
pH (units) 7.312 7.316
pe (units) 13.289 13.285
Tlonic Strength (molality) 0.0128 _ 0.0128
Pco * (atmospheres) 0.010 0.010
Poz* (atmospheres) . 0.200 0.200
Dissolved 0, (logp molality) - 3.599 - 3.598 ~

* Values fixed by 1input.

0CGODES
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cH, +*3n20 = co; + 10HT + Be (4.6.1)

In addition to dissolved oxygen, the solution contains uranium,
iron and sulfate which may also undergo redox reactions within the
range of conditions found in natural waters. To gpecify the reaction
path, 1t 1s necessary to decide:

1)

‘ . . . ______.——._-.-————‘-—_-—
the_order—in—which—dissolved elements will be reduced by

e ——

the added methane; and

ii) whether, as a result of solution reduction, mineral phases
will become saturated which, by theilr precipitation, will
constrain the concentration of the solution.

The reduction reactions effecting oxygen, sulfate, iron, and

uranium are:

0, *+ 4nt o+ 4e” = 2H,0 | (4.4.2)
so;2 T S 4H 0 (4.4.3)
Fetd 4 e'»_'= vet? ' (6.6.6)
uozz + 40T+ 2 = TR 24,0 | (4.4.5)

Minerals 1ikely to be importaat lun the system 1include:

Uraninite (UOD;), for which precipitation reactions can be

written:

vol? + 2¢7 = (4.4.6)
9 e = UO2

1A
U + 2H.0 = UQ, + 4H (4.4.7)

! "Pyrite (FeSj;), for which precipitation reactions can be

written:
B ‘m+"_'<’ﬁl- T '-4‘
; CFet s zsoa2 + 168 + 15e = Fes, + 81,0 (4.4,8)
: +2 -2 + ’ - .
P : Fe + 280, + 16H + lbde = TFeS, + 84,0 (4.46.9)

} | 000988
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The oxidized species first attacked hy the added methane will he >
di1ssolved oxygen, because with 1t 1s associated the highest oxidation
potential of any of the reactions 4.4.2 through 4.4.9. (Stumm and
Morgan, 1981, Chapt. 7; Garrels and Christ, 1965). BRefore the oxida-
tion potential of the system can drop 1nto the region where the other
reactions can become active, the 1nitial 0.252 mmols of dissolved

09 pfesent (table 4-15) must be reduced. According to reaction

4.4.2, this will require 4%0.252=1.008 mmol e, which would be
supplied by the oxidation of 1,008/8=0,126 mmol of methane by
reaction 4.4.1, . A .

The first reaction step with the PHREFRQE siﬁulation was
therefore to add 0.126 mmol methane to the initial solution.
Properties of the resulting solution are shown in Table 4-15 and in
Figure 4-2. This solution 1s very little different from the 1nitial

solution, except for 1ts much lower dissolved oxygen content.
’ p yea

Additlon of less than 1076 mol methahe to qhis solution will

-entirely deplete 1ts dissolved oxygen thus shifting solution

oxidation state control to one of the mineral precipitation reactions
L.4h.6 or 4.4.8.

Because the uraninite saturation index (-22, Table 4-15) 1is
considerably closer to zero (saturation) than that of pyrite (-238),
1t 1s not unreasonable to assume that uraninite saturatlion occurs
next 1a the reaction path, The next simulation step was therefore to
calculate the amount of methane addition required to reach uraninite
saturation, This required 1.8E-07 moles of methane, for‘a total of
0.12618 mmol methane to reduce the i1niti1al solution to the point of
uraninite saturattion.

Properties of the solution at ‘the first point of uraaninite
saturation (A) are given in Tahle 4-15 and in Fipure 4-2, Compari-
son of these results with those of the previous point on the reaction
path 1llustrate the large changes 1n solution property values which
can accompany small steps 1n reaction progress La systems where redox
reactions are occurring. Here, for example, a change 1n reaction
progress- of--less than—2E-07--moles -leads to -a~pe change of over 11~ 7777

units (a dissolved oxygen change of 1044), a change 1Ln

060NS7
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U()fz‘/u""4 ratio of 1023 bv reaction 4.4.5, a pyrite

saturation index change of +167, and so forth. . The abi1lity of

PHREEQE to track very sharp changes i1n solution state 1is thus
demonstrated. ’

The assumption that uraninite saturates at a lower value of

reaction progress than pyrite 1s also justified by the results at

this step. As shown 1n table 4-15, at the first point of uraninite

saturatiron, pyrite remalns undersaturated, with a saturation index of
-72.

wWwith continuing methane addition, the solution will become more
reducing and the next change in reaction path will occur at the point
of pyrite saturation. As the next step in the simulation, the amount

of methane needed to reduce the uraninite saturated solution to the

SO WOV S

point of pyrite saturation was calculated. 1.00 E-05 moles are

required for a total of 0.1362 mmol methane added so far in the

sitmulation.
- The solution properties at the first point of pvrite saturation

(B) are shown in Table 4-15 and Figure 4-2, The solution here has a

Jlower oxidation potential (pe = -3.2) than at the previously -

simulated point of first uraninite precipitation (pe = 1.6), and so
+ the equilibrium proportions of the redox reactions 4.4.1 through

4.4.5 have shi1fted toward the reduced species with the resulting
lowering 1n the ratios of oxidized to reduced species given in Table
4.4.3. With the change in dominant uranium species from oxidized to
reduced, the total dissolved uranium content decreases as uraninite
precipitates. Likewise, the total iron content increases bécause of
the 1ncreasing ability of hematite to dissolve:

Fe,0, + 6" + 2¢” = 2re’? + 3H,0 . (4.64.10)

+2 S . . . . .
as Fe stability in the solution 1ncreases. Because pyrite 1s an
+2 . . . . A
Fe "-bearing solid, however, the total iron dissolved content stops

increasing when pyrite saturates.

The system 1s now poised at the point where, as methane 1s . _.

‘added, hematite dissolves by such a reaction as 4.4.10, while pvrite

precipitates by such a reaction as 4.4.9, This process wil! continue

| | o 000088
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Table.4-15: Comparison of PHREEQE and EQ6 ReSults'for Test
" Problem 4.

Extuent "ot Dis-

Total
Reaction svulved

1/ yron

CODE SYSTEM STATE — (mitlhimoles oxygen (log
cH, added) pH ‘ne (log molsi mols)
£Q3 . Starting solution: Zalecite and -0- 7.312 13.289 - 13.599 -16.30¢

Hematite saturated at
PHREEQE - P =0.01 atm, P, =0.02 atm -0- 7.316 . 13.285 - 3.598 -16.304
CO2 02
PHREEQE Exhaust 1niti1al dissolved 02 0.126 1.279 12.633 - $.35% -16.299
PHREEQE *  Uraninite saturates; continuing , ., 0.1262 7.279 1.608 -50.4 -12.342
£Q6 calcite, hematite sataration 77 p.1284 7.274 1.550  -50.7 -12.278
EQ6 Pyrite saturates; saturated (8) 0.1358 1.269 -73.201 -69.7 - 71.511
PHREFQE calcite, hematite, uraninite 0.1362 7.272 - 3.205 ->60 - 7.510
PHREFQE Intermediate point 0.5362 7.327 - 3.29%  ->80 - 7.594
{
EOkL [ntermediate poivnt 0.5C00 7U338 - 3,314 -69.9 - 7.61¢
EQ% Mematite vxhausted; saturation ) 0.3i07 1.340 - 3.4 -70.0 - 1.982
PHREEQE with calcite, uraoinite, pyrite 0.5112 7.343 - 3322 ->60 - 7.617
EQF End of simul 1.2000 _7.380 - 4,227 -73.6 -17.528
puRegge 4 of steuiation : 12112 7.384 - 4,236 ->60 -17.590
'/ Letters rafer to points in Sipure -2,
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Table 4-15: (Continued).
tog Totatl log log tug :
mola‘l;(y uranium molaln;y molaluy’ molnlnf: Aaturation Iadox: Card
( &— ) (lug UOZ Tot €0 Tou 30 Wema- Urany- Numbers 1o
F‘~'2 mots) ( R Vol ) (--—"-_"“)
N U L Tot 5 ° tite mite Pyrite Faigure 13-1
7.83 - 4,398 29.36 151, 139, J. - 23, -248.
f
1
; 7.80 - 4,398 29 .40 260 260 "~ 0. - 23. -248. 1-32
.10 - 4.398 29.00 >60 >69 0. - 22. -238. 33-45
-3.93 - 4,398 6.01 2% A L .76 0. 0., - 72. 46-58
-4.02 - 4,529 5.89 47.23 ] 0. 0. - 71.
-8.77 -10.422 - 1.60 9.18 5.21 0 0. 0
-8.78 -10.418 - 3.60 9.17 6.20 9] 0. 0 59-73
-8.50 -10.36¢ - 3.7 8 .94 5.97 2l 0. 0 714-90
-4.68 -10.355 - 3. 3.33 .93 } V] 0.
-§.70 -10.353 - J.80 3.65 R 5] 0. - 1
-3.68 ~10.350 - Y.L 3. 35 3.9 9 . 0 1L-90
-9.46 -10.1355 - 5.48 .59 ). Ly - Q) G.
-9.45 -10.350 - 5.49 1,56 1.%0 =22 0. 91-105
:
|
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Figure 4-2: Activity Diagram for Gibbsite, Kaolinite, Muscovite and Microcline at

25 C. Dashed Lines PREPHR data; Solid Lines from DEQPAK7 data.

Letters and numbers correspond to points in Tables 4~-11 and 4-12.
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until the 0.1 mmol hematite per kilogram solution specified in the
problem description has been dissolved. The point of hematite
exhaustion becomes the next one of change on the reaction path (C).
An overall reaction describing coupled hematite dissolution and
pyrite precipitation can be written by combining reactions 4.4.9 and

4.4.10:

2

Fe, 04

& =

+ 4307
&

2 2

+ 3857 + 306l = 2FeSs—+—19H;0 (667D

Thus, to dissolve 0.1 mmol hematite will require 3.0 m mol e~”, 1f
tnese are supplied by reaction 4.4.1, 3.0/8=0.375 mmol methane will
be needed.

The next calculation was then to simulate the mass transfer and
solution composition resulting from the addition of 0.375 mmol
methane to the calcite, uraninite, hematite, and pyrite saturated
solution. Properties of this solution - to which a totéf of 0.5112
mmol methane have been added - are given in table 4-15, along with
the properties of a solution to which an intermediate 0.4362 mmol
methane were added. In spite of a relatively large methane addition,
the solution properties change very little in this range hecause of
the redox poising effect of the hematite-pvrite mineral pair.

The remaining simulation is to show the effects of continued

methane additicn to the system now no longer saturated with hematite.

There 1s a gentle decrease in pe accompanying a decreased ratio of

oxidized to reduced species concentrations. Recause of uraninite

saturation, the uranium content remains essentially constant, In the
absence of dissolving hematite, the total iron content decreases as |
more pyrite precipitapes due to 1ncreasing reduced sulfur (total
$S72) concentrations.

To simulate the bhehavior of this svstem with FQ54 does not
require the definition of each point of interest on the reaction
path, but only of the starting system descciption. That is, the ENG

simulation required only the definition of the initial solution-from
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the EQ3 run previously described, the specification that calcite and
0.1 mmol hematite were available as reactants, and that the reaction
bath would consist of the addition of a total of 1.2 mmol methane.
With this input, the code 1tself determines what phases saturate or
become exhausted, and at what values of reaction progress these

system changes occur,

444 Results: Reaction simulation.

EQ6 simulation results are given in.Table 4-15 and shown on
Figure 4-2. These resulﬁs are in excellent agreement with those of
the PHREEQE simulation 1n terms both of the extents of methane
addition required to reach the several phase boundaries, and of the
calculated prdperties of the solutions at the boundaries aﬁd
intermediate points. This agreement provides verification by
code-to-code comparison of both the PHREEOE and EQ6 codes abilities
to simulate reaction paths in systems including oxidation-reduction

reactions.

000993
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4.5 TEST PROBLEM 5: CARRONATE AQUIFER DEDOLNMITIZATION RY GYPSUM
SOLUTION WITH INCREASING TEMPERATURE.

The water in carbonate (limestone) aquifers 1s frequently
saturated with respect to the minerals calcite (CaC03) and dolomite

(CaMg(CO3)p). Certain carbonate aquifers also contain

4

SRR, Gl e

,
TGRS

3

TR B,

-~ startang--solutl

disseminated gypsum (CaS0,.2H70). As the gypsum dissolves in the
calcite-and dolomite-saturated solution, calcite precipitates which in
turn leads to dolomite solution. As the dolomite originally present
in the formation 1s replaced by calcite, the aquifer 1s said to have

been dedolomitized. The overall reaction bv which thls occurs can be

written:
Gypsum + Dolomite = 2 Calcite + Solution (4.5.1)
N +2
C . } =
aso4 zuzo + CaMg(co3)2 2 CaCO,+ Mg(aq) +
-2
59 (aq) + 2 H,0 (4.5.2)

2

Dedolomitization frequently occurs with 1ncreasing denth in
carbonate ‘aquifers. As increasing depth is accompanied by 1ncreasing
temperature, to simulate a natural dedolomitizing system requires that
both the gypsum solution reaction and the accompanyiag temoéracUre
lncrease be simulated. This problem 1llustrates and compares the
temperature changing capabilities of PHREEQE and E03/6 and also serves
as. an additional example of their reaction simulation capacitiles.

Like Problem 4, this simulation 1s 1n two steps:

° Simulate a starting solution saturated with resnect to

calcite and dolomite and at a fixed partial pressure of
C09; and \
' Simulate the reactions which accompanv the addition of

gypsum with an accompanying temperature 1lncrease to the

n - e

[
©
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Three simulations were run and the results are given here. The
EQ3/E06H codes and PHREENE were run with the DEOPAK7 data set to
1llustrate code comparability. In éddition, PHREEOR was run with the
PREPHR data set to illustrate the effects of thermodynamic data base

changes on the results of this problem.

4,51 Input

The starting solution composition'was specified by comhinin}-
fixed input molalities of some dissolved species with mineral equi-
libria control on others and gas partial pressure specifications on
the remarnder. The solution pH was calculated by the codes 1n order
to satisfy electroneutrality. Table 4-16 shows the itnput data used
and relates the mineral and gas equilibria to the dissolved species =
they define.

No oxidation-reduction reactions are involved in the gypsum
solution process being simulated so consideration of redox processes
in the reaction simulations of EQ6 and PHREEQE were surpressed. For
purposes of calculating the initial solutioﬁ, though, a pe of 4.0 was
specified; An initial solution pH estimate was also reauired and the
value 7.0 was used both for EQ3 and PHREEQE,

The reaction path simulated began with the initital solution at
25 C and considered gypsum dissolution at a rate such that when 10
mmol gvpsum had dissolved, a temperature of 75 C would have bheen
reached. This was specified directly 1n the 1nput to PHREEROE by
making use of the "STEPS" and "TEMP'" 1input options. For E06 it was

specified by making temperature a function of reactlon nrogress (X1):
t (Celsius) = 25.0 + 5.0 E+03 * XI (moles) (4.5.3)

Using EQ6, the simulation was continued using the same tempera-

ture rise equation until gypsum saturation occurred 1n the solution

_and_beyond to determine the temperature at which gypsum and anhydrite

‘ . L ) . . ST o
(Cas0,) were in equilibrium. In PHREEQE, 1t 1s not possible to
make temperature change a function of reaction progress in such a way

that the code can be used to find a temperature at which a specified

000995
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Initial Solution for Test Problem §S.

s W g ¥ e

o L

SPECIES SPECIFIED RY
Sodium Input at 1.0 E-03 molal
Calcium Calcite (CaC0j3) saturation

Magnesium
Carbonate
Sulfate

Chloride

Hydrogen (pH)

Oxvgen (pe)

Dolomite»(CaMé(CO3)2) saturation
Input PCO2 = 0.01 atmosphere

Input at 1.0 E-10 molal

Input at 1.0 E-03 molal

Solution electroneutraiity

Input pe = 4.0, Redox reactions not

considered duriag reaction
simulation

0G0936
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equilibrium occurs. Thus, Eoliowing the tnitial addition of 10 mmol
gypsum and tehperaturé rise to 75 C the PHREEOF simulation continued
at a fixed temperature of 75 C to gypsum saturation. This portion of
the reaction simulation in both codes is described in greater detail

1n the following section.

4—5-+2—  Re-ssults—and_Discuss.ion

The 1nitial solution compositiéns calculated from the input’ .
described in the preceeding section are given 1in Table 4-17. The
first two columns of numbhers in this table were calculated by EQ3 and
PHREEQE using the DEQPAX7 data set. As was theycase 1n the earlier
test problems, when used with i1dentical data sets, both codes give
1dentical results. _ |
b The third column contains the results of PHREEOE calculations
using the PREPHR.data base. These results differ significaﬁtly from
‘those achievéd using the DEQPAK7 data base. To explore £hese
differences further, the values of the equilibrium constants for the
dissolution Treactions of four minerals 1mportant inAcontrolling the
solution composition 1n this test problem are shown in Table 4-18.
The minerals controlling the initial solution composition are calcite
and dolomite. As this table shows the values for loé Kealecite
differ by only 0.05 log units at 25 C, but the values for log
Kdolomlté differ by more than a full log unit. This 1s
treflected in the differeaces in the compositions calculated using the
two data sets and shown 1n Table 4-17. The largest differences 1n
solution composiﬁion between the DEQPAX7 and PéEPHR results are 1n
the mggnesium concentration which directly reflects differences 1in
equilibrium constant values for dolomite. Calcium, carbonate, and pH
are also effected by dolomite dissolution and values for these
parameters, too, differ between the two data sets, although not as
much as the magnesium difference.

EQ6 and PHREEQE were used to simulate the solution of gypsum

with an accompanylng temperature rise in this initilal solution; —As
gypsum goes into solution it is accompanied by the precipitation of a

certain amount of calcite and the dissolution of a certain amount of -

Q008097
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Calculated Compositions of Initial

Solutions for Test Problem 5 Using EQ3

with DEQPAK7 Data and Using PHREEQE

with both DEQOPAK7 and PREPHR Data.

) DATA SET: DEOPAK7Y PREPHR
| CONSTITUENT
CODE: EQ3 PHREEQE

Sodium¥* (log molality) 3.000 - 3.000 - 3.000
Calcium - (log molality) 2.822 - 2.822 - 2.946
Magnesium (log molality) 3.845 - 3.845 - 3.017
Total Carbonate (log molality) 2.662 | - 2.442 | - 2.346
Sulfate* (log molality)] -10.000| -10.000 —10.600
Chloride* (log molality) 3.000 | - 3.000 | - 3.000
pH (units) 7.307 7.307 7.392
pe (units) 4.000 4.000 4.000
Ionic Strength / (moles) 0.0058 0.0058 0.0071
Pcoz* (atmospheres) 0.010 | 0.010 0.010
Gypsum Saturation Index 8.336 | - 8.337 | - 8.493
Anhydrite Saturation Index 8.921 - 8.922 - 8.704
Calcite Saturation Index* 0.000 0.000 0.000
Dolomite Saturation Index* 0.000 0.000 0.000
Temperature (Celsiusg)* 25.0 25.0 25.0

* Values

fixed by

input

003998
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Table 4-18: Log K Values of Minerals C&ntrolling
Solution Composition in Test Problem §S.

log Kdissolution

_ Temp .. DEQPAK7 PRF.PYR
Mineral (Celsi )

€ S}us Data Data
Calcite 25 - 8.525 - B.475
(CaCOB) A 75 - 9.117 - 9.035
Dolomite 25 -18.061 -17.020
(CaMg(cO,),) 75 -19.497 -17.893
Gypsum 25 - 4.850 - 4.848
(CaSOa-ZHZO) 75 - 4.984 - 4,820
Anhvdrite 25 - 4,265 - 4 .6137
(CaSOa) 75 - 4,954 - 5.034

Q0ON99
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Table 4-19T Calculated Mass Transfer and Solution Composition from

Gypsum Dissolution and Temperature Rise from EQ6 with
DEQPAK7 Data and by PHREEQE with Both DEQPAK7 and
PREPHR Data.

Cypsum Saturation Mass )
Dis- Index Transfer Temper-
. sulved ) (mmol) ature
JATA ( mmOL) Gypsum Anhy- Calzite Dolo-
Sek2 SET . drite mite (Celsius)
Q2 DEQ2AK7 0.0 -8.336 -8.9121 3. 0. 25.00
PHRIIAT DEQPAKY Imitiral Solutica 0.0 -8.337 -8.922 0. 0. 25.00
PHRIZINT  PRESHR [nitial Solution 0.0 -8.493 -8.704 0. 0. 25.00
£0Q5 DEQPAKY 5.000 -0.405 -0.716 - 1.024 0.284 50.00
PHRREZIDT DZQPAK)? 5.000 -0.405 -0.716 - 1.026 0.284  50.00
PHRIZQL PREPHR 5.000 -0.546 -0.628 - %.300 1.931 50.00
Q5 DEQPAKT? 10.000 -0.019 ~0.042 - 2.001 0.596 75.00
PHITIND  pIorakd 10.000 -0.012 - -0.042 - 2.003 0.597 75.00
PRRELLL PrIven 10.000  -0.474 -0.251 -1!.290 5.616  75.00
=04 DERAKT Gypsum 10.209 0.00¢ ~-0.030 - 2.0%6 0.611 76.05
PHRIIGI DEQ?:X Saturation 10.227 9.000 ~ -0.030 - 2.039 0.613 75.00
Zin DEP AN Anhydrite-Gypsum Saca. 10.557 0.000 0.¢00 - 2.059 0.5t1 717.718
PREIZIQL  PRIPHR Adbhvdrite Saturation  16.345 -0.214 0.000 -19.307 9.233  75.00
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Table 4=19: (Continued)™
Total
log molality:
rH
Ca Mg €04 S0,
7.323 -2.822  -3.845 -2.442  -10.000
7.307 -2.822 -3.845 -2.442  -10.000
-2.946 -3.017 -2.346 -10.000
5.715 -2.239  -3.370 -2.501 - 2.301
6.715 -2.239  -3.370  -2.501 - 2.30l
L3723 -2.424 -2.539 -2.390 - 2.301
5,385 -1.996 -3.131 -2.552 - 2.000
5325 -1.996  -3.131 -2.552 - 2.000
5.333 -2.323 -2.182  -2.426 - 2.000
~.373 -1.988  -3.122 -2.55¢ - 1.991
5,333 -1.987  -3.121  -2.552 1.990
5.353 -1.991  -3.123  -2.557 - 1.993
5.37% S2.130 -1.994 -2.43:2 - 1.78)
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dolomite. The amount of calcite and dolomite mass transfer accomp-
anving the dissolution of varving amounts of gypsum together with the
solution compositions which result at the reaction steps listed are
shown 1n Table 4-19. As before, calculations were made using fhe
DEQPAK?7 data base with both the EQ6 and PHREEQE codes and with the
PREPHR data base and the PHREEQE code, When_used _with_theDNEORAK

1

e et e s i+ e e

data set, both codes give essentially 1dentical results at the points
where 5 and 10 mmol of gypsum have been dissolved and show, for
example, that 10 mmol of gypsum solution are accompanied by 2.0 mmol
of calcite precipitaﬁion and 0.6 mmol of dolomite dissolution. At
this point also, the gypsum saturation index is less than -0.02
showing that gypsum 1s nearly saturated. |

The results of the PHREEQE simulation using the PREPHR data base
to the same point of 10 mmol of gypsum solution give quite different
results., As Table 4-19 shows, the simulation with this data base has
11.2 mmol of calcite precipitating and 5.6 mmol of dolomite dissolv-
ing and results in a solution with a gypsum saturation index of -0.5

far removed from gypsum saturation. The differences between the

"amount of calcite and dolomite mass transfer calculated using each of

the two data sets are iarge and 1llustrate the fact that data set
differences may give rlse not only to differences in solution
compositions but to differences 1n calculated mass transfer amounts
as well.

Following reaction to the specified pornt of 10 mmol gypsum
solution at 75 C, the EQ6 simulation continued with gvpsum addition
and temperature rise according to equation (4.5.3) until the solution
became saturated with gypsum. As Table 4-19 shows, this required
reaction progress of 10.209 mmol and reached a temperature of
76.05 C.

In the constant temperature EQ6 simulations of the previous
problems,Awhen a reactant saturated, the simulation stopped. In this

problem, temperature also varies with reaction progress and 1s there-

fore a dependent variable. Thus, the simulation continued even after
the reactant gypsum first saturated.: The next point of interest on
the reaction path occurred at 10.557 mmol of reaction progress at a
temperature of 77.785 C when the solution also become saturated with

the mineral anhydrite .(_CéSOA). ' 000:02
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The temperature at which gypsum and anhydrite are in equilibrium
can be calculated manually from the equilibrium constants for the two
minerals giyen 1n the NDEQPAK7 daia set . These calculations yield an
equilibration temperature of 77.785 C. This 1s the same as that
calculated by the EQ6 code and thus, serves to verify the correct

operation of the temperature changing portions of that code.

The structure of the PHREEQE code 1s not such that temperature

.can be treated as a dependent variahble and found as the result of a

code operation. A solution such as the one described here 1f 1n
equilibrium with both gypsum and anhydrite is constrained by the
phase rule to exist only at cne temperature. Thus, to PHREEOE, which
accepts only arbitrary, externally set temperatures, a solution in
which both anhvdrite and gypsum are saturated 1s 1n apparent
violation of tﬁe phase rule and cannot be treated.

For additional points of comparison among the data set and code
combinations, the PHREEQE simulations were coatinued at an arbitrary
temperature of 75 € until the first of either gypsum or anhydrite
saturation occurred. As Table 4-19 shows, with the DEQPAK7 data set,
gypsum saturation occurred after dissolution of 10,227 mmol,
essentially the same value as calculated by EQB but at sliehtly

different temperature because of the difference in the manner 1in

‘which the two codes treat temperature.

With the PREPHR data set however, anhvdrite first saturated
after 16.345 mmol gypsum had dissolved. This 1s a further 1llustra-
tion of the verv great differences 1in reaction path simulations which

may be brought about by differences in thermodynamic data.

000103
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5 SUMMARY AND CONCLUSIONS

)

Geochemical processes will profoundly 1nfluence the behavior of

nuclear waste repositories. Thus, models to quantitatively estimate
the extent of geochemical effects on repository performance are

included within the SCEPTER Package. After describing the criteria

for geochemical model selection and the application of zeochemical

models—toperformance assessment, this report discusses the models
selected in terms of their conceptual hasis and thermodynamic data
requirements. The report fﬁrther describes five code comparison and
verification problems which were posed and solved in order to provide
code verification and to illustrate the operating features of the
Acodes. User manuals for the codes are presented 1n separate reports,

(INTERA, 1982a,b).

Two computer codes were selected for inclusion in the SCEPTER
q Package following a careful review of the literature on the .
state-of-the-art of geochemical modeling. The codes selected are:
. PHREEQE- (Parkhurst, Thorstenson, and Plummer, 1980)
A 12-Jan-1981 version, modified slightly to meet
SCEPTER requirements; and
® EQ3/EQ6-(Wolery 1979) E03.3015U19, 9-Apr-1981 and
EQ5.3015U93, 28-Mar-1981 versions.

for the selection of these codes .included:

.Criterta
) The generality of the coded aleorithms
. The non-proprietary nature of the codes and their feneral

availlability

° Their ease 1n portabilitv from one computation svstem to
another
‘ ® Their operating efficiency
. The need for one code to 1nclude the capability, at least

1n principle, to handle reaction rates and solid
solutions.
Geochemical models will be applied in the areas of:

. Far-Field Performance Assessment -~ In—this-area—the focas

1s on the ground-water transport of radionuclides.

s
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"This requires knowledge of the retardation of nuclideg
which may result from geochemical reactions between
the moving solution and the stationary aquifer frame-
work., In most transport models, the solid- solution .
interaction is described by a simple linear isotherm,
While this 1sotherm 1s often taken to result from the

operation of sorption processes, 1t 1s 1n fact deter-

mined by all of the chemical reactions which may occur
between fluid and solid phases and among the several
solid phases themselves. Geochemical modeling -in
Far-Field Performance Assessﬁent 1s used to simulate
these reactions in order to realistically evaluate the
mass partition and retardation coefficients required
for transport calculations.

Near-Field ?erformance Assessment - Concerns of the Near-
Field include processes operating 1n the repository
itself and 1anfluencing the behavior of the waste
package. Within the repository, the same sort of

, transport caICUlét;ons will be required as are needed
for Far-Field Performance Assessment and geochemical
models will be required there as well to estimate
valueg of mass partition coefficients. Geochemical
influences on the waste package are 1n the areas of
cannister corrosion, nuclide leach rate from the waste
form, and nuclide transport through the back-fill.
Geochemical modeling will be required to assess the
behavior of the waste package 1n all three areas.

Data Acquisition Needs and Test Data Evaluation - Geo-
chemical modelé when used in a sensitivity analysis
mode will help set priorities and specify the preci-
si1on needed 1n laboratory and flreld collection of
thermodyramic data and of water and rock chemical

data. Geochemical models are also needed to assist 1n

TthéeTincer pretatron of data collected—aspart—of———"——-—-

specific site evaluations.

0G3LO3
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Widely avairlable and generally known geochemical codes are of

two types:

o Aqueous solution models which calculate thermodvnamicallyv
important quantities such as free-ion activities from the
measured chemical combositions of solutions. These ion
activities are then used to calculate mineral saturation

indices, gas partial pressures, solution oxidation states,

and—so—forth. Well known codes of this type include
SOLMNEQ and WATEQ and_ their derivatives, and EQ3.
' Geochemical reaction models which describe changes 1an the
~chemistry of solutions and of associated solids which occur
as reactions proéeed and which calculate the behavior of
reacting systems 1n terms of the masses of elements which
~are transferred between solid phases and the solution or

from one solid to another. Well known codes of this tvpe

include PATHI, EQ5, and PHREEQE.

The conceptual basis of the aqueous solution model 1ncluded 1in
both the PHREEQE and the EQ3/EQ6 codes 1s that of ion-association or
ton-complexing. This assumes that oppositely charged dissolved ions
react to form complexes which are in equilibrium with the free-tions
as described by thermodynamic equilibrium constants. This approach
has been used '1n aqueous geochemistry since Garrels and Thompson
(1962) used 1t to interpret the chemistry of sea-water. It 1s also
embodied in most widely used geochemical codes. BRecause of its wide
use 1n geochemistry, thermodvnamic data on many species of 1mportance
1n natural waters are available for use with 1t.

The lon-assoclation conceptual model becomes less capable of
representing real solution behavior as the saltinity of the solution
increases. In genefal, the model performs adequately 1n solutions
with salt contents up to a few molal, but its validity decreases
rapidly 1n such highly saline waters as brines.

A second conceptual solution model, the mixed electrolyte model,
ls comling 1ato use in geochemistry for its ability to reproduce the
behavior of solutions_g}_gi}_ggﬂgﬁﬁltations,_-Jn_spi{ewnf"the“'“_;”“_“

necesslty to treat brines associated with some proposed repository

000106

R T O AR R PO T e i




6790

99

environments, no mixed electrolyte model 1s presently included in the
SCEPTER Package. This 1s due to the fact that aot only 1s there no
generally available code which embodies the mixed electrolyte con-

ceptual model, but also only limited experimental data on the coeffi-

- ¢1rents which must be used to employ this model.

lon-association models such as are 1ncluded 1n PHREEOE: and

EQ3/EQ6 solve two main sets of equations. These are:

ee—-—system_comprising solids, gases and a solution, reacts

° A set of mass balance equations equivalent to the number of

chemical elements for which analvtic data are given; and

° A set of mass action equations, one fof each of the ioﬂ

pair specles which may result from interactions among the
glven elements.

The mass balance equations are written 1in terms of moles of the
elements while the mass action equations are expressed in terms of
the thermodynamic activities of the solution species. Thus, activity
coeffient expressions must be available, relating the elemental acti-
vities and masses 1in order to solve the system. Subsidiary equations
or Lnput data may also be required depending on the problem. These
may 1nclude a requirement that solution pH be i1nput or that solution
electroneutrality be 1ncluded 1n the set of equations. Also some
means of specifying solution oxidation potential 1is required. This
could be an 1nput oxidation pofential 1tself or the concentration of
an active redox couple or of an electro-active substance such as
oxygen gas.

In PHREEQE, the set of equations so generaged is solved by a
continued fraction approach to successive approximations coupled with
a Newton-Raphson 1teration scheme. 1In EN3, the equations are also
solved by a successive approximétion scheme controlled by a monotone
sequéence method. ‘While both PHREEQE and E03 have all the solution
modeling capabilities of, for example the WATEQ/SOLMNEO groun of
codes, they have the added cavability of describing quantitativelv
the effects of geochemical reactions. They do this by descrihing
changes 1n solution composition and 1n relative masses of solids as a

toward a new

equilibrium state following a perturbation. The description 1s 1n

000107
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terms of the masses of materi1al transferred from Dhase'to phase dur-

tng the reaction and they are thus known as mass transfer or as reac-
tion path modeling. PHREEQOE can be considered a mass transfer model

for it solves directly for the final equilibrium state of the system

given a set of 1initial conditions. EQ6 on the other hand, employs

the reaction path approach by which small steps of reaction progress

reaction path inéludihg the appearance and disappearance of ephemeral
phases is calculated, rather than simply the mass transfer involved
1in the overall reaction from the 1nitial to the final state.

\ Mass transfer modeling tends to be more efficient in terms of
thermodynamic data needs and computer time than does reaction path
modeling. Thus, 1t may be more frequently employed for far-f{eld
calculations where, because of the long times involved, equilibrium
may be assumed. Reaction models, though, will be necessary for
near-field and shorter time calculations where overall equilibrium
may not be attained in the tiﬁ?ﬁaszgferest and intermediate reaction
steps wi1ll be 1important. |

To employ any geochemical model requires that thermodynamic data
be available on all solution and solid species'of 1mportance 1n the
system of 1nterest. These data 1include equilibrium constants for all
mass action expressions and for the dissolution of solid phases and
gases of 1mportance to the system, Information on the variation of
these equilibrium constants with temperature is important. This
itnformation can be accepted in a variety of wavs i1ncluding the ionut
of reaction enthalpy (AH) values or as values of coefficieats for
polynomial expressions for log X in terms of temperature.

Activity coefficient values for-dissolved species and for water
1tself must also be known. Several expressions are availlable 1n each
code to calculate these coefficients as a function of the ionic
strength of the solution. These 1nclude different expressions for
neutral solute species and for charged solute species.

Activity coefficrents of neutral solute species are calculated

-1n -EQ3 using a-polynomial éxpreéssion in ionic streagth which repro-
duces the measured activity coefficients of dissolved COy. 1In
PHREEQE the activity coefficient of neutral species is taken simply

as 0.1 times the 1onic strength,.

000108
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A number of expressions are avallable for calculating activity

coefficients of charged solute species. All are based on the

extended Debye-Huckel expression to which a term, linear 1n 10Dn1c¢
strength, is added to accomodate the general increase Iln activity
coefficients noted at ionic strengths of about 1| molar and above. A

variety of options are available to choose the values of the coeffi-

cients 1n the extended Debye—ﬁuakel expression 1n both PHREEOE and
EQ3/EQ6.
Five Eest problemé were designed and executed using both cohes
in order to: »
) Provide code verification by means of code-to-code and
code-to-hand calculation comparison; and
° To illustrate and test the various operating options
available in the codes.
For code-to-code verification 1t was necessar;\that the same
thermodynamic data base be available for use in each code. The two

thermodynamic data sets avallable were:

° The DEQPAK7 set which accompanied the version of E03/EN6
which was adopted; and ‘ )
. A data set, here designated PREPHR, 1included with the

published description of the PHREROE code (Parkhurst,
Thorstenson, and Plummer, 1980).

The EQ3/EQ6 package includes a code EQTL which produces a work-
ing data set for the EQ3/EQ6 codes from tﬁe DEQPAK?7 data set. For
code-to-code comparison purposes, EQTL was extensively modified‘to
the code here designated PHTL which writes NDEQPAK7 data 1n a form
recadable by PHREEQE. 1In addition, a code PQTL was written to write
data from the PREPHR set 'in a form readable by E03/F06. lsers
manuals for these three data handling codes are given with the docu-
mentation of the geochemical codes themselves (INTERA, 1982a,b).

In Test Problem 1, the aqueous speciation routines 3n E0O3 and 1n

PHREEQE were tested against each other and dgainst hand calculation

by applying—them—t-o—the—major—tons—dissolved _in_sea water. Agreement

between the results of running the two codes with each other and with
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hand calculations were sufficiently good to demonstrate the correct
coding and solution of the algorithms. _

In Test Problem 2, the aqueous spectiation routines 1n both code
were tested further by applying them to a full sea water analysis.

Both PREPHR and DEQPAKI data were used 1n each code. When the same

data set 1is used, the results from each code's calculation agree

 '_ . within_the—l-imi-ts—o-f—the—activi-ty—coeffrcrent—expressions adopted,
' and served by this code-to-code comparison to verify each of the
codes. Results using the two data sets 1n the same code, while show
1ng reasonable agreement among the major 1on speciles, demonstrate\
that differences of as much as an order of magnitude exisf in the
minor element data in the two data sets.

Test Problem 3 simulates the dissolution of microcline in dilut
HCl. This problem tests and illustrates the reaction path modeling

and phase boundary locating capabilities of the two codes in a rela-

tively simple system which does not 1involve redox reactions. When

run with the DEQPAK7 data set, both codes give, essentially, 1denti-
cal results and provide code-to-code verification of each. The same
problem when run using PREPHR data and the PHREEQE code give quite
different results and illustrate again the differences between the
two data bases. ' |

Test Problem 4 simulates the reduction of an oxvgenated calcite-
and hematite-saturated solution bv the addition of methane, and was
designed to demoﬁstrate the ability of the codes to simulate reactior
paths 1in which radical oxidation state changes occur.” Both codes
were run using the DEQPAK7 data. The results of bYoth are 1n essen-
ti1al agreement and provide both code-to-code verification and an
1llustration of the ability of both codes to handle extreme changes
in redox state during a reaction path simulation.

Test Problem .5 simulates the dedolomitization of a carbonate

rock by gypsum dissolution with increasing temperature. The preceed-

ing four problems were all at 25 C and this probiem was designed to

test and 1llustrate the ability of the codes to change temperature. _

Both codes were run using DEQPAK7 data and a third run was made with

H

i

:
-

y PHREEQE using PREPHR data. When used with the same thermodynamic

000110
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qata, the results of the two codes are essentially 1dentical and
provide code-to-code verification of their abilify to treat varying
temperatures.

In EQ6 it is possible to assoclate temperature change with
reaction progress so that the témperature assoclated with a phase

boundary can be determined. In PHR81, on the other hand, temperature

is always an independent _varrables As—i-n—the—previous—examples, the_
results using PREPHR data diffeved considérably from those using
DEQPAK7 data and illustrate again the differences between the t wo

data sets.
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