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ABSTRACT

The use sorbing tracers in a field hydrologic test is a method f

estimating the nuclide transport characteristics at one location in the

Culebra dolomite at the Waste Isolation Pilot Plant (WIPP) site. The

Culebra is considered to be the principal continuous pathway from the site

in the event of a breach of the planned nuclear-waste repository. To

prepare or such a tracer test, data evaluation and design calculations

are necessary to estimate the principal parameters governing solute trans-
port and the quantity and geochemical character potential tracers. The

following report represents the first step in preparing for a sorbing
tracer test, namely a preliminary analysis which considers: (a) the

selection of the best location for the irst test at the WIPP site; (b) an
evaluation of a conservative tracer test at the recammended site to
provide estimates of the physical solute-transport parameters; (a) a
hydrogeochemical and mineralogic characterization the Culebra dolomite;

(d) the rationale and recipe for the tracer-injection solution; (e) the
compilation of a list of potential sorbing and conservative tracers; and

Ct) the identification Of other needs before fielding the sorbing tracer
test. The appendix to this report contains the thermodynamic data base

used to support the geochemical model (PHREEQE) used in this study.

The Culebra dolomite at the H-3 ydropad is the recammended site for
conducting a sorbing tracer test because: (a) the site has been well-
characterized hydraulically in a number of multi-well interference tests;
(b) a convergent-flow conservative tracer test has been conducted at the

H-3 hydropad, and analysed to yield estimates of the physical solute-
transport parameters (this test identified the role played by fractures in

dominating solute-transport behavior at the hydropad scale); (c) a number
O high-quality ground-water samples have been collected from the Culebra

at the H-3 site and they have provided analyses with which to assemble a
well-understood geochemical characterization; (d) the H-3 site is located
down-gradient fron the repository site on a probable ground-water flow

path under natural gradients; and (e) the H-3 site has appropriate
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hydraulic characteristics to allow the use of sorbing tracers with a wide

range of partition coefficients and provide breakthrough in the allowable

tracer-test operational period, assumed to be two to five years. The

cambination of relatively high transmissivity, extensive geologic and geo-

chemical characterization, and down-gradient location make H-3 the optimum

location for conducting the first sorbing tracer test at the WIPP site.

In order to bracket geochemical variability and to test transport under

different hydraulic conditions, it may prove desirable to conduct a second

experiment at a location where Culebra brines are more concentrated.

However, this second experiment is not considered further in this report.

The H-3 hydropad complex consists of three wells arranged in an

equilateral triangle with approximate 30 m sides. Each well is canpleted

either open-hole or through perforated casing to the Culebra, which is

about seven meters in thickness. Interpretation of a convergent-flow

tracer test, performed at the H-3 hydropad in 1984 using two conservative

organic tracers, meta-trifluormethylbenzoate (m-TFMB) and pentafluoro-

ben zoate (PFB), has yielded the following physical solute-transport

characteristics: longitudinal dispersivity of 1.5 to 3 m, a fracture

porosity of 1.9 x 10 , and effective matrix-block sizes ranging from 0.25

to 2.0 m. During this test, H-3b3 was the pumping well and tracers were

introduced into wells H-3bl and H-3b2. Using the above estimates, coupled
with a laboratory-measured matrix porosity of 0.2, estimated tortuosities

of 0.15 to 0.45, and free-water diffusion coefficients of 7. x 10-6 CM2/s

(m-TFMB) and 7.2 x 10-6 m2/s (PFB), the breakthrough curves for the two

tracers were simulated using the flow and solute-transport code SWIFT II.

Design simulations for the sorbing tracer test were conducted

assuming an injection of one kilogram of generic tracer and applying a

range of partition coefficients of 0.1 to 50.0 ml/g for the flow path with

the higher transport rate (H-3bl to H-3b3) and 0.1 to 10.0 ml/g for the

flow path with the lower transport rate (H-3b2 to H-3b3) at the H-3

hydropad. The results of these simulations were utilized to assist in the

selection of sorbing tracers that would break through within the two- to

five-year period planned for the test.
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Analyses of ground water and core samples frm the Culebra at the H-3

hydropad indicate that the water samples are reasonably consistent and

represent Culebra formation water. The Culebra is a gypsiferous dolomite

with minor amounts of halite bounded by claystones. The water chemistry

is controlled by the mineralogy of the formation. Thermodynamic

equilibrium calculations indicate that the water is in equilibrium with

calcite, dolomite, gypsum, and celestite and has a pH of 7.3 to 7.4. The

calculations also suggest that the water is in near-equilibrium with

goethite and uraninite with an Eh of 0.05 to -0.15 volts.

Geochemical analysis of the Culebra formation water led to the

development of a recipe for the solution into which the tracer will be

mixed prior to injection. The composition of the tracer solution is such

that it should mimic the properties of the natural formation water and

neither alter the chemistry of the matrix or formation water of the

Culebra, nor cause the tracer to precipitate or to become unstable under

the existing redox conditions in the Culebra.

In considering sorbing and conservative tracers for the planned test

at H-3, it was necessary to consider geochemical onstraints on the

injected tracers. The tracers must be able to be injected at oncen-

trations lw enough to not significantly alter the injection fluid or to

provoke any reaction which could cause precipitation of the tracer before

or during injection. The concentration should be high enough to define

the breakthrough curve while being relatively easy to analyze. The

sorbing and conservative tracers should be compatible. Radionuclide

tracers are considered to be the most appropriate tracers because they

require low mass input, while still being extremely sensitive to

detection, and they should mimic the transport characteristics of the

projected waste inventory.

Radionuclide tracers mst suitable for use as a sorbing tracer are

either fission-products or actinides. Nuclides of nickel, cobalt,

strontium, uranium, neptunium and plutonium were reviewed for suitability

as possible sorbing tracers because they have partition coefficients low
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enough to achieve breakthrough in a two- to five-year test, and they are

elements with long-lived nuclides in the projected WIPP waste inventory.

Based on their half-lives, the nuclides 63Ni, 58Co, 6OCo, 85Sr, 89Sr,
9 0 Sr, 2 3 2U, 2 3 %p, 2 3 6 pu, and 2 41 Pu are recamended for further

consideration. One important consideration will be the presence of

certain fission-products, such as 9Sr, in the probable waste inventory,

and whether objections might be raised over the use of such nuclides for

testing. In order to provide data for interpretation of the physical

solute-transport parameters along the flow paths between the wells (also,

to provide a cparison to parameters from the previously-conducted

conservative tracer test), conservative tracers should accompany the

selected sorbing tracers. The most likely candidates are 3H (tritium),

Br, and 1311.

Prior to fielding a sorbing tracer test, a final detailed design

report will be canpleted. This report will describe final tracert-

selection, detailed design calculations, site preparation, instrumentation

requirements, staffing requirements, review of safety, health, and

regulatory requirements and procedures, and determination of the optimum

operational conditions for the test.
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I I

1.0 INTRODUCTION

1.1 Purpose and Contents of This Report

Conducting field tests using sorbing (reactive) tracers is one means of

improving knowledge of the nuclide transport properties of the Culebra

dolomite at the WIPP site. "Sorbing" in this context simply means a

tracer which reacts with the aquifer and so is transported more slowly

than a non-sorbing or conservative tracer. This report examines where

and how such a test might be carried out at the WIPP site.

This introductory chapter includes a brief discussion of processes

influencing the transport of substances in flowing ground water, with

particular reference to the description of transport in a fractured

porous medium. This discussion is intended to provide a perspective

from which the remainder of the report can be viewed by those of varying

scientific disciplines.

Within the WIPP site, there are a number of locations where potentially

successful sorbing tracer tests could be carried out. Chapter 2

outlines criteria for selecting a site for such a test, and reviews

potential locations within the WIPP site, leading to the recommendation

of the H-3 hydropad for the first test.

Both physical and chemical processes influence nuclide transport and

must be considered in designing a sorbing tracer test. Chapter 3

describes the physical processes controlling transport at the H-3 hydro-

pad, based on interpretation of the results of a conservative tracer

test performed at that location in 1984. With this interpretation of

the physical processes, several test design calculations were performed.

The results of these calculations are given in Chapter 3. These calcu-

lations provided bounding values for the chemical retardation parameters

which should not be exceeded by potential tracers if breakthrough is to
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be assured during the anticipated test period of approximately two to

five years. The design calculations also provide the factors by which

tracers would be diluted during the test. Both the maximum values of

the retardation parameter and the dilution factors were required for

selecting potential tracers and for defining the concentration of the

tracer input solutions. Tracer selection and calculation of the input

concentrations are described in Chapter 5.

Geochemical controls on transport of tracers at the H-3 hydropad are

discussed in Chapter 4. An estimate of the chemistry of water in the

Culebra was made using analyses of several water samples fran wells at

the hydropad. This was combined with information on the mineralogy of

the aquifer from core analyses to suggest mineralogical controls on the

water chemistry. This understanding was required to permit the design

of a matrix solution in which to inject the tracer and which will not

react with the aquifer and affect tracer transport. This understanding

of water-rock interactions also permitted estimates of the extent to

which potential tracers might be subject to chemical retardation.

Chapter 5 discusses the design of the tracer matrix solution and the

selection of possible sorbing and conservative tracers. A recipe for

the preparation of a solution closely similar to H-3 Culebra water is

developed. This is the matrix solution in which tracers could be intro-

duced with minimum disturbance to the aquifer and minimum likelihood

that the injection of the tracer solution itself would bring about

reactions causing retardation.

The second part of Chapter 5 describes the tracer selection procedure

used and suggests a number of nuclides, which from the standpoint of

transport processes alone, would be useful as sorbing and conservative

tracers at the H-3 site. Only radioactive nuclides were examined,

because highly sensitive analytical techniques are available for radio-

nuclides and low total tracer masses are desirable to minimize potential

H06300R127 1-2



problems with tracer precipitation fran the input solution. Regulatory

and logistic problems associated with the use of radiotracers and the

availability and cost of the radionuclides suggested were not examined

in detail as part of this study, but should be given considerable

attention as part of a final design study.

This study was intended to lead only to a preliminary design for a

sorbing tracer test. In the course of the work, however, a number of

questions arose which require resolution as part of later work leading

to a final design. A number of these questions are given in Chapter 6.

Chapter 7 contains a sumnary of the entire report and of the major

conclusions to be drawn from it. References to the literature cited in

the report appear in Chapter 8.

In examining water-mineral reactions in the Culebra and evaluating the

possible geochemical controls on tracer retardation, a themodynamic

data base was required. This data base is included in the Appendix.

1.2 Solute-Transport Processes

Before proceeding to the discussion of tracers suitable for use in

performing the sorbing tracer test, it is useful to consider the

important hydrogeologic parameters and processes that may be evaluated

using laboratory or field experiments.

The investigation of the migration of solutes in fractured rock

generally considers five basic processes, some of which are illustrated

in Figure 1.1.

1. Solutes will be transported with ground water as it moves through a

system of fractures in response to the hydraulic gradient. This

transport process is known as advection.
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2. In addition to the advective solute flux, there is an additional

solute flux resulting from variations of water velocity across an

individual fracture opening and also due to the interconnections

and non-linearities of the fracture system. This additional flux

is perceived on the macroscopic scale as an effective mixing. It

is known as mechanical dispersion.

3. Mixing also occurs on the microscopic level due to the process of

molecular diffusion. In a fractured medium with a porous matrix,

molecular diffusion can take place both in the fluid-filled

fractures and in water contained in the pores of the matrix. When

solute diffuses into the matrix pores its movement along the

fracture will be retarded with respect to the flux of water in the

fracture since, in general, water flows more rapidly in fractures

than through the matrix. In a fractured system, it is generally

assumed that the matrix has the bulk of the storage capacity of the

medium whereas the fractures represent the principal transport

capability.

4. Transfer across phase boundaries due to adsorption, precipitation,

ion-exchange or other geochemical processes will retard both

advective and dispersive solute movement. These mechanisms can be

considered together as the process of geochemical retardation.

5. Radioactive solutes decay to daughter isotopes which may be either

radioactive or stable. The process of radioactive decay serves in

sane instances to limit migration of radioactive solutes, while in

others, for instance where the daughter products are long-lived

radioisotopes with different geochemical properties, radioactive

decay can result in increased distance of radionuclide transport in

a ground-water system.

6. For organic constituents, biodegradation can serve to eliminate the

solute from the ground-water system.
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The SWIFT II model was chosen both for the interpretation of a

previously-oonducted conservative tracer test and for the design

calculations for a sorbing tracer test proposed for the H-3 hydropad. A

comprehensive description of the theory and implementation of the

SWIFT II model is presented in Reeves et al. (1986a). Two other

documents related to the SWIFT II ode have been published: a data input

guide for SWIFT II (Reeves et al., 1986b), and verification-validation

tests for the SWIFT II code (Ward et al., 1984).

The SWIFT II model is designed to simulate flow and transport processes

in both single- and double-porosity media. In the fractured regions of

the system where dual porosity is to be applied, two sets of equations

are solved, one for the fracture processes and the other for the matrix

processes. The flow and transport processes occurring within the rock

matrix are conceptualized as being one-dimensional in a lateral t

direction relative to the direction of transport in the fractures.

Thus, it is assumed that the fractures provide the only means for large-

scale movement of water and solutes through the entire system while the

matrix provides most of the storage of the system. Full details on the

governing equations utilized in the SWIFT II model are presented and

discussed by Reeves et al. (1986a).

For the purposes of the design calculations presented in Chapter 3, it

is assumed that reactions between fluid and solid take place only in the

matrix. The concentration on the solid phase can be assumed to be a

function of the concentration in solution and expressed:

S f(CM) (1-1)

One can define the partition coefficient (K) as a parameter relating

these two concentrations:

K . _x:- (1-2)
m

H06300R127 .1-5



In a general sense, K will vary spatially and temporally as a function

of the solute species properties, the geochemical environment, and the

mineralogy of the geologic system. Controls on the partition

coefficient are discussed further in Chapter 5.
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2.0 SELECTION OF SITE FOR THE SORBING TRACER TEST

2.1 Criteria

This section describes the criteria and approach for selecting the
preferred location for conducting the first sorbing tracer test at the

Waste Isolation Pilot Plant (WIPP) site (Figure 2.1). The general site

selection criteria used to assist in identifying the optimal location

for the sorbing tracer test include:

(1) the site should be characterized with respect to its hydraulic

characteristics;

(2) the site should be characterized with respect to its physical
solute-transport characteristics using conservative tracers;

(3) the geochemistry of Culebra formation water at the site should be

well characterized;

(4) it is preferable that the site be located on a potential flow path

(under natural ground-water flow conditions) in the Culebra in the

event of a repository breach;

(5) the sorbing tracer test should have an operational period of two

to five years; and

(6) the site should be located so as to permit geochemical extrapola-

tion of the reactive solute-transport results to as large a region
as practical at the WIPP site.

Because both multi-well hydraulic interference tests and conservative

tracer tests have been conducted at the H-2, H-3, H-4 and H-6 hydropads,

these hydropads were under consideration as primary sites. Secondary

sites were those hydropads with multiple wells where hydraulic

interference tests have been conducted (i.e., H-5, H-7, H-9 and H-11

hydropads). Tertiary sites are single-well locations (e.g., DOE-i,

DOE-2, H-8, H-10, H-12, WIPP-12, WIPP-13, WIPP-8, WIPP-19, WIPP-21,

and WIPP-22).
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In addition to the larger data base available for the primary sites,

they also offer the advantage of requiring less site-preparation time,

because they each have three wells that have been completed, developed,

and tested in the Culebra. It is possible that one or more of the

primary or secondary sites ould be suitable in meeting the objectives

of the sorbing tracer test. Sites at locations where wells are not

currently installed were not considered in the site-selection process.

The selection of the recamended test location utilized the general site

selection criteria listed above.

2.2 Hydraulic Characterizations

Single-well and multi-well interference tests have been conducted in

most of the single-well and/or hydropad locations with wells completed

in the Culebra. The majority of previously reported analyses fran these

tests utilized a porous-medium conceptualization for ground-water flow.

The analysis of hydraulic tests utilizing a double-porosity or fractured

porous-medium conceptualization has been reported for DOE-2 (Beauheim,

1986). Recent analyses of the drawdown and recovery data at the pumping

well for the H-3 multipad pumping test have been conducted using a

double-porosity (fracture-flcw) formulation (Beauheim, in preparation).

The hydropads that have had the most intensive hydraulic-testing program

are H-2, H-3, H-4, H-5, H-6, H-9, and H-11. A series of slug and/or

pumping tests have been conducted on wells at each of these hydropads.

Hydraulic-test analyses have been conducted for the H-4, H-5, and H-6

hydropads (Hydro Geo Chem, in preparation, a,b,c). These analyses,

utilizing a porous-medium conceptualization, provided a measure of the

degree of anisotropy or heterogeneity at the hydropad scale for the H-4,

H-5, and H-6 hydropads. Further hydraulic-test data analyses to inves-

tigate double-porosity effects are planned for the H-2, H-3, H-4, H-6,

and H-11 hydropads. These analyses, in combination with laboratory core
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investigations (i.e., permeability, porosity and mineralogy) and

analysis of conservative tracer tests using a double-porosity conceptu-

alization (where appropriate), will provide a more complete and accurate

description of the hydraulic characteristics of the Culebra at specific

hydropads. With respect to satisfying the hydraulic characterization

criterion for site selection, the H-2, H-3, H-4, H-5, H-6, H-9, and H-li

hydropads have had adequate field testing for providing hydraulic

characterizations. While additional interpretation is needed to

complete the hydraulic characterization, the present interpretations are

adequate for site selection.

2.3 Solute-Transport Characterizations

Tracer tests have been conducted at the H-2, H-3, H-4 and H-6 hydropads

to evaluate the physical transport process (i.e., advection, dispersion

and diffusion) in the Culebra at the hydropad scale. Two types of

tracer tests were conducted: (1) convergent-flow, with pumping of one

well and addition of tracers to one or more of the other wells at that

hydropad; and (2) two-well injection-withdrawal, with pumping of one

well and injection of the pumped water and tracers to a second well.

The tracers utilized in these tests were organics and were assumed to be

conservative. However, the various organic tracers did, in some cases,

exhibit different transport behavior reflecting either different

diffusive losses from the fractures to the matrix, chemical interactions

between the tracer and the Culebra, or tracer losses as a result of

microbial activity.

Even though all of the organic tracers may not have exhibited ideal

transport behavior (i.e., exactly representative of the rate of movement

of the ground water), the tracer tests provided a measure of the trans-

port rates expected for specific pumping rates for the tracers at four

of the hydropads. The relative transport rates, based on the times of

first detection and peak concentration for the tracers from water
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samples taken at the pumping well, of the organic tracers for the tracer

tests conducted at the H-2, H-3, H-4, and H-6 hydropads are summarized

in Table 2.1. The values of first detection of a particular tracer

depend on the specific tracer and the analytical procedures.

Analyses using a porous-medium conceptualization have been reported for

the two-well tracer test conducted at the H-2 hydropad (Hydro Geo Chem,

1986) and the convergent-flow tracer tests conducted at the H-6 hydropad

(Hydro Geo Chem, in preparation, d). The convergent-flow tracer tests

conducted at the -3 and H-4 hydropads have been analyzed using the

SWIFT II model which utilizes a double-porosity conceptualization for

both flow and solute transport (Kelley and Pickens, 1986). These

analyses have provided a more representative and canplete description of

the hydraulic and solute-transport characteristics of the Culebra at the

H-3 and H-4 hydropads. Through conducting a sensitivity analysis on the

values of the various physical solute-transport parameters, the relative

importance of fracture flow, fracture spacing, and the diffusion of the

tracers into the rock matrix was evaluated for the tracer test at the

H-3 hydropad.

With respect to the site-selection criterion of solute-transport charac-

terization, only those hydropads which have undergone tracer tests

(i.e., H-2, H-3, H-4, and H-6) may be considered suitable. The present

information obtained from these tracer tests is adequate for site

selection. The results fran interpretations of these tests, including

double-porosity conceptualizations, where appropriate, are very valuable

in terms of design and scoping calculations for the sorbing tracer test

(Chapter 3).

2.4 Geochemical Characterization

Water samples have been collected from one or more wells at all hydro-

pads. Analyses of samples taken between 1976 and 1980 are reported by

Mercer (1983) and by Rey (1985). Since 19 84 , as part of the
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ecological monitoring program at WIPp (Westinghouse, 1985), many

hydropad wells have been resampled. As of the date of preparation of
this report (August 1986), analyses were obtained for samples from the
H-2, H-3 (two samples), H-4, H-5, and H-11 hydropads.

An overview of the hydrochemistry of the Culebra is presented in

Appendix E of Haug et al. (in preparation). Table E-1 of that report
shows that the total dissolved solids content of the recently collected

samples range from over 100 grams per liter (g/l) at H-5, H-11, H-12,

and DOE-1, to 56 g/l at H-3, and 20 gl at H-4. The geochemical model-
ing required to characterize the environment of the highly saline waters
at H-5, H-11, H-12, and DOE-1 cannot be done reliably using presently-
available cmputer codes. Reliable geochemical characterization of the
H-3 and H-4 hydropads, however, is possible with available geochemical
models (Haug et al., in preparation, Appendix E).

Fran the standpoint of geochemical characterization, the H-3 or H-4
hydropads are suitable sites for sorbing tracer tests with the

preference given to H-3 because of the availability there of two
recently-collected water samples of high quality. As codes suitable for
modeling more highly saline solutions become available, geochemical
characterization of the H-5, H-11, and H-12 sites will also be possible
and they too may turn out to be suitable.

2.5 Potential Flow Paths from Repository

Previous hydrologic characterizations of ground-water flow in the
Culebra (e.g., Mercer, 1983) including modeling investigations (e.g.,

INTERA Environmental Consultants, 1981; Barr et al., 1983; Haug et al.,
in preparation) have indicated that, at the present time, the general

flow direction is fran north to south through the center of the WIPP
site. Using the criterion of locating the sorbing tracer test on a
potential flow path from a repository breach under present natural
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ground-water flow conditions (i.e., excluding the brine-reservoir breach

scenario) indicates that the H-5 and H-6 hydropads, DOE-2, and the

WIPP-series wells in the Culebra north of the WIPP site are unsuitable.

On the basis of location, the primary and secondary sites located

immediately south of the center of the WIPP site (i.e., H-2, H-3, H-4,

and H-i1) are considered the most suitable.

2.6 Tracer-Test Operational Period

The recommended operational design for the sorbing tracer test is a

convergent-flow tracer test consisting of one pumping well and several

peripheral wells used for the addition of conservative and sorbing

tracers. A number of sorbing tracers will be selected in order to

investigate a range of possible retardations.

By choosing hydropads with intermediate to high transmissivities and

transport rates, a larger group of potential sorbing tracers can be

utilized in the sorbing tracer test. Examination of the transport rates

for tracers for the four hydropads at which conservative tracer tests

have been conducted indicates a direct correlation between the transmis-

sivity and relative transport rates; that is, high transport rate for

the H-3 and H-6 hydropads, and low transport rates for the H-2 and H-4

hydropads (see Table 2.1).

Fran an operational viewpoint, the transport rate of the sorbing tracers

selected for the sorbing tracer test will vary as a function of the type

and extent of interaction between the sorbing tracers and the Culebra.

Even for weakly-sorbing tracers, one should expect significant bulk

retardation factors. For more strongly-sorbing tracers, retardation

factors may be so large that the tracers would not arrive at the pumping

well at detectable concentrations during the tracer-test operational

period.
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Examination of the tracer first-detection times for the conservative

tracers under representative pumping conditions (see Table 2.1)

indicates that the H2 and H-4 hydropads are not suitable and that the

H-3 and H-6 hydropads are suitable for meeting the tracer-test

operational-period criterion of obtaining useful results in two to five

years (i.e., a well-defined breakthrough curve).

2.7 Extrapolation of Tracer-Test Results to a Larger Scale

The sorbing tracer test will investigate the gross retardation of

selected sorptive solutes (tracers) under field conditions in the

Culebra dolomite at the scale of a single hydropad. The data fran the

sorbing tracer test will thus be site specific. Correlation of the

transport rates and sorption mechanisms to a larger region can be

accomplished, at least qualitatively, through the development of any

understanding of the controls on solute mobility (e.g., through a

detailed examination of the chemistry of the ground water, the chemistry

of the selected tracers, and the physical solute-transport and

mineralogical characteristics of the Culebra at both the experimental

site and at other areas where it is desirable to extrapolate the results

of the sorbing tracer test).

Physical laboratory measurements (i.e., matrix permeability and

porosity) and mineralogical studies have been conducted on core samples

and fracture surfaces from the Culebra at the H-2, H-3, H-4, and H-6

hydropads (Core Laboratories, 1986a,b). These measurements were

conducted on from 2 to 7 samples from each of these hydropad locations.

These studies provided mineralogical data for evaluating water-rock

interactions in the matrix and on fracture surfaces, evidence of mineral

dissolution or precipitation, and the relative amount and identity of

mineral phases which have a high ion-exchange or surface sorption

capacity.
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Conducting the above preliminary investigations on core samples and

fracture surfaces fran these four hydropad locations has provided data

for an initial evaluation of the variability of the physical and

mineralogical characteristics of the Culebra on a regional scale. This

data base, in combination with regional hydrologic characterization

studies and the regional geochemical and isotopic investigations will

provide at least a qualitative basis for extrapolation of the results of

the sorbing tracer test.

2.8 Summary and Recommendations

The preceding discussion has outlined the selection criteria and the

characteristics of potential sites for conducting the first sorbing

tracer test. The multi-well hydropad sites have been emphasized in this

review because they offer the advantages of a larger instrumentation

configuration in place and a larger data base with respect to their

physical transport parameters. The results of the review of the

information base and the suitability of site selection criteria for the

multi-well hydropad locations are sumnarized in Table 2.2.

In terms of meeting the general site-selection criteria, the H-3 hydro-

pad is considered to be the optimum location for conducting the first

tracer test. The H-3 hydropad exhibits intermediate physical transport

characteristics and also offers the advantage of presently having the

most complete and extensive description of the ground-water flow and

solute-transport characteristics as a result of hydraulic-test and

tracer-test interpretations that have been conducted. The breakthrough

times observed for the conservative tracer test at the H-3 hydropad

indicate that the operational-time requirement for the sorbing tracer

test can likely be attained. Geochemical characterization of this site

is also possible because of the availability of recent water samples and

the fact that the salinity of Culebra water there is within a range

which can be modeled with available techniques. Lastly, the H-3 hydro-

pad is closest to the center of the WIPP site and on a likely flow path

fran the site under natural flow conditions.
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3.0 SOLUTE TRANSPORT IN THE CULEBRA AT THE H-3 HYDROPAD

As discussed in Chapter 2, the H-3 hydropad offers a number of advantages

as the site for conducting the sorbing tracer test. The physical and

transport characteristics of the Culebra at the H-3 hydropad and the design

calculations for a range of partition coefficients are presented in this

section.

The interpretation of the conservative tracer test conducted at the H-3

hydropad is presented in detail by Kelley and Pickens (1986). Portions of

this interpretative report on the H-3 conservative tracer test are repeated

below to summarize the characteristics of the Culebra and nstrumentation

at the H-3 hydropad and to provide an information base for the reader to

assess the uncertainty in the interpreted physical solute-transport

parameters.

3.1 Physical Characterization at the H-3 Hydropad

3.1.1 Geology

At the H-3 hydropad, the Culebra is a -m thick, primarily finely

vugular dolomite with voids ranging from 0.5 to 5 cm in diameter.

Figures 3.1 and 3.2 sumarize the results of examination of the

available Culebra core from the H-3 hydropad. The rock matrix ranges

from strongly indurated dolomite to easily friable sltstone. The

mineralogy of the Culebra is discussed in Chapter 4. The Culebra

dolomite at H-3 has both vugs and fractures which often are filled with

gypsum and, in sme cases, halite. Core recovery from H-3b2 and H-3b3

was poor, suggesting a high degree of fracturing, vugs, and/or poor

induration due to a high silt content. In both wells, total core

recovery from the Culebra was less than 50 percent. No pieces of core

exceeded 0.3 m in length and much of the core was present only as

rubble.
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Below the Culebra, there i a pervasive claystone generally 2 m or less

in thickness, reddish-brown at its base darkening upward to black close

to the base of the dolomite. This claystone exhibits textures

characteristic of both detrital sediments and of solution residues

(Core Laboratories, 1986b). The clay contains detrital gypsum lasts,

secondary gypsum, and commonly authigenic potassium feldspar and

quartz.

3.1.2 Well Configurations

The H-3 hydropad is located approximately 1.2 km south of the center of

the WIPP site. The H-3 hydropad consists of three wells, H-3b1, H-3b2,

and H-3b3, arranged in an approximate equilateral triangle with 30.5 m

sides. Their surface separations and relative positions at the Culebra

depth are shown in Figure 3.3. A satellite elevation survey conducted

at the WIPP site (Hydro Geo Chem, 1985) determined top-of-casing

elevations (TOC) for well H-3b1 at 1033.19 m, well H-3b2 at 1032.95 m,

and well H-3b3 at 1032.58 m. The well-construction details are

illustrated in Figure 3.4.

Well H-3b1 (originally designated H-3) was drilled under the direction

of the United States Geological Survey and was completed August 12,

1976 (Powers et al., 1978). This well was drilled to a total depth of

274.9 meters. The 6-5/8 inch outside diameter (.D.) steel casing is

perforated in the Magenta dolomite from 171.3 to 179.8 m below ground

surface BGS), in the Culebra dolomite from 205.7 to 211.5 m BGS, in

the "dissolution residue" below the Culebra fram 211.5 to 214.3 m BGS,

and at the Rustler-Salado contact from 247.8 to 255.1 m BGS. A bridge

plug was set to separate the Culebra and Rustler-Salado contact zone,

and a production-injection packer was set to separate the ground waters

of the Magenta and Culebra dolomites. The relationship between casing

depths, perforated intervals, and stratigraphic units is illustrated in

Figure 3.4.
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Wells H-3b2 and H-3b3 were drilled in 1983 to form the triangular array

of wells on the H-3 hydropad (Hydro Geo Chem, 1985). Well H-3b2 was

originally drilled to a depth of approximately 205.1 m and then on

November 11, 1983, 5-1/2 inch O.D. steel casing was cemented in to that

depth. The well was then further deepened to 221.0 m BGS in order to

access the Culebra interval. The lower 17.3 m of the well is a 12.1 an

diameter open hole.

Well H-3b3 was drilled to a total depth of approximately 222.5 m BGS in

December 1983. Well H-3b3 was left open until January 30, 1984 when 5-

1/2 inch O.D. steel casing was run in and cemented to a depth of 204.4

m (Hydro Geo Chem, 1985). The remainder of the hole (204.4 to 222.5 m

BGS) is a 12.1 cm open hole.

3.1.3 Hydrogeology

The Culebra dolaite is locally fractured. The information base that

supports the presence of fractures is discussed in Section 3.2.2. The

transmissivity associated with the H-3 hydropad and reported in the

literature is 2.0 x 10-5 m2/s (Mercer, 1983). This transmissivity is

based upon a slug test performed in well H-3b1. A flood-wave response

model was applied by Stevens and Beyeler (1985) to pressure-response

data measured at the H-3 hydropad as a result of the influence of

exploratory shaft construction occurring at the WIPP site. In this

study, the transient pressure history at the H-3 hydropad was matched

using a hydraulic diffusivity of 4.6 x 10 2 m2 /s. While reported

values for the storage coefficient for the Culebra dolanite range fran

1 x 10-9 to 8 x 104 (Seward, 1982; Mercer, 1983; Gonzalez, 1983a;

Beauheim, in preparation), values near 2 x 105 are the most common.

Assuming this value as representative, the diffusivity obtained by

Stevens and Beyeler (1985) is equivalent to a transmLssivity of about

1 x 10-6 m2/s. eauheim (in preparation) has interpreted the pressure-

response data for a long-term pump test (2 months pumping and 4 months
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recovery) conducted at the H-3 hydropad. He concluded that the

pressure response indicated the presence of fractures and obtained a

transmissivity of 2 x 10-6 m2 /s using a double-porosity interpretive

model.

A 131I tracer-injection test to define the presence of inflow zones was

conducted on the perforated Culebra interval of H-3bl (Mercer and Orr,

1979). The interpretation of the results of downhole tracer logging

indicated major liquid losses of 36% in the depth interval 208.5 to

210.9 m and of 64% in the interval 210.9 to 211.8 m. In the Culebra

perforated interval at H-3bl (205.7 to 214.3 m with three 1.3 cm shots

per 0.3 m vertical), it is apparent that flow was predominantly in the

lower 50% of the Culebra. Since the upper 1.5 m of the Culebra was not

perforated and one cannot be sure that the shot perforations are

hydraulically well connected with all of the significant fractures, it

is uncertain whether the upper 50% of the Culebra at H-3bl is or is not

an important transport mediun. In addition, data is not available to

judge the areal homogeneity of the Culebra at the hydropad scale.

The hydraulic gradients under undisturbed conditions (before shaft

construction) at the H-3 hydropad are estimated to be 4 x 10-3 to the

south-southeast (Haug et al., in preparation).

3.2 Physical Transport Characteristics fran the Conservative

Tracer Test at the H-3 Hydropad

A oonvergent-flow tracer test, utilizing conservative organic tracers was

conducted in the Culebra dolomite at the H-3 hydropad from May 9 to June

12, 1984 by Hydro Geo Chem, Inc. under contract to Sandia National

Laboratories. Full details on the operation of the tracer test, the

tracer breakthrough curves obtained fran water samples from the pumping

well, and the interpretation of the tracer test to determine the physical

solute-transport parameters of the Culebra at the -3 hydropad are

presented in Kelley and Pickens (1986).

H06300R1 27 3-4



I

3.2.1 Tracer-Test History

The H-3 hydropad tracer test was a convergent-flow tracer test in

which well H-3b3 was pumped at a nominally constant rate of 0.19 1/a

while 1 kg each of tracers meta-trifluorauethylbenzoate (m-TFMB) and

pentafluorobenzoate (PFB) were injected into wells H-3bl and H-3b2,

respectively.

The breakthrough curves obtained for the m-TFM and PFB tracers fran

water samples fra the pumping well H-3b3 are shown in Figure 3.5a and

the arrival times, first-measured and peak concentrations, and percent

tracer recovery at the pumping well are sunarized in Table 3.1. The

concentration data, expressed as micrograms per liter (g/l), for the

tracer breakthrough curves were reported by Hydro Geo Chem (1985).

First detection of m-TFMB (reported concentration of 56 g/l) at the

pumping well was obtained from water samples taken 22.1 hours

(0.92 days) after tracer injection at well H-3b1. The maximum

observed concentration (3379 ugf1) was recorded 62.08 hours

(2.59 days) after tracer injection. Figure 3.5b expresses m-TFMB

concentrations in terms of mass per unit mass. By integration for the

mass below the m-TFMB breakthrough curve over the duration of the

test, it is estimated that approximately 53% of the injected tracer

mass was recovered at the pumping well.

First detection of PFB (reported as trace concentration) at the pump-

ing well was obtained from water samples taken 90.25 hours (3.76 days)

after tracer injection at well H-3b2. The following sample taken at

95.25 hours (3.97 days) had a reported concentration of 20 g/l. The

maximum observed concentration (444 g/l) was recorded 553 hours

(23.04) days) after injection (Figure 3.5a). Only two samples were

collected after the peak concentration was reached. These samples had

concentrations 12% lower than the peak concentration. Sufficient
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samples to better determine the falling limb of the breakthrough curve

were not obtained. Figure 3.5b expresses concentrations in terms of

mass per unit mass for both tracers PFB and m-TFMB. By integrating

for the mass below the PFB breakthrough curve over the duration of the

test, recovery of approximately 15% of the injected tracer mass is

estimated. The PFB breakthrough curve exhibits a peak oncentration

about a factor of eight lower than the m-TFMB breakthrough curve and a

time to reach the peak concentration delayed by a factor of nine when

compared to the m-TFMB breakthrough curve.

3.2.2 Interpretation Approach

The objectives of the interpretation of the H-3 tracer test were to

develop a consistent conceptualization of the governing physical

solute-transport processes operating in the Culebra at the H-3 hydro-

pad and to develop quantitative estimates of the respective transport

parameters. Fran a review of the information base for the H-3

hydropad, it was concluded that a double-porosity interpretation

approach was the most appropriate. This information base included:

* identification of open fractures in core samples;

* observation of a very rapid transport rate between the tracer-

addition wells and the pumping well, suggesting transport in

fractures;

* the hydraulic conductivity representing the full Culebra

thickness (including the effects of the presence of fractures)

is about one order of magnitude larger than the hydraulic

conductivity obtained fran core-sample measurements;

* the identification of a double-porosity pressure response fran

the analysis of the pumping test at the H1-3 hydropad (Beauheim,

in preparation).
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Because of the relatively high matrix porosity of the Culebra, solute

transport between the fractures and the matrix by diffusion is expected

to be a sgnificant process. Therefore, a discrete fracture model with

transport in the fractures only is not considered an appropriate con-

ceptualization for analyzing the H-3 tracer test. The double-porosity

approach following fracture-matrix interactions is described below.

Inherent to double-porosity theory is the conceptualization that

transport occurs in two separate media possessing different intrinsic

transport properties. The primary medium is considered to possess

properties which are the result of primary sedimentary processes, and

the secondary medium to possess properties resulting fran secondary

processes such as mechanical deformation and dissolution. Using the

classification approach of Streltsova-Adams (1978) for dual-porosity

systems, the Culebra dolomite may be classified as a fractured medium,

at least on a site-specific basis. In a fractured medium, the primary

medium has the greater porosity and effectively represents the bulk of

the "storage" capacity of the unit, and the secondary medium has

intrinsic "transport" properties which make it the transport medium.

Also inherent in double-porosity theory is the concept that any

representative finite volume of the collective media contains both

primary and secondary media.

In the conceptualization of a double-porosity medium, various

assumptions are necessary to allow the system to be represented

mathematically. One very important assumption, as noted above, is that

the system can be characterized as fractures and matrix units with a

relatively simple interaction between them. The SWIFT II model (Reeves

et al., 1986a), utilized in the analysis of the H-3 tracer test, allows

the geologic system to contain either one fracture set or three

orthogonal fracture sets. With this conceptualization, the matrix

units are mathematically represented as slabs (for a single fracture

set) and cubes or spheres (for three fracture sets). While these
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mathematical idealizations cannot be expected to truly represent

natural geologic systems, they do allow the solution for double-

porosity transport at the field scale to be a tenable problem.

Conceptually, one should consider these ideal representations as

approximations of the natural system, where one is attempting to

quantitatively attain consistency between the fracture fluid volume and

the surface area available for diffusion.

Further assumptions were also made regarding the conceptual basis for

this analysis. The flow field in the study area was assumed to be

radial around the pumped well and at steady-state conditions during the

tracer test. Since the hydraulic conductivity of the matrix is low and

the flow regime is approximately at steady state, the advective

transfer from the fractures to the matrix and advective transport in

the matrix were assumed to be negligible. Therefore, the transport of

the tracer from the fracture to the matrix and within the matrix was

assumed to occur by diffusion only. The double-porosity medium was

assumed to be homogeneous and isotropic.

Three alternative approaches were considered for solution of the trans-

port equations: (1) a Cartesian coordinate system, (2) a curvilinear

coordinate system, or (3) a radial geometry. The simulation of the

transport of the initial tracer input using a Cartesian coordinate

system would be impractical because of the very large number of grid

blocks and time steps that would be required to prevent numerical

problems. Since the coding has not been developed for the curvilinear

approach, the radial-geometry option of SWIFT II was chosen. Addi-

tional reasons for choosing the radial approach for simulating the H-3

tracer test are: (1) it offers advantages in meeting the numerical

criteria of the model, and (2) the field data base on heterogeneity is

not sufficient to warrant utilizing the Cartesian approach, which is

much more difficult to implement.
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A schematic representation of the global discretization in both plan

view and cross section is shown in Figure 3.6 for the pumping well and

a typical tracer-addition well. The pumping well resides at the center

of the radial system and is given a onstant discharge rate consistent

with that measured during the tracer test. Both upper and lower

boundaries of the system are considered to be no-flow boundaries. At

the outer edge of the radial system, a Dirichlet pressure boundary

condition is prescribed. Using the radial simulation approach, the

initial tracer distribution surrounding the tracer-additional well is

approximated as being distributed in a concentric ring surrounding the

pumping well. The actual initial tracer-input zone at the end of the

short-duration tracer-injection phase and the approximated zone for

modeling purposes are shown schematically in Figure 3.6. Further

details on the calculation procedures for estimating the mass of tracer

introduced into each of the global grid blocks at the input zone are

outlined in Appendix F of Kelley and Pickens (1986).

The radial discretization implemented for the global system assumes

that the geologic system is both homogeneous and isotropic. As a

result, flow paths for tracers m-TFMB and PFB were analyzed separately.

Results from anisotropy determinations from pumping tests performed at

the H-4, H-5, and H-6 hydropads at the WIPP site (Gonzalez, 1983b) have

yielded anisotropy ratios of 2.7:1, 2.4:1, and 2.1:1. This degree of

anisotropy is weak in magnitude and cannot clearly be differentiated

from the effects of aquifer heterogeneity. Although it is felt that

hydropad-scale heterogeneities are present at the H-3 and H-4

hydropads, the quantification of the spatial variability of the medium

properties is not possible from the existing information base.

3.2.3 Simulation Model

The SWIFT II model was selected for simulation of the tracer test at

the H-3 hydropad and for design calculations for the sorbing tracer
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test because it has the capability to simulate flow and transport

processes in double-porosity media. A canprehensive description of the

theory and implementation of the SWIFT II model is presented in Reeves

et al. (1986a). The discretization of the global (fracture) and local

(matrix) systems and the time-step specification for simulating the

breakthrough curves from the conservative tracer test are discussed in

Kelley and Pickens (1986).

3.2.4 Model Input Parameters

As discussed earlier, the Culebra dolomite at the H-3 hydropad is

conceptualized as a double-porosity system for modeling purposes.

Parameters characterizing the Culebra, tracers, tracer-test operating

conditions, fractures, and matrix were utilized in fitting the m-TFMB

and PFB breakthrough curves determined fran water samples taken fran

the pumping well. These parameters include:

* tracer free-water diffusion oefficient;

* matrix tortuosity;

* longitudinal dispersivity;

* fracture porosity;

* matrix porosity;

* matrix-block size;

* pumping rate;

* Culebra thickness;

* distance between tracer-addition and pumping wells;

* tracer mass introduced;

* initial tracer input-zone dimensions.

The following is a discussion of the estimation of values for each of

these parameters:
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Tracer Free-Water Diffusion Coefficient

Free-water diffusion coefficients for m-TFMB and PFB have been reported

by Walter (1982). He calculated the free-water diffusion coefficients

using the Nernst expression and data from laboratory experiments

conducted to etermine the limiting ionic conductances of the tracer

species. The calculated diffusion coefficients for m-TFMB and PFB were

7.4 x 10-6 and 7.2 x 10-6 cm2/s, respectively (Walter, 1982).

Tortuosity

The solute diffusion coefficient in the porous matrix is defined as

follows for use in the SWIFT II code:

D - m Do (3-1) ,

where D* a the solute diffusion coefficient in the porous matrix;

- the matrix porosity;
- the tortuosity; and,

Do - the free-water diffusion coefficient.

In studying solute transport by diffusion, tortuosity is a parameter

whose magnitude (0( < >1 ) is a measure of the tortuous nature of the

pores through which the solute is diffusing. As the resistance to

diffusional transport for a conservative species increases, the

magnitude of tortuosity decreases. Bear (1972) has presented a review

of tortuosity values in the range of 0.3 to 0.7. Bear states that

tortuosity is correctly defined as:

X - (L/Le) (3-2)

where L * straight-line distance;

Le a mean length of the diffusional path in a porous

matrix.
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Although not stated, his review appears to have been for studies

utilizing unconsolidated media. Tortuosity values for consolidated

materials like dolamite are rare. Tortuosity values of 0.02 to 0.17

were calculated fran the diffusion coefficients of Cl- in chalk

samples by Barker and Foster (1981). Fran diffusion experiments on

crystalline rock samples, Katsube et al. (1986) calculated tortuosity

values of 0.02 to 0.19. It is expected that the tortuosity will vary

spatially within the Culebra. For simulation purposes in interpreting

the tracer test at the H-3 hydropad, tortuosity values of 0.15 and

0.45 were chosen as reasonable. In addition, utilizing two values for

calibration of the breakthrough curves allows the evaluation of the

effect of varying tortuosity on other parameters determined from the

calibration (e.g., effective matrix-block size).

Longitudinal Dispersivity

In fitting tracer breakthrough curves for transport in a single-

porosity medium, longitudinal dispersivity is often the key parameter

utilized in the calibration (i.e., fitting breakthrough-curve shape

and peak concentration). In a double-porosity system, the transport

of solutes between the fractures and matrix by diffusion can have a

very large effect on the breakthrough curve, thus causing the

interpretation of the best-fit longitudinal dispersivity to be

difficult.

A review of the literature on the magnitude of longitudinal dispers-

ivity for various tracer-test scales and contamination-plume sizes

(e.g., Lallemand-Barres and Peaudecerf, 1978; Pickens and Grisak,

1981) suggests that longitudinal dispersivity can be expressed as a

function of the mean travel distance of the tracers or contaminants.

In many situations, the longitudinal dispersivity is fram 5% to 10% of

the travel-path length. Since the well spacings at the H-3 hydropad

were approximately 30 m, longitudinal dispersivities of 1.5 to 3.0 m

were chosen for simulation of the breakthrough curves.
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Fracture Porosity

From examination of the tracer-breakthrough curves, it was concluded

that the rapid arrival of the m-TFMB tracer at the pumping well could

have been dominated by transport in fractures along the H-3bl to H-3b3

flow path. A first estimate for the fracture porosity was calculated

from the relation:

o - Qt / r 2 h (3-3)

where Of a the fracture porosity;

Q a the discharge rate at the pumping well;

a the time to reach the peak concentration;

r a the distance between the tracer-addition and pumping

wells; and, _

h = the aquifer thickness.

This equation is based on the assumption that transport is occurring

in the fractures only with no tracer losses to the matrix. Therefore,

it will yield an overestimate for the fracture porosity.

Using equation 3-3, the calculated fracture porosity based on the

m-TFMB breakthrough curve for the H-3b1 to H-3b3 flow path was

approximately 2.0 x 10 3. The PFB breakthrough curve for the H-3b2 to

H-3b3 flow path exhibited a much later first detection of tracer and

did not have a well-defined peak concentration. Therefore, only the

fracture porosity determined from the m-TFMB breakthrough curve was

utilized. Because of the large difference between the breakthrough

curves for m-TFMB and FB, it is recognized that the estimated

fracture porosity is uncertain and its representativeness to both flow

paths may be questionable. However, no other estimates are available

for simulating the tracer breakthrough curves.
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Matrix Porosity

Porosity determinations conducted on six core samples from boreholes

H-3b2 and H-3b3 ranged fran 0.11 to 0.24 (Core Laboratories, 1986a)

with an average value of approximately 0.2. A matrix porosity of 0.2

was chosen for simulating the tracer breakthrough curves.

Matrix-Block Size

As discussed in Section 3.2.2, the conceptualization of the double-

porosity system involves mathematically representing the natural

system as a homogeneous, idealized configuration of fractures and

matrix units. Even though the natural system is heterogeneous, one

must attempt to develop a reasonable approximation of the correct

fracture fluid volume and the surface area available for diffusion

fran the fractures to the matrix.

For modeling the tracer breakthrough curves at the H-3 hydropad, the

matrix units were assumed to be defined by three orthogonal fracture

sets. Fracture sets both horizontal and vertical (or near vertical)

have been observed in core samples, shaft excavations and outcrop

areas. A spherical representation of the matrix units was chosen for

simulation purposes. Because the time scale of the tracer tests is

not very long with the depth of penetration of the tracer into the

matrix units not large, the spheres are mathematically equivalent to

the cube representation through a consistent correlation of fracture

fluid volume and surface area available for diffusion. This assump-

tion in the simulation approach is discussed further by Kelley and

Pickens (1986).

The characteristic matrix-unit size is expected to vary considerably

over the WIPP-site area and also vertically at any location as a

result of the high degree of heterogeneity observed in the Culebra.
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Matrix-block sizes fran 0.15 to 1.0 m are considered a reasonable

range based on examination of core samples. These matrix-block

sizes were utilized as initial estimates for simulating the tracer-

breakthrough curves using the SWIFT II model. Additional discussion

of fracturing in the Culebra is presented in Kelley and Pickens

(1986).

Pumping Rate

The discharge rate at the pumping well was relatively constant

throughout the tracer test. The pumping rate was approximately

0.19 1/s for the first 23 days of the test, at which time the rate

increased by 0.02 1/s over the following 4 days and continued at the

higher rate (0.21 1/s) for the last 6 days of the test. The portion

of the breakthrough curves that were most sensitive during calibratiga

involved the first 23 days of the test. Therefore, a constant pumping

rate of 0.19 1/s was chosen as adequate for simulating the tracer

breakthrough curves.

Culebra Ihickness

The definition of the bottom and top of the Culebra has been reviewed

using available geophysical logs (Beauheim, personal communication,

1986). Recamended values are:

Well Depth Interval Below Land Surface Thickness
(ft) (m) (m)

H-3bl 670 - 694 204.2 - 211.5 7.3

H-3b2 676 - 699 206.1 - 213.1 7.0

H-3b3 673 - 696 205.1 - 212.1 7.0
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A Culebra thickness of 7.0 m, corresponding to the thickness estimate

at the pumping well, was chosen for simulating the tracer-breakthrough

curves.

Distance Between Tracer-Addition and Pumping Wells

Distances between the boreholes at the Culebra depth were calculated

based on the surveys of the borehole locations at ground surface and

borehole-deviation surveys (Saulnier et al., in preparation). The

distances between H-3b1 and H-3b3 for the m-TFMB flow path and H-3b2

and H-3b3 for the PFB flow path are 30.66 and 26.80 m, respectively

(see Figure 3.3).

Tracer Mass Introduced

Hydro Geo Chem (1985) reported injecting 1 kg of m-TFMB into well

H-3bl and 1 kg of PFB into well H-3b2.

Initial Tracer Input-Zone Dimensions

The tracer-test history was presented in Section 3.2.1. The tracer

injection procedure consisted of mixing the tracer in an initial

volume of water, injecting the tracer-labelled volume, and injecting a

second volume of water to. displace the tracer-labelled water into the

formation. Since the injection was of short duration, it was assumed

that the tracer moved out under plug-flow conditions through the

fractures only and resulted in an initial tracer input zone that was

cylindrical in shape and encompassing a region dependent on the volume

injected and the fracture porosity. The two fluid volumes that are

injected determine the initial tracer-zone dimensions in the aquifer.

Natural gradients were assumed to have a negligible effect upon the

initial tracer-mass distribution around the injection well. For a

fracture porosity of 1.9 10-3 (value determined through calibration
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of the breakthrough curves at the pumping well) and the respective

fluid volumes injected, the initial tracer-input ring of the m-TFMB

tracer surrounding well H-3bl had radii of 1.0 and 1.7 m, and for the

PFB tracer surrounding well H-3b2 had radii of 1.5 and 1.7 m. The

procedure for distributing this mass in the global grid-block system

of SWIFT II is shown schematically in Figure 3.6 and discussed in

detail in Appendix F of Kelley and Pickens (1986).

The input parameters discussed above are represented by a constant

value for each simulation during calibration of the breakthrough

curves. However, input-parameter values for different simulations are

adjusted systematically, within ranges Judged as reasonable, in an

attempt to match the observed tracer-breakthrough curves.

3.2.5 Analysis of Tracer-Breakthrough Curves *

From initial inspection of the two breakthrough curves (Figure 3.5),

one can identify major differences in tracer breakthrough. The m-TFMB

curve peaks sharply early in the test, whereas the PFB curve is very

broad, of much lower concentration, and requires a significant portion

of the test period to reach maximum observed concentration. With the

current double-porosity conceptualization, it was possible to achieve

reasonable breakthrough-curve matches with system parameters consis-

tent with the current physical and conceptual understanding of the

Culebra. A sensitivity analysis using a range of values for the model

input parameters for the m-TFMB breakthrough curve was conducted

(Kelley and Pickens, 1986). The sensitivity analysis provided

additional information for assessing the uncertainty in the parameters

determined from the calibration of the tracer-breakthrough curves.

The basis for initial estimates for each of the model-input parameters

is described above. Using these initial estimates, calibration of the

observed breakthrough curves for m-TFMB and PFB was performed. he

best-fit parameters are summarized in Table 3.2.
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Figures 3.7a and 3.7b show the omparison of the observed and

simulated breakthrough curves for the m-TFMB tracer on the H-3bl to

H-3b3 flow path for tortuosities of 0.15 and 0.45. A longitudinal

dispersivity of 3.0 m and a fracture porosity of 1.9 x 10-3 provided

the best-fit simulated breakthrough curve. Effective matrix-block

sizes of 1.2 and 2.1 m were interpreted for assuned tortuosities of

0.15 and 0.45, respectively.

The observed and simulated breakthrough curves for PFB for the H-3b2

to H-3b3 flow path are shown in Figures 3.8a and 3.8b for tortuosities

of 0.15 and 0.45. As discussed earlier, the breakthrough curve for

PFB did not indicate fracture-controlled transport. Using the sane

fracture porosity as for fitting the m-TFMB breakthrough curve, a

dispersivity of 1.5 m, and assumed tortuosities of 0.15 and 0.45

resulted in effective matrix-block sizes of 0.25 and 0.44 m,

respectively.

Dispersivity is defined and applied consistent with a Fickian concep-

tualization in the SWIFT I model. The longitudinal dispersivities

obtained for the two flow paths are within a factor of two. Fran a

sensitivity analysis (Kelley and Pickens, 1986), it was found that

increasing dispersivity alone caused an earlier tracer arrival and

higher peak concentration. The difference in dispersivities for the

two flow paths can be viewed as a measure of either differences in

heterogeneity between the two flow paths traveled by the tracers or a

result of difficulties in providing a unique fit of observed and

simulated breakthrough curves for processes described by such a large

number of parameters.

The tortuosity value chosen during calibration has a direct effect on

the subsequent estimate of the matrix-block size. As the tortuosity

increases, the diffusive loss increases and, therefore the matrix-

block size must also increase in order to obtain the same tracer-

H06300R127 3-18 



breakthrough response. Fran the literature review of tortuosities for

consolidated materials, the lower tortuosity value is considered to be

more representative.

The characteristic matrix-block sizes estimated from calibration of

the breakthrough curves varied between flow paths. Between H-3bl and

H-3b3, 1.2 to 2.1 m block sizes (depending on specified tortuosity

values) provided the best fit, whereas between wells H-3b2 and H-3b3,

0.25 to 0.44 m gave the best fit. Given the degree of heterogeneity

expected within the Culebra even over relatively short distances, it

is not surprising to have evidence of differences in matrix/fracture

geometry at the hydropad scale. The difference in matrix-block sizes

implies that directional fracture/matrix properties are present at the

hydropad scale. It should be noted that the calculated matrix-block

sizes are consistent with observations from core samples, shaf*t.

excavations, and outcrop areas. However, the uncertainty in the

matrix-block sizes determined for the H-3b2 to H-3b3 flow path (PFB

tracer path) is considered larger since the fracture porosity utilized

in the calibration was chosen the same as for the H-3b1 to H-3b3 flow

path m-TFMB tracer path) where fracture-dominated transport was more

clearly evident.

It is recognized that uncertainty exists in the assumed or calibrated

values for tortuosity, fracture porosity, matrix porosity, and matrix-

block size used to describe solute transport at the H-3 hydropad.

Reduction in this uncertainty would require additional laboratory and

field testing (e.g., additional drilling and coring, additional matrix-

porosity determinations on core, diffusion experiments, and additional

field tracer testing). The results obtained from the conservative

tracer test are adequate, however, to indicate that fracture flow and

matrix diffusion dominate solute transport in the Culebra at the H-3

hydropad. Further, the parameters derived to fit the m-TFMB and PFB

breakthrough curves are consistent with current conceptualizations of

the Culebra at the H-3 hydropad.
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3.3 Design Calculations for Sorbing Tracer Test

Model calculations were performed using SWIFT II to evaluate the

significance of the magnitude of the partition coefficient (defined in

Chapter 1) to the transport of generic sorbing tracers in the Culebra

Dolomite Member at the H-3 hydropad. These calculations should be

considered as soping in nature and are not intended to represent

specific tracers. For each of these simulations, the partition

coefficient was assumed to be constant spatially and temporally.

Simulations were conducted using a range of partition coefficients and

the best-fit parameters determined from analysis of the convergent-flow

conservative tracer test conducted at the H-3 hydropad. The parameters

are summarized in Table 3.3. The free-water diffusion coefficients util-

ized for interpretation of the conservative tracer test with the organic

tracers are similar in magnitude to those for a range of cations.

Therefore, diffusion coefficients were not treated as a variable in the

simulations. A single tortuosity of 0.15 was chosen for the design

calculations. Thus, effective block szes of 1.2 and 0;25 m were util-

ized to represent the H-3bl to H-3b3 and the H-3b2 to H-3b3 flow paths,

respectively. A pumping rate of 0.19 l/s, identical to the pumping rate

used in the previously-conducted conservative tracer test, was chosen.

Future evaluations and design calculations could investigate both the

suitability and effect of using larger pumping rates and the effects of

different diffusion coefficients.

The mass of a specific tracer that would be added to a tracer-addition

well was set at 1 kg and the injection volumes and times were chosen

identical to those utilized for the previously-conducted conservative

tracer test at the H-3 hydropad. These tracer masses and injection

volumes were chosen for calculation purposes only and are assumed

independent of any possible tracer-solubility constraints. The design

calculations using SWIFT II provide estimates of the concentrations that
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would be present in water samples from the pumping well. These concen-

trations are expressed in Table 3.4 both as micrograms per liter sample

per 1 kg input (g/l/kg) and as dimensionless dilution factors (mass per

kg of sample pumped/mass njected). The density of H-3 Culebra water is

about 1.04 kg per liter (kg/I) so the conversion between the two

concentrations units becomes

Dilution factor * (g/l/kg) x 0.96 x 109 (3-4)

A range of partition-coefficient values was chosen, with higher values

utilized for the H-3bl to H-3b3 flow path because this path exhibited a

more rapid transport rate for conservative tracers. Partition coeffi-

cients of 0.1, 1.0, 10.0, and 50.0 ml/g and 0.1, 1.0, 2.0, and 10.0 ml/g

were utilized for the H-3bl to H-3b3 and the H-3b2 to H-3b3 flow paths,

respectively. For these two flow paths, the simulated breakthrough-

curves for the pumping well are shown in Figures 3.9a and 39b, and the

peak concentrations, times to reach the peak concentration, and times to

reach 1% of the peak concentration are summarized in Table 3.4. In

evaluating the results of these simulations, one should consider the

uncertainties associated with the estimates of the physical solute-

transport parameters for the Culebra at the H-3 hydropad (Section 3.2),

the limitations in the use of partition coefficients to represent overall

transport behavior of reactive species (Sections 1.2 and 4.0), and the

simplifying assumptions used in the design calculations.
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4.0 GEOCHEMICAL CONTROLS ON TRANSPORT IN THE CULEBRA AT THE H-3 HYDROPAD

The common mathematical description of the transport of substances by

flowing ground water includes a term to account for retardation by

chemical reactions betwee- solutes and solid phases. This term, which we

refer to as the partition coefficient (K), is defined in Section 1.2 as

the ratio of the mass of substance fixed on the solid phase in a given

volume of aquifer to the mass dissolved in the fluid in that volume.

If it is assumed that the mass fixed on the solid is linearly proportional

to its concentration in solution, the partition coefficient can be identi-

fied with the distribution coefficient (Kd) used to describe simple linear

sorption. There are practical advantages to making this assumption.

First, it yields transport equations which are amenable to closed-form

solutions. Second, numerical values for partition coefficients fo&

sorption processes can, in principle, be determined from batch laboratory

tests.

In reality, sorption is not the only process which can change the relative

concentration of solute in the fluid and in the solid. Processes such as

mineral solution and precipitation, and ion exchange can also influence

the value of the partition coefficients. Prediction of how a substance

will be transported and interpretation of observations of its transport

behavior both require an understanding of how a substance will behave in

solution. They also require the identification of the geochemical

processes by which the solute is partitioned between the stationary solids

of the aquifer and the moving fluid.

Once identified, the geochemical processes must be defined in sufficient

detail to permit a mathematical description which at least bounds the

expected behavior. This requires a conceptual model for the thermodynamic

behavior of solutes and for their interactions with solid phases. The

conceptual model must be appropriate for the type of system being examined
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(for example, a brine as opposed to a dilute solution) and there must be

sufficient thermodynamic data to support the model.

Site-specific data are also required and are generally drawn from both

field and laboratory activities. Field activities include the collection

of representative samples of fluids and solids, and field measurements of

such quantities as formation temperature and geochemical parameters which

may change rapidly during sample storage or as a result of the sampling

activity itself. Such parameters may include pH and platinum-electrode

potential. In this report, the term "platinum-electrode potential" refers

to values found using this common field-measurement technique. The term

"Eh" refers only to theoretical values derived from or related to redox

reaction potentials.

Laboratory activities include descriptions of the mineralogy, petrology

and chemistry of solid phases, particularly those which have the potential

either to control the bulk chemistry of the formation fluid or to react

with specific substances of interest in the transport problem. Laboratory

activities also include the chemical analyses of preserved samples of

fonration fluid. Finally, special laboratory investigations may be

required, such as direct studies of water-rock interactions using batch,

column, or wafer methods.

This chapter -describes the geochemical processes which influence transport

in the Culebra in the vicinity of the H-3 hydropad. It begins by

summarizing the data which are presently available on the chemistry of

water and the composition of solid phases fran boreholes at the H-3

hydropad. It continues with an interpretation of these data and leads to

a description of specific processes which control bulk water chemistry and

may otherwise influence transport at this location. The chapter concludes

with a summary of the geochemical constraints on the design of a sorbing

tracer test at the H-3 hydropad.
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4.1 Fornation Water Chemistry

Chemical analyses are available for three samples of Culebra water taken

fram wells at the H-3 Hydropad. he results the analyses Of a sample

collected March 17, 1977 ra a well designated as H-3 (now H-3bl) were

reported by Mercer (1983) and by Ramey (1985). Two samples were taken

more recently fran the H-3b3 borehole as part of the Ecological Monitor-

ing Program. Same data on these samples are given by Westinghouse

Electric Corporation (1985), and complete analytical data will be
published by Robinson (in preparation).

Analyses of all three samples are shown in Table 4.1. All the data for

the March 17, 1977 sample are as given in Mercer (1983). The concen-
trations of dissolved solids for the samples taken in 1984 and 1985 are
from analyses reported by Bendix which will appear in Robinson (in

preparation). The pH used for the 1985 sample is that shown in

Figure 10.6 of Westinghouse Electric Corporation (1985). The sample

taken in 1984 was assumed to have the same pH.

No density values were reported for either the 1984 or the 1985 samples.
A series of specific-gravity measurements made during hydraulic testing
of the Culebra at the H-3 hydropad indicate values ranging fran 1.037 to

1.040 (IAL'ERA Technologies, 1986, Table A5-1). As discussed in Appendix
E of Haug et al. (in preparation), the densities of water from the

Culebra at standard temperature and pressure (SIP) conditions are a

function of their chemistry. Based on the chemistry of these samples,

their densities should be about 1.04 kilograms per liter (kg/l) at STP
conditions. A value of 1.04 kg/l is used for the density of all three
of the samples. Values of solution density are required to convert
concentrations measured in milligrams per liter solution (g/l) to molal

concentrations (moles per kilogram water).
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Temperatures of water produced during a sixty-two day pumping test of

the Culebra at the H-3 hydropad are given in Table AS-1 of INTERA

Technologies (1986). After about 3 days of pumping, the temperature

reached 240C (measured on water samples discharged at ground surface)

and it remained at essentially this value for the remainder of the

test. For calculation purposes, the temperature of the formation was

taken as 240 C. Downhole temperature measurements would be required to

obtain an improved estimate of the representative formation-water

temperature.

The results of tests on the internal onsistency of these samples are

also shown in Table 4.1. These include a charge balance test and a mass

balance test. The sum of the charges of the anions and cations balance

within 3% in all three analyses. The sun of the analyzed dissolved

solids for the 1977 sample is within 9% of the measured residue on

evaporation. The residue on evaporation was measured at 1050 C (Mercer,

1983) and may therefore have included some water of hydration of the

residual salts. The fact that it is higher than the sum of analyzed

constituents is therefore neither surprising nor of concern. The values

for residue on evaporation were not available for the samples taken in

1984 and 1985 and, therefore, this test of internal consistency could

not be applied to them.

Overall, the compositions of these three samples are consistent with one

another and with the regional pattern of water chemistry in the Culebra.

The regional Culebra water chemistry is discussed briefly in Appendix E

of Haug et al. (in preparation).

The overall chemical consistency among the three samples fram the H-3

hydropad is evident from inspection of Table 4.1. The result3 of the

analyses of the 1984 and 1985 samples agree particularly well. However,

sane values reported for the 1977 sample are clearly discordant from the

later samples. These include values for the concentrations of
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potassium, magnesium, sulfate, alkalinity, and silica. Except for the

alkalinity, the differences could reflect analytical errors or the

remnants of fluid used to construct and develop the well which were not

adequately pumped before the sample was taken. The alkalinity

discrepancy is discussed further in Section 4.3.2.

4.2 Identity and Distribution of Solid Phases

The mineralogy of aquifers exerts strong controls on the chemistry of

water within them. Mineralogical information on the Culebra at the H-3

site was gathered on selected samples of cores from boreholes H-3b2 and

H-3b3. The samples were examined by thin-section petrographic tech-

niques, X-ray diffractanetry, and scanning electron microscopy by Core

Laboratories Inc. The following discussion is based on a report of this

work (Core Laboratories, 1986b) which is summarized in Table 4.2. Thei,

core samples were chosen both from zones fran which intact core was

available and from zones from which only rubble and rock fragments were

collected. Thus, the analyzed core samples should have provided

representative mineralogical and physical properties for character-

ization of the Culebra. The validity of this assumption cannot be

evaluated fran the existing data base.

The majority of the Culebra at the H-3 hydropad, including the part

through which most ground-water flow is thought to occur, can be

described as a vuggy, fractured dolostone. Samples of this material

range fram 81 to 99 weight percent dolomite with the balance composed of

gypsum, halite, mica, bassanite, quartz, and clay minerals. The clay

fraction is dominated by mixed-layer chlorite-smectite which has 40 to

50% expandable interlayers and shows sme degree of ordering. Discrete

chlorite, illite, and kaolinite are also present.

Immediately above and below the dolostone are silty claystones. These

units are composed of dtrital quartz, mica, dolomite, and gypsum in a
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clay matrix. Feldspar, halite, pyrite, metal oxides, and calcite also

occur in minor amounts. It is probable that most water flow in the

system occurs through the dolostones, so that minerals present in the

adjacent claystones are likely to have little influence on the chemistry

of water in the Culebra, particularly on the time scale of the test.

Materials which may enter an aquifer during the drilling and completion

of boreholes can also bring about changes in the aquifer water chemistry

and influence the transport of substances in the vicinity of the bore-

hole. The construction of the wells at the H-3 hydropad is discussed in

Section 3.1.2. Although drilling fluids are not discussed in the well

construction section, the discussion of water chemistry presented

suggests drilling fluids are not a problem in the H-3 hydropad water

sampling, except possibly for the first (1977) sample.

4.3 Characterization of Geochemical Envirorment

Water chemical analyses and information on formation mineralogy can be

used to explore possible mineral controls on water chemistry. To do

this requires a model of the geochemistry of the system. Before

describing the results of the examination of the data, it is necessary

to discuss the model used.

4.3.1 Geochemical Modeling

A model for the thermodynamic behavior of solutions is necessary to

translate the results of water analyses to parameters used in the

mathematical treatment of chemical equilibria involving solutions and

mineral phases. The conceptual model used in this work is the

ion-pair model (Garrels and Christ, 1965).

As shown in Table 4.1, the ionic strength of Culebra water at the H-3

hydropad is slightly above one molal, with the dissolved constituents
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dominated by sodium and chloride. Thus, these waters can be studied

with an ion-pair model, particularly when it is used with a modified

formulation for the calculation of individual ion activity coeffi-

cients. Activity coefficients were therefore calculated using the

WATEQ or Truesdell-Jones form of the extended Debye-Huckel equation

(Truesdell and Jones, 1974; Nordstrom and Munoz, 1985). A discussion

of this equation is included in the Appendix to this report.

The ion-pair model of solution behavior is embodied in a number of the

computer codes commonly available for making geochemical calculations

(Nordstrom et al., 1979). The code used for this work, PREEQE

(Parkhurst et al., 1980), was chosen because it embodies the ion-pair

model and includes an option to calculate individual ion activity

coefficients using the WATEQ Debye-Huckel expression. In addition, it

is efficiently coded to minimize computer run time, and is written so..

that all the reactions it models are entered as part of the thermo-

dynamic data base rather than hard-programmed into the code. The

particular version of the code employed was prepared for use in the

Salt Repository Project of the U.S. Department of Energy and is

documented to meet nuclear waste quality assurance requirements

(INTERA Environmental Consultants, 1983).

The reliability of geochemical modeling is determined by the quality

of the thermodynamic data base supporting the model. Data required

for the calculations made for this report include values for the

equilibrium constants for ion association reactions and for the

formation of minerals which might influence the water chemistry. In

addition, ion-specific parameters for the equation used to calculate

individual ion activity coefficients must be specified. Finally, the

temperature dependence of all equilibrium constants is needed along

with the temperature-dependent values of certain of the properties of

the solvent, water.
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The thermodynamic data used are included in the Appendix. This

Appendix also includes references to the sources of the data chosen

and a description of the procedure used to select the data.

4.3.2 Formation-Water Interactions

Fran the mineralogical data described in Section 4.2, the Culebra at

the H-3 hydropad can be broadly characterized as a gypsiferous dolo-

stone. As described in Appendix E of Haug et al. (in preparation), a

number of studies have been performed on waters fran aquifers of this

type including studies of:

* the FloridanX aquifer;

* the Edwards aquifer of central Texas; and

* the Muschelkalk and other dolomitic aquifers of northern

Switzerland.

Waters in these aquifers are characterized by:

* Saturation with respect to calcite, even if the residence time of

the water being sampled is as short as a few years.

* Saturation with respect to dolomite, if the residence time of the

water sampled is several hundred years or more.

* Saturation with respect to gypsum. In formations in which there

has been limited fresh-water circulation so that plentiful gypsum

remains, gypsum saturation can occur in waters with residence

times of only a few tens of years.

* Saturation with respect to celestite. This is particularly common

in waters saturated with gypsum. Strontium is not as frequently

analyzed in water samples as is calcium but where data are

available, they show that solutions saturated with gypsum are

generally also saturated with celestite.

* Undersaturation with respect to halite, even though halite is

present in some of these formations as it is in the Culebra. This
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probably occurs because halite is so very soluble and dissolves so

rapidly that even a limited amount of ground-water circulation can

remove accessible halite from a formation. Thus, higher chloride

concentrations in waters from such formations tend to be present

in waters taken at points distant from outcrops and recharge areas

or in areas which for other reasons have limited ground-water

circulation.

4.3.2.1 Saturation Index Calculations

Mineral saturation calculations were made for the three Culebra

water samples to examine the possible mineral controls on water

chemistry. The calculations were made using the PHREEQE code and

the thermodynamic data given in the Appendix. The results in Table

4.3 are expressed as saturation indices (SI), which are defined as: m

SI log AP - log KT (4-1)

where log KT is the logarithm of the equilibrium constant for the

dissolution of the mineral at the temperature of the solution, and

log IAP is the logarithm of the ion activity product. The log IAP

for gypsum (CaSO42H20), for example, is:

log APgypsum a log a(Ca42 ) log a(SO4 2 ) 2 * log a(H2 0) (4-2)

where a thermodynamic activity

while that for calcite (CaCO3 ) is:

log IAPcalcite log a(Ca 2) log a(C03'
2). (4-3)

At equilibrium, the log IAP and log KT will be equal and the

saturation index will be zero. A negative saturation index indi-

H06300R127 4-9



undersaturation, while a positive saturation index indicates

oversaturation of the solution with respect to the mineral.

Saturation indices for several minerals calculated fran the analyses

given in Table 4.1 are shown in Table 4.3. The gypsum saturation

indices are between 0.04 and 0.11. As shown in Figure E3 of Haug

et al. (in preparation), the gypsum saturation index for all but one

of the Culebra samples taken in 1984 and 1985 is between 0.0 and

0.1. This tight grouping of saturation indices is strong evidence

that the chemistry of these waters is controlled by saturation with

respect to gypsum. A similar tight grouping would be found for

saturation indices of anhydrite (CaSO4 ), but with a mean value of

-0.34 SI units, the amount by which anhydrite is more soluble than

gypsum at 24 0C (see Appendix).

Celestite (SrSO4) saturation indices can be calculated only for the

1984 and 1985 samples because strontium was not analyzed for the

sample taken in 1977. The saturation indices of the latter samples,

:-owever, are close to 0.0 and suggest control of the solution

composition by saturation with respect to celestite.

Saturation indices of minerals containing carbonate are sensitive to

the pH of the solution. Carbonate (C0 3 - 2) concentrations in

solutions of pH values of less than 8.5 or 9 cannot be measured

directly. Instead they are calculated from the measured solution

alkalinity which, in solutions of pH values less than 8 to 8.5,

essentially equals the bicarbonate (HC0 3 -) content of the solution.

The carbonate activity is calculated from the bicarbonate and the pH

using the expression:

log a(C03 2) log KT(HCO3 ) + pH + log a(HCO3 ) (4-4)

where log KT(HC0 3 ) is for the dissociation reaction for

bicarbonate.
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Combining this expression with the definition of the saturation

index (Eq 4-1) shows that the saturation index for calcite varies

directly with variations in the pH.

The log IAP for dolomite (CaMg(C0 3 ) 2 ) is:

log IAPdolomite log a(Ca*+) + log a(Mg*+) 2 log a(C03
2) (4-5)

The dolomite saturation index varies as twice the pH because the

activity of carbonate appears twice in the expression for the

dolomite saturation index.

Because pH values of ground waters can change during sample collec-

tion and storage, it is good geochemical practice to measure pH in

the field. Even when this is done, it is often difficult to assure.-

that the value measured at the surface represents that of the ground

water as it was in the formation. Although the analytical error in

pH measurements is far less than 0.01 pH unit, uncertainties

associated with p values of ground waters, even when carefully

determined in the field, are from 0.05 to 0.1 pH units.

To compare the saturation states of a solution with respect to

several carbonate minerals it is convenient to use expressions from

which the possibly uncertain carbonate ion activity has been

eliminated. To compare calcite and dolomite, the expression:

2 SIcalcite SIdolomite (4-6)

is useful because its value is independent of the activity of

carbonate.

The calcite and dolomite saturation indices calculated for the 1985

sample and shown in Table 4.3 are -0.11 and -0.18, respectively.
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While these negative saturation indices could be taken as an

indication that this water is undersaturated with respect to these

minerals, undersaturation with calcite, at least, is uncommon in

ground waters with residence time in excess of several decades.

Thus, it is more likely that the measured pH is slightly below that

in the formation, and that the water actually is saturated with

respect to both calcite and dolomite.

The calcite and dolomite saturation indices for the 1984 sample are

-0.06 and -0.08, respectively. These values are well within the

ranges to be expected for a water saturated with calcite and

dolomite, given the possible uncertainties in measured pH values.

The pH value used for these calculations though was that measured

for the 1985 sample because the 1984 value was not reported. This

detracts smewhat fran the confidence with which saturation indices

for this sample can be used.

Uncertainties in the saturation indices for calcite, dolomite, and

gypsum due to uncertainties in the thermodynamic data and the

conceptual model used in their calculation are estimated to be less

than 0.05 SI units.

Two sets of saturation indices are given in Table 4.3 for the sample

collected in 1977. The calcite and dolomite saturation indices

calculated using the reported alkalinity (see Table 4.1) are 0.38

and 0.72 respectively. These strongly positive values indicate that

a water of this composition would be oversaturated with respect to

both these minerals at the measured pH.

Waters with such strongly positive saturation indices for these

minerals are generally not found in nature. Although positive

calcite and dolamite saturation indices have been reported from sane

ground waters, these can usually be explained as a result of mixing
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of waters or of C02 gas loss during or just prior to the time of

sample collection (Pearson et al., 1978).

Table 4.1 shows that the alkalinity reported for the 1977 sample is

considerably higher than the values reported for the 1984 and 1985

samples. If it is assuned that the alkalinity reported for the 1977

sample is in error and that its true value is the mean of the 1984
and 1985 values, saturation indices of 0.01 and -0.01 result for
calcite and dolanite, respectively (Table 4.3).

Comparison of the calcite and dolomite saturation indices of these

samples using the expression 2 SIcalcite- SIdolamite to eliminate
uncertainties in the carbonate values are also shown in Table 4.3.
For the 1977 sample the value is 0.004 while for both the 1984 and
1985 samples the value is -0.04. If the Culebra formation water
in equilibrium with calcite and dolomite, and if the thermodynamic
data used in the calculations of the saturation indices are correct,

the likely cause for these values not equaling 0.00 would be errors
in the analyses for dissolved magnesiun.

4.3.2.2 Redox Controls

The solubility and the identity of the dominant aqueous species of a
nunber of elements depend on the oxidation state of the element in
solution. It has been common practice to treat aqueous solutions as
if all redox couples within them were responding to the same

oxidation potential - that is, following Garrels and Christ (1965),
to write of the oxidation potential (Eh) of a solution, or following
Stuim and Morgan (1981), to consider pE as a master solution
variable. As more data on the concentrations of redox-sensitive

species in ground waters become available, it is increasingly
evident that it is not possible to describe solutions using a single

oxidation potential to characterize all possible redox reactions

(Lindberg and Runnells, 1984; Pearson, 1985).
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The characteristics of the dominant species of an element in a given

ground water will determine the extent to which the transport of

that element may be retarded by geochemical processes. Many

elements present in nuclear waste or of interest as potential

tracers can exist in several oxidation states in ground waters.

Their transport behavior might be quite different if they are in one

state than if they are in another. Thus it is important to examine

the oxidation states of certain elements in Culebra ground water to

aid both in tracer selection and in the design of the tracer matrix

solution.

The solubilities of both iron and uranium in ground waters are

sensitive to oxidation state. Ferric, Fe (III), oxides and

hydroxides are common iron-bearing phases in many aquifers. Only

ferrous, Fe (II), species occur in measurable quantities in waters

like those in the Culebra. Thus the concentration of iron in

Culebra formation water could be controlled by such a reaction as:

Fe(II) (solution) Fe(III) (solid) + e (4-7)

The most common uranium-bearing phase is the U(IV) oxide U0 2 .

Measurable uranium in solution, however, is dominated by the uranyl

ion (UO2 +
2) in which uranium is present as U(I). The uranium

concentration in many ground waters appears to be controlled by the

reaction:

U02 (solid) U02+2 (solution) + 2e (4-8)

Oxidation potentials have been calculated for the H-3 Culebra

samples of Table 4.1 under three assumptions:

1: That the analyzed dissolved uranium is in equilibrium with

uraninite (UO 2 );
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2: That the analyzed dissolved iron is in equilibrium with

goethite, (Fe 001) and;

3: That the analyzed dissolved iron is in equilibrium with

amorphous Fe(OH)3.

The dissolution o goethite, for example, can be written:

FeOOH + 3H + e- - Fe+2(aq) + 2H20 (4-9)

with

log KT(goethite) * log a(Fe+2(aq)) + 2 log a(H20) 3 pH + pE (4-10)

where pH - -log a(H+) and pE - -log a(e-). pE can readily be

converted to Eh, in volts, as described in Section A3.4 of t

Appendix.

The results of these calculations are shown in Table 4.4. No

uranium-bearing minerals were identified in the core analyses,

although were any such minerals present they would be in such low

concentrations that great care would be necessary to find them. The

mineral goethite was identified in the claystone immediately

overlying the Culebra dolomite. As shown in the Appendix, a wide

range of thermodynamic properties are reported in the literature for

minerals called goethite. Using the value chosen and the iron

concentrations of the samples lead to calculated Eh values between

-0.106 and -0.151 volts as shown in Table 4.4. These values, while

more negative than the values calculated using uranium data for the

sane samples, are at least of the same order as the uranium values.

This suggests that metals in solution in the Culebra can be treated

as if they are responding to oxidation potentials in the range of

+0.05 to -0.15 volts.
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If the analyzed iron values do not represent those of the formation

water, there will be additional uncertainty in the estimated Eh

values. Lambert and Robinson (1984) report that the iron concen-

trations of samples from many WIPP wells decrease with pumping and

suggest that the early higher iron values may have resulted fran

corrosion of ron well casings. Pearson (1985) has also found ron

from this source in water samples taken fram wells in northern

Switzerland.

The dissolved iron contents of the three H-3 samples range from 0.05

to 0.57 mg/l (Table 4.1). This range is reflected in the 0.045 volt

difference between the highest and lowest Eh value calculated for

each iron mineral (Table 4.4). If the iron content of the formation

water is an order of magnitude lower than the lowest sample

measured, the calculated Eh values would be about 0.04 volts more

positive, or roughly -0.06 and +0.05 volts for geothite and

Fe (0H)3am, respectively. These values are still in the range of

0.05 to -0.15 volts estimated for the Culebra.

In making Eh calculations as done here, it has been assumed that

solid-solution equilibrium has been reached. The size of the error,

if any, introduced into the results by this assumption cannot be

estimated.

4.4 Summary

Fran analyses of ground water and core samples collected from the

Culebra fran wells at the H-3 hydropad, the following conclusions can be

drawn:

* The generally good agreement between the chemistry of water samples

taken in 1977, 1984, and 1985 suggests that all represent the

chemistry of Culebra formation water.
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* The water-bearing zone of the Culebra is a gypsiferous dolomite,

bounded by claystones dominated by mixed layer chlorite-smectite

minerals and with goethite present as an additional iron-bearing

phase.

* Calculations of the saturation indices of the water samples suggest

that the formation water is in equilibrium with the minerals

calcite, dolomite, gypsum, and celestite and has a pH of 7.3 to

7.4. The water chemistry therefore appears to be controlled by its

host rock, a gypsiferous dolomite.

* The observed concentrations of iron and uranium in the water samples

are consistent with the assumption of near-equilibrium with the

minerals goethite or amorphous Fe(CW 3, and uraninite, respectively,

at Eh values of between 0.05 and -0.15 volts.
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5.0 PRELIMINARY DESIGN OF TRACER-TEST SOLUTION

The design of the tracer-test solution has had two objectives:

* that the tracer solution will not bring about geochemical changes in

the aquifer system wich would modify the natural transport

properties of the system; and

* that the tracers used will breakthrough within the period of the

test and be a source of information about the transport properties

of the aquifer.

It is assumed that for the purposes of assessing expected behavior of the

WIPP facility, that the results or mixing of Salado and Culebra brines can

be nvestigated either in the laboratory or by calculations, and thaI

during transport within the Culebra, the fluid chemistry will be, in

general, dominated by the Culebra itself.

The first section of this chapter develops a design for a matrix fluid in

which the tracers could be introduced and presents a recipe for its

preparation. The second section discusses a number of reactive and

conservative tracers which would be useful for characterizing the

transport properties of Culebra within a test period of from two to five

years.

5.1 Injection-Fluid Matrix Composition

The tracer fluid should have a composition which will not react with the

formation, nor should mixtures of the tracer fluid with formation water

react with the aquifer. Such reactions as mineral dissolution or

precipitation could change the hydraulic properties of the formation

during the course of the tracer test. Mbre mportant, precipitating

solids could remove tracer from the solution, leading to erroneously
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high estimates of the extent of sorption in te system. Properties

influencing the flcw of the tracer fluid, such as its density and

viscosity, should also mimic tse of the native ground water. The

design of n artificial solution which will be compatible with Culebra

water at the H-3 hydropad is described in this section.

The procedure by which the tracer fluid is introduced into the formation

is also important and is discussed below. The procedure adopted must

minimize changes which might occur in the tracer solution due to

exposure to the atmosphere or to foreign solids during handling prior to

injection or during injection itself.

This section concludes with a description of how a solution simulating

Culebra formation water could be produced. Artificial Culebra water

should be used as a matrix for the introduction of tracers into the

Culebra aquifer as well as in the laboratory for performing small-scale

transport tests in Culebra material.

5.1.1 Design Constraints

The introduction of a foreign water into a formation may have several

effects. If the water is under-saturated with respect to minerals in

the formation or with respect to solids associated with the borehole,

it may dissolve or otherwise react with them. Dissolution of solids

will not have an important effect on tracer transport unless a

sufficient mass is dissolved to modify the hydraulic properties of the

system or unless reaction with or dissolution of one solid brings

about precipitation of another.

Foreign water could also be over-saturated with respect to solids. If

tracers co-precipitate with solids precipitating from such water, the

tracers will be retarded. Even if the foreign water itself is not

reactive with aquifer and borehole substances, it is necessary to
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guard against the occurrence of mixtures between the foreign and

formation waters which could dissolve or precipitate solid phases.

As shown in the previous chapter, Culebra formation water is in

equilibrium with the carbonate minerals calcite and dolomite, and with

the sulfate minerals gypsum and celestite. Reactions between ground

water and carbonate and sulfate solids are rapid enough that they

could influence water chemistry during a period of a few years, within

the expected duration of the tracer test. Thus, a constraint on the

tracer injection fluid is that it be non-reactive with respect to

calcite, dolomite, gypsum, and celestite.

The tendency of a tracer solution to undergo oxidation or reduction

reactions in the formation may have as much effect on tracer transport

as dissolution or precipitation of major mineral phases. While it 3r-

relatively easy to design an injection solution which will minimize

the possibility of precipitation or dissolution of major solids, it is

not practically possible to control potential redox reactions except

within rather broad limits. Thus, no attempt will be made to tightly

constrain the redox state of the tracer solution.

Even if practical difficulties did not exist there are other reasons

why there is no need to try to control the redox state of the tracer

solution except within broad limits. First, as discussed in the

preceding chapter, the field and laboratory data on the composition of

formation water from the Culebra do not permit an unequivocal

definition of the state of redox reactions in the system. Second, the

necessity for close control of redox state can be avoided by choosing

tracer substances which are insensitive to changes in redox state over

relatively broad limits.
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5.1.2 Constraints on Tracer-Injection Procedures

The tracer solution will be designed to be non-reactive with carbonate

and sulfate minerals, and to have an oxidation state which is within a

certain broad range. While such conditions can be achieved in the

laboratory where the solution will be prepared, it is also necessary

to design the procedures by which the solution is introduced into the

formation so that conditions do not change during that introduction.

The saturation state of the solution with respect to carbonate

minerals is a function of the partial pressure of C02 of solution. As

Table 4.1 shows, the partial pressure of C02 in water from the Culebra

is about 10-2.9 bars. This is higher than the partial pressure of 02

in the atmosphere, 1035 bars, and so Culebra formation water, or

water closely resembling it, will slowly lose C02 when exposed to the

atmosphere. With this loss, the solution pI will rise and the solu-

tion will become over-saturated with respect to carbonate minerals.

Thus, it is important to minimize the C02 loss from the fluid between

the time it is first made up in a laboratory and the time it is

introduced into the formation.

Tracers will be chosen which will be stable over a relatively broad

range of redox states. However, it will be necessary to protect the

injection solution from conditions which would drive redox conditions

beyond the range in which the tracers are stable.

If the tracer solution receives more than momentary exposure to the

atmosphere, it will dissolve atmospheric oxygen. This would have two

effects. First, it would bring about strongly oxidizing conditions in

the solution which could change the chemical behavior of certain

tracers and affect their stability in the tracer solution itself or

their transport properties in the aquifer. Second, if oxygenated

tracer solution entered the aquifer and mixed with less oxidizing
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fonmation water, redox-sensitive species dissolved in the formation

water would be affected. If such oxygenation caused the precipitation

of iron or manganese oxides or hydroxides, the transport behavior of

all cationic tracers could be affected because these iron and

manganese solids are strong sorbents. Thus, it will be important to

minimize the exposure of the tracer solution to air to prevent both

loss Of 02 and dissolution of oxygen.

It will be necessary also to minimize the exposure of the tracer

solution to any strongly reducing substances during its injection into

the aquifer. The substance of this type to which the solution is most

likely to be exposed is metallic iron, which my be present in

materials used to construct the borehole or in the apparatus used to

transmit the tracer solution from the surface through the borehole to

the formation at depth. The corrosion of iron by ground water leadt-a

to the production of hydrogen gas and to high dissolved iron concen-

trations. High dissolved iron levels formed by corrosion caused by

the njection solution could bring about precipitatation of iron

hydroxides in the formation as the tracer solution mixes with

formation water. These highly sorbent iron hydroxides would tend to

retard any cationic tracers being used and possibly restrict the

hydraulics of the well and inhibit injection efficiency.

Hydrogen is a strong reducing agent, and if any were formed by

corrosion of metal by the tracer solution, it could also influence the

behavior of tracers in the injection fluid or after introduction to

the aquifer itself. It will be important to design the tracer-

injection procedure in a way that minimizes any contact between the

tracer solution and metals with which that solution could react.

Since one (H-3bl) of the existing three wells at the H-3 hydropad

consists of perforated steel casing at the Culebra interval, it is

assumed that one additional new hole will be drilled. The location of
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the new hole should be chosen such that it intercepts the rapid-

transport pathway between H-3bl and H-3b3.

5.1.3 Preparation and Handling of Injection Matrix Fluid

Considerations for the preparation of tracer matrix solution

summarized frcm the discussion above, are as follows:

* The solution should be closely similar in chemical composition and

physical properties to the formation fluid.

* The solution should neither dissolve nor precipitate calcite,

dolomite, gypsum, or celestite.

* The oxidation state of the solution should neither be as oxidizing

as would be caused by the presence of dissolved oxygen nor as

reducing as would be caused by the presence of metallic iron.

This section provides instruction on the formulation of a solution to

meet these constraints.

The chemistry of water samples taken from the Culebra at the H-3

hydropad is discussed in the previous chapter and the analyses

themselves are shown in Table 4.1. Based on the chemistry of the

samples taken in 1984 and 1985, an estimate of Culebra formation water

chemistry can be developed. This Culebra water chemistry is shown in

Table 5.1. The following considerations went into its development.

* There are no systematic differences between the 1984 and 1985

analyses which would suggest that one is inherently more reliable

than the other. Thus, the concentrations of most dissolved

constituents were taken as the mean of the values reported for the

two samples.
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* A solution must maintain strict electrical neutrality, or charge

balance. Charge balance was achieved by choosing the lower of the

two reported chloride values and adjusting the sodiun

concentrations. The resulting sodium concentration is virtually

the same as was measured in the 1985 sample.

Table 5.2 shows the saturation indices of several minerals and the

total dissolved carbonate and log PC02 values for the Culebra

formation fluid at two p values: 7.3, the value reported for the

1985 sample (see Table 4.1); and 7.394, at which the water has a

calcite saturation index of 0.00. The true pH of the Culebra

formation water lies between 7.3 to 7.4. The total dissolved

carbonate content is fran 0.78 to 0.81 millimolal and the logarithm of

PC02 (bars) is between -2.9 and -3.0.

The dissolved solids composition of the Culebra formation water of

Table 5.1 has been restated as masses of anhydrous salts in

Table 5.3. This provides a recipe by which artificial Culebra water

can be produced for use as tracer injection matrix fluid or for

laboratory experiments.

The procedure to make artificial Culebra water is as follows:

* Begin with high quality distilled or deionized water.

* Exclude dissolved atmospheric gases frcm this water by boiling or

purging with an inert gas (nitrogen or argon) just prior to use,

and store under inert gas.

* Dissolve the masses of reagent grade salts shown in Table 5.3 in

the distilled water and bring the solution up to volume.

* Adjust the pH to between 7.3 and 7.4 with reagent grade,

concentrated HCl or NAOH solution.

* Store the solution under a minimum volume of inert gas to avoid

loss of C02 fran the solution.
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Table 5.4 compares the composition of the solution produced using this

recipe with the composition of formation water in the Culebra at the

H-3 hydropad as estimated above. The concentrations are expressed as

molarity (moles per liter solution) rather than as molality (moles per

kilogram water) and thus the numbers in the second column o Table 5.4

are not identical with the nunbers in the third column of Table 5.1,

though both refer to the same water. The only differences between the

artificial water and the Culebra water will result from an inability

to precisely add very small quantities of certain salts. As Table 5.3

shows, for example, only 0.2 mg of NaI are required per liter of solu-

tion. To match the iodide concentration of the artificial solution

more closely to that of Culebra water would require that the amount of

salt added be specified more precisely than to the nearest 0.1 mg.

5.2 Tracers and Tracer Concentrations

There are several practical considerations which should be considered

during the process of selecting tracers and designing the tracer solu-

tions. These will be described briefly here before beginning the more

detailed discussion leading to recommendations for specific tracers.

Conservative as well as sorbing tracers will be required. Tests using

conservative tracers have already been performed at the H-3 hydropad

with results described in Kelley and Pickens (1986), and summarized in

Chapter 3 above. Inclusion of conservative tracers in the tracer

solution along with tracers likely to be retarded will establish the

time when the breakthrough of non-retarded transport occurs, against

which the retardation of the other tracers will be measured. In

addition, interpretation of the conservative-tracer breakthroughs by the

same techniques used for the test already completed will provide a

second estimate of physical transport parameters in the system which can

be compared to those deduced from the interpretation of the first

test. For the sorbing tracer test, it is assumed that tracers will be
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introduced into two or more wells. To distinguish breakthrough fra

each of them, different conservative tracers should be used in each

well.

Prime considerations in the choice of sorbing tracers are that they will

travel from the injection to the observation well during the time

allotted for the test and that their concentrations at breakthrough will

be measurable. Calculated tracer-breakthrough times and concentrations

using SWIFT II for various values of partition coefficients are given in

Table 3.4 (Section 3.3). The physical transport parameters used in

these sensitivity calculations are based on the interpretation of the

conservative tracer test already carried out at the H-3 hydropad and

sumarized in Chapter 3.

The sorbing tracer test is planned to last fram two to five years. In

order that sae definition of the tail of the breakthrough curve is

possible and to allow for uncertainties in the estimates of the trans-

port parameters needed to design these tests, the test is designed for

peak arrival times in the range of 1.5 to 2 years. Figures 5.1 and 5.2

are graphs of data given in Table 3.2, and show the peak arrival times

calculated for various assumed partition coefficient values using the

physical parameters calculated from the conservative tracer test already

performed at the H-3 hydropad. Figure 5.1 is for transport along the

flow path from well H-3bl to H-3b3. As this figure shows, a partition

coefficient of 50 leads to a peak arrival tme of about two years.

Figure 5.2 is for transport along the path fran well H-3b2 to H-3b3.

For peak arrival in two years or less along this flow path, tracers with

partition coefficients of 2.5 or less are necessary.

Figures 5.3 and 5.4, hich are also based on the data in Table 3.4, show

the logarithms of the breakthrough peak concentrations in micrograms per

liter plotted against the logarithm of the peak arrival time in years.

The curves on Figure 5.3 are for the H-3bl to H-3b3 flow path and on
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Figure 5.4 are for the H-3b2 to H-3b3 flow path. It can be seen from

both these figures that for a tracer input of 1 kg, the concentration of

a peak arriving at two years will be about 10 micrograms per liter

(ug/1) .

The actual masses of tracer which it will be practical to introduce into

the formation at the start of a test will be of the order of milligrams

to grams rather than kilograms. Thus, the peak concentrations to be

expected will be in the range of 10 nanograms per liter (ng/l) to 10

picograms per liter (pg/l). Radionuclides are a class of substances

which can be analyzed at very low concentrations, and so they are the

only tracers considered in this preliminary design report.

There are a nuLber of regulatory constraints on the use of radioisotopes

to protect the health of individuals carrying out the injection,

sampling, and analytical operations, and the safety of the envirornment

into which nuclides would be emplaced. Possible regulatory or

procedural constraints on the selection or recanmendation of tracers

given below or on other aspects of test conduct, such as the disposal of

the fluid withdrawn fran the aquifer during the test, have not been

considered in preparing this preliminary design report.

Several additional constraints on choosing tracers need to be

considered. Only small proportions of the tracers injected will be

recovered fran the aquifer during the test. The rest will remain in the

system and migrate with regional ground-water flow. If the tracers were

radionuclides in the waste to be emplaced at WIPP, and if one of them

appeared at a regional discharge point sometime in the future, it could

be taken erroneously as evidence of the escape of waste fram the

repository. Thus isotopes which will be important in the waste itself

would not be suitable tracers. On the other hand, if the tracers are

chemically similar to the waste nuclides, the results of the tracer

tests could provide support to site performance-assessment activities.
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Therefore, substances which are chemically analogous with but not

identical to important nuclides in the waste are desirable.

Finally, it is also important that the tracer solution not introduce

into the formation any substances which could enhance the transport of

waste nuclides, should any escape the repository. Chelating agents such

as EDTA are often employed to stabilize tracers and prevent their retar-

dation during transport. Such agents could also prevent retardation of

waste nuclides and, therefore, should not be introduced into the

aquifer.

5.2.1 Constraints on Tracer Concentrations

Tracer concentrations are constrained by the conditions both during

their introduction into the aquifer and during their recovery at the

pumping well. Conditions during injection tend to limit the maximun

concentrations which are acceptable, while at recovery certain minimum

concentrations are required. Specification of these conditions is

important so they can be balanced during tracer selection to assure

that the tracers chosen meet both sets of conditions.

Conditions limiting the maximum concentration of possible tracers in

the injection fluid are that:

* the concentration should be low enough that the injection fluid is

not significantly different physically or chemically fran native

ground water; and

* the concentration should be low enough to avoid oversaturation and

the resulting precipitation of any tracer-bearing solid phases.

The concentration of tracer in the fluid recovered during the test

must be high enough that the breakthrough curve can be defined to the

required degree of precision given:
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* the analytical sensitivity for the tracer;

* the dilution factor to be expected during transport; and

* radioactive decay during transport.

Both sorbing and conservative tracers should be present in the

solutions injected. Breakthrough of the conservative tracer will

serve as a reference against which retardation of the sorbing tracers

will be measured. Furthermore, an interpretation of the conservative

breakthrough curve similar to that made of the results of the test

already carried out at the H-3 hydropad will allow evaluation of the

reliability of the values of the physical transport parameters deduced

from the interpretation of the earlier test (Kelley and Pickens,

1986). If new holes are drilled on the H-3 hydropad, physical solute-

transport properties along the new flow paths during the test will be

interpreted on the basis of the behavior of the conservative tracers.

For convenience, and to permit standardization of sampling and

analytical procedures, conservative and sorbing tracers should be of

the same type - that is, they should all be radioisotopes, substances

to be analyzed by neutron activation, etc. The discussion of the

selection of onservative tracers will follow the discussion of

sorbing tracers.

5.2.2 Sorbing Tracer Selection

5.2.2.1 Projected Waste Elements

To make the tracer test results most useful in support of site

perfonnance-assessment activities, the selection of sorbing tracers

was begun by considering elements likely to be important in the

waste. The transport behavior of all isotopes of a given element

will be the same. Considering radioisotopes as tracers leads to the

possibility of choosing almost perfect surrogates for waste elements

by using radioisotopes not present in the waste to represent other

isotopes of the same elements which are present in the waste.
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The ompositions of wastes intended for the WIPP facility are

summarized in Tables A-7 (Contact Handled (CH) TRU waste) and A-8

(Remote Handled (RH) TRU waste) of U.S. Department of Energy (1985).

The isotopes listed in Tables 5.5 and 5.6 of this report were

developed fra these tables. Table 5.6 includes all transuranic

isotopes occurring in either the CH) or the (RH) waste and

Table 5.5 includes fission products which have halt-lives of greater

than 10 years. The group of fission products in an average canister

greater than 50 years old which will be present in quantities

greater than 10 millicuries (mCi) is the same as the group listed in

Table 5.5

Fission-product nuclides are shown in Table 5.5. They include three

lanthanides: 151Sm, 1 5 2Eu, and 154Eu. As discussed below,

lanthanide partition coefficients are likely to be very high - of

the order of 10,000 or greater. Thus, lanthanides could not move

the full distance from the injection to the pumping well during the

course of the test and so would not be tracers for which

breakthrough curves could be measured.

The other three fission-product nuclides, 6 3Ni, 9 r and 1 37 Cs, are

expected to have partition coefficients of less than 50. Thus,

other nuclides of these three elements might be suitable as tracers

if they can be injected in sufficient masses to have detectable

concentrations at breakthrough.

Nuclides of actinide elements of possible importance in the

projected WIPP waste inventory are shown in Table 5.6. Of the six

actinides listed only uranium, neptunium, and possibly plutonium

have partition coefficients low enough that other isotopes of these

elements could be considered as tracers.
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5.2.2.2 Partition Coefficients

Estimates of partition coefficients are crucial to the selection of

tracers to be used. The partition oefficient is a lumped parameter

which includes all processes which can change the ratios of the

concentration of tracer in solution to its mass stationary in the

aquifer. The processes include precipitation or co-precipitation in

solids, congruent or incongruent dissolution of solids, ion exchange

and sorption. A first step in refining estimates of partition

coefficients is to design the test so that sane of the processes

will be unimportant. The tracer solution suggested here should not

precipitate solids and the tracers chosen will not be substances

which could dissolve fm the aquifer or from borehole construction

material. Thus, the processes setting the partition coefficient

will be restricted to ion exchange and sorption.

A number of measurements have been reported on the ability of

material from cores of the Culebra to exchange with and (or) sorb

various nuclides fran solution (Serne et al., 1977; Dosch and Lynch,

1978; Lynch and Dosch, 1980; Dosch, 1981). Several solutions have

been used for these measurements because the extent of both exchange

and sorption are strongly influenced by the composition of the

carrier solution used when they are measured (Wahlberg and Fishnan,

1962; Wahlberg et al., 1965; Wahlberg and Dewar, 1965). The

composition of these solutions must be considered in deciding which

of the measured sorption oefficient values might be appropriate for

the Culebra in the presence of water of the type found at the H-3

hydropad.

Table 5.7 shows the omposition of six waters. Those labeled Brine

"A", Brine "B", Culebra water, and Solution "C" have been used for

the measurement of distribution coefficient (Kd) values on material

taken fran cores taken from the Culebra. As noted in Section 4.0,
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the distribution coefficient is the same as the partition

coefficient if it is assumed that the mass fixed on the solid is

directly proportional to its concentration in solutions. The values

for the distribution coefficients are often reported in ml/g. The

composition of Culebra formation water at the H-3 hydropad and of

the "WIPP" water used by Cleveland et al. (1985) in studying

actinide speciation are also given in Table 5.7. The total

dissolved solid contents of the solutions used in determining Kd's

range from over 300,000 mg/l to less than 3,000 mg/l, while that of

the H-3 Culebra water has about 55,000 mg/l total dissolved solids.

Kd values, whether from ion exchange, sorption, or both, tend to

vary inversely with total solution concentration (Wahlberg and

Fistynan, 1966; Wahlberg et al., 1965). The Kd values appropriate

for the Culebra at the H-3 hydropad should thus be higher than those

measured for Brines "A" and "B", but lower than those measured for

Solution "C" and Culebra water.

Saturation indices, total dissolved carbonate concentrations, and

values Of C02 partial pressures are also given for four of the six

waters in Table 5.7. No calculations were made for either of the

brines, because their concentrations are beyond the range of

validity of the aqueous model used. The Culebra water (with pH -

7.5 as given by Dosch, 1981, rather than pH - 8.4 as given by Lynch

and Dosch, 1980) has calcite and gypsun saturation indices which are

virtually zero but a negative dolomite saturation index. The

calculated log PO2 of this water is -2.8 and its total carbonate is

1.0 millimolal. It is similar to the H-3 Culebra water except for

its lower salinity.

Solution "C" and uIWIPPtt waters have gypsun and celestite saturation

indices which are virtually zero, but positive calcite and dolomite

saturation indices. The WIPP" water has a higher pH and lower PC2

than the other three low salinity waters in the table. A loss of
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Co2 corresponding to a partial pressure cnange fran 10-2.8 to 13-2

bars would raise the pH of the sample from 7.5 to 7.9, its calcite

saturation index from 0 to 0.4, and its dolanite saturation index

fran 0.2 to 1.0.

The alkalinity of Solution "C" is considerably higher than that of

the other three low-salinity waters in this table. If the alkalin-

ity is high by a factor of 2, it would cause the calcite saturation

index to be high by a factor 0.3, and the dolomite saturation index

to be high by a factor of 0.6.

Distribution oefficients reported for a number of nuclides on

Culebra core material are given in Table 5.8. The estimated

partition coefficients given in Tables 5.5 and 5.6 are based on

these values. The tracer solution is designed so that no

precipitation of solids will occur. Thus, the tracer behavior of

these substances should be influenced only by ion exchange and/or

sorption, and should be well characterized by these distribution

coefficients.

The distribution coefficients for cesium measured by Serne et al.

(1977) and by Dosch and Lynch (1978) are similar, and range fran

values of less than 1 to 2 ml/g in the brines to values fran 7 to

16 ml/g in the dilute Solution "C". Wahlberg and Fishman (1962)

measured the adsorption of cesium on several clay minerals from

solutions of various NaCl concentrations. The Kd values in their

system are proportional to the reciprocal of the sodium

concentration. If the same proportionality holds or cesium in the

Cuebra, the Kd for cesium in H-3 water should range from 2 to

5 nl/g based on the sodium contents of the waters in which Serne

et al., and Dosch and Lynch measured their Kd values.
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Lynch and Dosch (1980) report Kd measurements for cesirm between 9

and 68 mg in their Culebra water. Their water contained no matrix

cesium while that used by Serne et al., and by Dosch and Lynch

contained 1 ml/g of cesium in addition to the tracer used. The H-3

Culebra water contains less than 0.007 mg cesLum/l (Table 4.1) and

therefore its Kd for cesium may be closer to that measured by Lynch

and Dosch than to values measured by the other investigators. For

conservatism in the tracer test design, a distribution coefficient

of less than 50 ml/g is estimated for cesium in Table 5.5.

Several sets of reported values for distribution coefficients for

strontium are also shown in Table 5.8. Those measured by Dosch and

Lynch 1978) vary from less than 1 to 2. ml/g in the brines to 4 to

5 ml/g in the dilute Solution "C". Serne et al. (1977) report

similar but slightly lower values, while Lynch and Dosch (1980)

report values of 0.3 to 0.6 ml/g in their Culebra water. These

relatively low Kd values can be attributed to the fact that there is

a relatively high common strontium content to these waters and that

13% of the dissolved strontium is present as the uncharged ion pair

SrS04
0 (Table 5.9). For conservative tracer test design a

distribution coefficient for strontium of less than 2 ml/g has been

estimated in Table 5.5.

The distribution coefficient for europium found by all investigators

is of the order of 10,000 ml/g or greater. This element is probably

present in solution as the 3 ion and thus could be strongly sorbed

or exchanged, as this very high distribution coefficient would

suggest. It is also possible that the solubility limit for this

element was exceeded in the experiments performed, and that the high

distribution coefficient is simply a result of precipitation of some

solid europium phase. In any case, europium, or any similar

lanthanide such as samarium, is likely to be retarded too strongly

to be of interest as a tracer in this test.
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One set of distribution oefficients for iodide have been reported,

and all coefficients are less than 1 ml/g in all solutions. Iodide

is an anion and present in the native ground water in greater than

trace concentrations. Thus it should sorb only weakly, if at all,

and should be suitable for consideration as a conservative tracer.

Uranium distribution coefficients range fran 0 to 27 ml/g in the

brines and from 0 to 69 ml/g in the dilute solutions. In the H-3

formation water, uranium is present dominantly in the VI oxidation

state as one of several negatively charged uranyl carbonate solution

complexes. Under these conditions it is likely to be only weakly

sorbed and thus its estimated partition coefficient in Table 5.6 is

shown as less than 10 ml/g.

The neptunium distribution coefficients ranged from 6 to 12 ml/g in

both the brine and the dilute solution in which they were measured.

The aqueous speciation of neptunium is not as well known as that of

uranium but it Is likely that neptunium is present in the V oxida-

tion state, and may also be present as an anionic solution complex.

Its partition coefficient is estimated in Table 5.6 for H-3 Culebra

water as less than 20 ml/g.

Distribution coefficients for plutonium range fran less than 500 to

over 7,000 ml/g in both brines and fresh waters. If plutonium is

present in solution in the III oxidation state, a high distribution

coefficient like that observed for europiun is not surprising.

However, Cleveland et al. (1985) suggest that plutonium may be

present in Culebra water in the oxidized V and VI states. In these

oxidation states, plutonium may have a distribution coefficient of

the order of those measured for uranium VI or estimated for

neptunium V. Because of this possibility and of the importance of

all new data on plutonium transport, it would be of great interest

to include plutonium in the suite of tracers used, with the under-

H06300R127 5-18



standing that it might not break through. Thus, in Table 5.6, a

partition coefficient is estimated as low as 50 ml/g for plutonium

in the V and VI states. Plutonium in the III state, on the other

hand, would have a much higher estimated partition coefficient.

The distribution coefficients for americium and curium range from

several hundred to several thousand ml/g. These elements, like

europium, will be present in the III oxidation state and so rela-

tively high distribution coefficients for them are not surprising.

Values of greater than 1,000 mg for americium and curium are

estimated in Table 5.6. Values for both elements are high enough

that neither need be considered further as possible tracers for this

test.

Distribution-coefficient values have not been reported for nickel,

but from the chemical properties and solution behavior of this

element it is possible to estimate a Kd value appropriate for nickel

in this system. Under the redox conditions prevailing in the H-3

Culebra water, dissolved nickel will be present in the II valence

state. The ton size of Ni(II) is 0.72 Angstrom Units (AU), while

that of Fe(II) is 0.76 AU. Because of their similar charge

densities, both ions should exhibit similar solution behavior.

Table 5.9 shows the dominant solution species of several divalent

cations in H-3 Culebra water. Iron, which most closely resembles

nickel, is present 90% as Fe+2 ion and 10% as the FeS0j40 ion pair.

The other divalent ions shown have similar distributions of species,

although their ion sizes differ fram that of iron much more than

does the size of the nickel ion.

As mentioned above, the distribution coefficient for strontium

appears to be 2 l/g or less in H-3 Culebra water. Although the

charge and solution species behavior of nickel are similar to those
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of strontium, its ion size is smaller so that its Kd value is likely

to be larger than that for strontium. For purposes of test design,

a value of 50 ml/g has been estimated for nickel and is given in

Table 5.5. No assertion is made that this is a particularly

accurate estimate, only that the Kd of nickel is likely to be small

enough that it could be a useful tracer in this test.

5.2.2.3 Tracer Nuclides

The elements nickel, strontium, cesium, uranium, neptuniun, and

plutonium have been identified as being possibly suitable sorbing

tracers for an H-3 Culebra test because:

* they have partition coefficient values low enough that they are

likely to breakthrough within a two to five year test, and;

* they are elements of relatively long-lived nuclides in the

projected WIPP waste.

It now remains to examine possible tracer radionuclides of these

elements to determine whether any exist which could be injected into

the solution in a reasonable total volume and remain detectable

after a transport time of several years.

A nominal peak arrival time of two years has been selected. As

Figures 5.3 and 5.4 show, for 1 kilogram of tracer injected, a

concentration of 10 ug/l is to be expected after two years for flow

along either the H-3bl to H-3b3 or H-3b2 to H-3b3 flow paths. The

dilution factor to be considered is therefore:

10 g/l/kg - 1 x 10-8 mass per liter out per mass in . (5-1)

The analytical detection limit for many radionuclides quoted by a

number of laboratories is about one picocurie per liter (pCi/l). As

H06300R127 5-20



mentioned above, it will be desirable to be able to detect te

tracers at concentrations as low as 1% of their anticipated peak

concentrations. Thus, a peak concentration of 100 pCi/l is taken as

the nominal design value. To achieve this concentration given the

above dilution factor will require a tracer input of 10 mCi of a

tracer which will not decay significantly during the two-year period

of the test.

The half-lives of many, possible tracers are likely to be short

enough that decay during the two year transport period will signif-

icantly affect their concentration in the ground water. This decay

must be included in the calculations made to determine the amount of

tracer to be added initially. The amount lost by radioactive decay

will equal

Decay e t (5-2)

where A ln 2/t

t decay time

ty half-life

For this test, with decay time equal to the nominal peak arrival

time of 2 years,

Decay . e1 1386/t y1 (years) (3)

Combining this expression with the dilution factor above gives the

following equation for calculating the tracer input required to

yield a 100 pCi'/l peak concentration at 2 years.

Input (Ci) - 0.01/e- 1386/t (yr) (54)
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Table 5.10 lists the elements identified as possible sorbing tracers

and their solubilities. A list of isotopes of each element is given

which includes the isotope present in the projected waste, from

Tables 5.5 and 5.6, along with other nuclides possibly suitable as

tracers. The last three columns express in several units the amount

of the various nuclides which would have to be injected to reach a

peak concentration of 100 pCi/l at two years at the pumping well.

This calculation does not consider what the actual peak arrival time

for each tracer is likely to be, but treats them all as if they were

to be retarded by the same amount. Tracers with peak arrival times

shorter than two years will have peak concentrations greater than

100 pCi/l, while those with longer peak arrival times will have

lower peak concentrations. The uncertainties in the estimates of

partition-coefficient values are so great that only false precision

would be achieved by making this calculation using different peak

arrival times for the various nuclides.

The total input masses required, expressed as curies, are calculated

from the nuclide half-life as described above. The total masses

required in moles are calculated using:

10 disintegration t y (years) atan-year
moles - curies x 3.7 x 10 second-curie ln 2 disintegration

x 3.156 x 107 seconds x 1 mole (5-5)
years 6.023 x 0 23 atams

moles - curies x t (years) x 2.80 x 10-6 (5-6)

The volume of tracer which must be injected equals the total number

of moles of tracer required divided by the solubility of the tracer

element. This quantity is given for each nuclide in the last column

of Table 5.10.
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Some general comments on the selection of suitable tracer nuclides

for a given element are appropriate before beginning an element by

element discussion of Table 5.10. Several attributes of nuclides

are useful to rank their suitability as tracers for a given element.

These include the half-life of the element, its analytical

sensitivity, and its availability and cost.

Analytical sensitivity is not considered in the following

discussion, except for the assumption made above that 1 pCi/l is a

reasonable average detection limit. Nuclide availability is

considered below only to the extent that the catalog of Isotope

Products and Services of Oak Ridge National Laboratory (1985) was

examined and the presence or absence of a nuclide in that catalog is
noted. In selecting tracers as part of a final design for a sorbing
tracer test, analytical sensitivity, availability, and cost need to
be examined closely.

The half-life of a nuclide determines the initial number of curtes

which must be injected. From the standpoint of the safety of the
injection and tracer nuclide cost, the fact that fewer curies of
long-lived nuclides are required than of short-lived ones makes the
former preferable. On the other hand, the longer the half-life of a

nuclide, the larger its initial mass must be to achieve the number
of curies required in the injection solution. The tracer concen-

tration cannot exceed the solubility of the element in the matrix
solution without there being danger of precipitation of the nuclide
leading to a false high apparent retardation of the element in the
system. Thus, If a large number of moles of a nuclide are required
because of its long half-life, the volume of tracer solution which
must be injected may become too large to be reasonable.

The elements in Table 5.10 fall into two groups, those which repre-
sent fission products in the waste and those which are actinides.
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In general, the fission-product elements are more soluble than the

actinides and nuclides available as tracers for them have half-lives

ranging from days to years. Thus, the initial number of curies of

these nuclides required could be of the order of tens or hundreds,

but the volume of tracer solution required to inject them is quite

small.

The actinides, on the other hand, are considerably less soluble than

the fission-product elements, and tend to have only long-lived

nuclides available as potential tracers. Thus, while the total

curies of actinide tracers required is relatively small, the number

of moles is larger than required for fission products, and the

number of liters of tracer solution required for injection may be of

the order of hundreds or more. These generalities are supported by

the following discussion of the individual elements.

Two strontium isotopes exist which would make suitable tracers: 5 Sr

with a 64-day half-life and 8 9 Sr with a 52-day half-life. Both

isotopes appear in the Oak Ridge (1985) catalog and are anong the

isotopes routinely analyzed by several camercial laboratories.

Because of their relatively short half-lives, tens to hundreds of

curies of either would be required in the injection solution, which

would be expensive. However, the tracer-solution concentrations

could be high enough that injection volumes of less than 1 liter

would be required. The distribution coefficient of strontium is lw

enough that the element would be a suitable tracer along either the

H-3bl to H-3b3 or H-3b2 to H-3b3 flow paths. 9 0 Sr would be an

attractive tracer because its relatively long half-life minimizes

the initial number of curies required in the injection solution and

the isotope is readily available camercially. If its presence in

the projected waste to be stored at the WIPP site would not be an

objection to its use as a tracer, it should be strongly considered.
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Only one isotope of cesium, 134Cs, exists with a half-life suitable
for use as a tracer. This isotope Is attractive n that only a few
millicuries would be required in the injection solution. However,

it does not appear in the Oak Ridge (1985) catalog and may not be
readily available. 137Cs also would be a good tracer if its

presence in the projected WIPP waste did not make its use as a

tracer objectionable. Cesium is likely to have a relatively high
distribution coefficient and therefore would be suitable as a tracer

only along the H-3bl to H-3b3 flow path.

the only nickel isotope of suitable half-life is 6 3Ni. Only a few
millicuries of this isotope would be required in the injection
solution so it would be suitable as a tracer if its presence in the
projected WIPP waste did not make its use as a tracer objectionable.
If it were necessary to use nuclides which were not present in the
projected waste, isotopes of cobalt would be suitable. The chemical
properties of cobalt are so closely similar to those of nickel that
it should have similar transport behavior. Two suitable cobalt
isotopes are available, 58Co with a half-life of 71.3 days and 60CO
with a 5.26-year half-life. 6 Co appears in the Oak Ridge (1985)

catalog and only a few millicuries would be required in the
injection solution. Because of the relatively high distribution
coefficients estimated for nickel, either nickel or cobalt would be
suitable only for a tracer along the H-3bl to H-3b3 flow path.

Two uranium nuclides, 23OU and 232U, are listed in Table 5.10 along
with 233U which is a cponent of projected WIPP waste. The half-
life of 230U, 20.8 days, is so short that it would require an
unreasonably large number of curies in the input solution. The
half-life of 232U, 73.6 years, is long enough that decay does not

seriously affect the number of input curies required (10.2 mCi are
required as opposed to 10.0 mCi of a stable or very long half-life
tracer). However, the solubility of uranium is so low that nearly
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700 liters of tracer solution would be required. No uranium isotope

exists with half-life between those of 2 30 U and 232U so the uraniun

isotope of choice would be 232U in spite of the large tracer volume

required.

The estimated partition coefficient for uranium is less than

10 ml/g. Errors associated with these estimates of partition

coefficients are large enough that it is not certain that uranium

would not break through if used as a tracer along the slower H-3b2

to H-3b3 flow path. To assure tracer breakthrough, however, it

would be best if uranium were used only as a tracer on the faster

H-3bl to H-3b3 flow path.

The only isotope of neptunium with a half-life which makes it

remotely suitable for use as a sorbing tracer in a test of this type

is 2 3 5Np with a half-life of 410 days. Only 34 mCi of this isotope

would be required in the input solution, but because of the very low

solubility of this element, nearly 400 liters of tracer solution

would be required. The partition coefficient of neptunium is

estimated to be 20 ml/g or less, so it should be used as a tracer

only along the H-3b1 to H-3b3 flow path. 2 3 5 Np does not appear in

the Oak Ridge catalog.

Of the plutonium isotopes only 236Pu and 241pu with half-lives of

2.85 and 13.2 years, respectively, can be considered as possible

tracer nuclides. Because of the low solubility of plutonium, about

320 liters of tracer solution would be required if 2 3 6 Pu were

chosen, and about 1000 liters if 241 Pu were selected. Both of these

isotopes appear in the Oak Ridge catalog. However, both also are

present in the projected WIPP waste inventory.

For plutonium to break through at all during this test, the assump-

tion that it will be present in the Culebra water in the oxidized V
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and VI state must be correct. Even under these conditions it may

well have a partition coefficient of the order of 50 ml/g or more,

and so could break through only along the H-3bl to H-3b3 flow path.

The possible sorbing-tracer isotopes input masses and injection
volumes required are summarized in Table 5.10. The selection of
recamended tracers rom this list should be conducted for the final
design report after analytical sensitivities, analytical problems,

isotope availability, isotope cost, health and safety requirements,
and final tracer-test operational design have been evaluated.

5.2.3 Conservative Tracer Selection

Several radionuclides are commonly used as conservative ground-water
tracers. These include 3H, or tritium, which is introduced as part of
the water molecule itself, and the dissolved halogen ions bromide and
iodide (Moser and Rauert, 1980; Table 1). Laboratory measurements of
the distribution coefficients of iodide with Culebra core material

given in Table 5.8 support its use as a conservative tracer. Both

bromide and iodide are present in the native Culebra water (Table 5.1)
and in the suggested tracer matrix solution (Table 5.4).

The peak breakthrough of conservative tracers should occur at approxi-

mately 3.5-days along the H-3b1 to H-3b3 flow path and 26.3 days along

the H-3b2 to H-3b3 flow path (Table 3.4). Thus, the quantities of
conservative tracer required will be much less than those required for
sorbing tracers, because there will be less dilution and decay of the
conservative tracers than of the sorbing tracers.

The dilution factors for the conservative tracers can be derived from
data in Table 3.4, following the procedure used to calculate dilution

factors for the sorbing tracers in Section 5.2.2.3 above. For the

H-3b1 to H-3b3 pathway dilution will be 3 x 10-6 and for the H-3b2 to

H06300R127 5-27



H-3b3 pathway it will be 3.5 x 10-7. For a peak concentration of

100 pCi/l, inputs of 0.033 mCi and 0.29 mCi of stable tracer,

respectively, would be required for the two paths.

The decay factor for the H-3b1 to H-3b3 path for a 3.5-day peak

arrival time is:

-2.426/t (days) (57)

and for H-3b2 to X-3b3 pathway with a 26.3-day peak arrival time:

e1 8.23/t y2 (days) (5-8)

The overall expressions for the input required for a conservative

tracer along the H-3bl to H-3b3 flow path are:

Input (mCi) - 0.033/e-2. 426 /t (days) (5-9)

and for the Hb2-b3 flow path:

Input (mCi) 0.29/e-18.23/t y (days) (5-10)

3H has a half-life of 12.26 years. The nuclides of bromide and iodide

commonly used as conservative tracers are 8 2 Br with a 1.48-day half-

life and 131I with an 8.07-day half-life.

Table 5.11 shows the concentrations of 3 H, 8 2 Br and 1311, which would

be required if they were to be used as conservative tracers on each of

the two flow paths. The concentrations are given in millicuries and

millimoles rather than in curies and moles as they were in Table 5.10.

The last column in Table 5.11 shows the molality of the elements in

the Culebra water at the H-3 hydropad. Hydrogen is part of the water

molecule itself and so has a very high concentration (110 molal). The
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bromide and iodide concentrations are those given in Table 5.1. As

the table shows, the concentrations of tracer isotopes required for

their use in this test are far below the ambient concentrations of the

elements in H-3 Culebra water.
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6.0 FURIRH REQUIREMENTS BEFORE FIELDING TEST

Prior to fielding of the sorbing tracer test, it is recommended that a

detailed design/scoping report on the sorbing tracer test be completed.

This report would contain:

* Re-evaluation of the objectives of the sorbing tracer test and a

discussion of how these can best be addressed from both scientific,

technical, and cost perspectives.

e Development and evaluation of a matrix of transport processes relevant

to performance assessment at the WIPP site. The evaluation of all

processes affecting transport at the WIPP site would enhance the

integration of the site-characterization and performance-assessment

activities. The evaluations pertaining to sorption mechanisms will

include consideration of: effect of the presence of native or intro-

duced organics; effect of molality of Culebra waters; importance of

different fracture and matrix minerals; and properties of chosen

radionuclide species. Specific recommendations will be developed on a

design for the sorbing tracer tests that will result in a data base

directly related to performance-assessment needs.

* Final selection of recommended conservative and sorbing tracers.

* Selection of operating conditions for the test (e.g., well configura-

tions, pumping rates, etc.).

* Drilling, development, and hydraulic testing of one or more additional

wells in the Culebra at the H-3 hydropad.

* Evaluations and integration of the data base obtained from the

laboratory experimental program.
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* Conducting detailed design calculations (similar to the approach of

Chapter 3) using the best estimates of the tracer properties, the

characteristics of the Culebra, and the tracer-test design operating

conditions.

* Assessment of needs for additional mineralogical studies and

laboratory tests on tracer/rock interactions.

* Development of a detailed work plan encompassing all site-preparation

work, instrumentation required, test procedures, test schedule,

staffing requirements for conducting the test, analytical techniques

for tracer detection, and analytical/modeling requirements for data

interpretation.

* Design, acquisition, installation and testing of all instrumentation

required for the test. The details on the field instrumentation

required will include items such as the on-site plumbing and packer

systems, pumps, pumping-monitoring systems, and tracer-injection and

tracer-monitoring systems.

* Development of the test schedule including such features as:

site-preparation time; pre-test checking of plumbing, packers, and

tracer-injection and tracer-monitoring systems; equipment-maintenance

requirements; data-acquisition, handling, storage- and retrieval-

system requirements; sampling and analysis frequency; transportation

and disposal requirements for the pumped water; demobilization;

data-interpretation requirements; and reporting requirements (progress

and final reports).

* Development of quality-assurance procedures for addressing all aspects

of conducting and interpreting the test.
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* Evaluation of health and safety requirements for use of the selected

tracers.

* Determination of, and compliance, with all regulatory requirements for

conducting the test (e.g., necessary permits for use of selected

tracers and for transportation and disposal of the pumped water).
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7.0 SUMARY AND CONCLUSIONS

Conducting field tests using sorbing tracers is one means of improving

knowledge of the nuclide transport properties at one location in the

Culebra dolomite at the WIPP site. T assist in the preparation for such

a tracer test, data evaluation and preliminary design calculations were

conducted for estimation of the range of values for the principal

parameters governing solute transport and for identification and initial

evaluation of potential tracers. This report presents the initial steps

in preparing for a sorbing tracer test at the WIPP site and includes:

(a) the selection of the best location for the first test at the WIPP

site; (b) an evaluation of a conservative tracer test at the recommended

site to provide estimates of the physical solute-transport parameters;

(c) a hydrogeochemical and mineralogic characterization of the Culebra

dolomite; (d) the rationale and recipe for the tracer-injection solution;

(e) the compilation of a list of potential sorbing and conservative

tracers; and (f) the identification of other needs before fielding the

sorbing tracer test. The thermodynamic data base used to support the

geochemical model (PHREEQE) used in this study is presented in an

Appendix.

The general site selection criteria utilized in identifying the preferred

location for conducting a sorbing tracer test are: (a) the site should be

characterized with respect to its hydraulic characteristics; (b) the site

should be characterized with respect to its physical solute-transport

characteristics using conservative tracers; (c) the geochemistry of

Culebra formation water at the site should be well characterized; (d) the

site should be located on a potential flow path (under natural ground-

water flow conditions) in the Culebra in the event of a repository breach;

(e) the sorbing tracer test should have an operational period of two to

five years; and () the site should be located to permit geochemical

extrapolation of the reactive solute-transport results to as large a

region as practical at the WIPP site.
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In terms of meeting the general site-selection criteria, the H-3 hydropad

is considered to be the optimum location for conducting the first tracer

test. The H-3 hydropad exhibits suitable physical transport characteris-

tics and also offers the advantage of presently having the most complete

and extensive description of the ground-water flow and solute-transport

characteristics as a result of hydraulic-test and tracer-test interpreta-

tions that have been conducted. The breakthrough times observed for the

conservative tracer test at the H-3 hydropad indicate that the

operational-time requirement for the sorbing tracer test can likely be

attained. Geochemical characterization of this site is also possible

because of the availability of recent water samples and the fact that the

salinity of Culebra water there is within a range which can be modeled

with available techniques. Lastly, the H-3 hydropad is closest to the

center of the WIPP site and on a likely flow path fran the site under

natural flow conditions.

The H-3 hydropad complex consists of three wells arranged in an

equilateral triangle with approximate 30 m sides. Each well is completed

either open-hole or through perforated casing to the Culebra, which is

about seven meters in thickness. Interpretation of a convergent-flow

tracer test, performed at the H-3 hydropad in 1984 using two conservative

organic tracers, meta-trifluormethylbenzoate (m-TFMB) and pentafluoro-

benzoate (PFB), has yielded the following physical solute-transport

characteristics: longitudinal dispersivity of 1.5 to 3 m, a fracture

porosity of 1.9 x 10 3, and effective matrix-block sizes ranging frcn 0.25

to 2.0 m. During this test, H-3b3 was the pumping well and tracers were

introduced into wells H-3b1 and H-3b2. Using the above estimates, coupled

with a laboratory-measured matrix porosity Of 0.2, estimated tortuosities

of 0.15 to 0.45, and free-water diffusion coefficients of 7.4 x 10-6 cm2/s

(m-TFMB) and 7.2 x 10-6 cm2/s (PFB), the breakthrough curves for the two

tracers were simulated using the flow and solute-transport code SWIFT II.

Design simulations for the sorbing tracer test were conducted assuming an

injection of one kilogram of generic tracer and applying a range of
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partition coefficients of 0.1 to 50.0 ml/g for the flow path with the

higher transport rate (H-3b1 to H-3b3) and 0.1 to 10.0 ml/g for the flow

path with the lower transport rate (H-3b2 to H-3b3) at the H-3 hydropad.

The results of these simulations were utilized to assist in the

compilation of a list of potential sorbing tracers that would break

through within the two- to five-year period planned for the test.

From analyses of ground water and core samples collected from the Culebra

from wells at the H-3 hydropad, the following conclusions can be drawn:

(a) the generally good agreement between the chemistry of water samples

taken in 1977, 1984, and 1985 suggests that all represent the chemistry of

Culebra formation water; (b) the Culebra is a gypsiferous dolomite,

bounded by claystones dominated by mixed-layer chlorite-amectite minerals

and with goethite present as an additional iron-bearing phase; (c) calcu-

lations of the saturation indices of the water samples suggest that the

formation water is in equilibrium with the minerals calcite, dolomite,

gypsum, and celestite and has a pH of 7.3 to 7.4. The water chemistry,

therefore, appears to be controlled by its host rock, a gypsiferous

dolomite; and (d) the observed concentrations of iron and uranium in the

water samples are consistent with the assumption of near-equilibrium with

the minerals goethite or amorphous Fe(CH) 3, and uraninite, respectively,

at Eh values of between 0.05 and -0.15 volts.

Geochemical analysis of the Culebra formation water led to the development

of a recipe for the solution into which the tracer will be mixed prior to

injection. The composition of the tracer solution is such that it should

mimic the properties of the natural formation water and neither alter the

chemistry of the matrix or formation water of the Culebra, nor cause the

tracer to precipitate or to become unstable under the existing redox

conditions in the Culebra.

In considering sorbing and conservative tracers for the planned test at

H-3, it was necessary to consider geochemical constraints on the injected

tracers. The tracers must be able to be injected at concentrations low
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enough to not sinificantly alter the injection fluid or to provoke any

reaction which could cause precipitation of the tracer before or during

injection. The concentration should be high enough to define the break-

through curve while being relatively easy to analyze. The sorbing and

conservative tracers should be compatible. Radionuclide tracers are con-

sidered to be the most appropriate tracers because they require low mass

input, while still being extremely sensitive to detection, and they should

mimic the transport characteristics of the projected waste inventory.

Radionuclide tracers most suitable for use as a sorbing tracer are either

fission-products or actinides. Nuclides of nickel, cobalt, strontium,

uranium, neptunium, and plutonium were reviewed for suitability as pos-

sible sorbing tracers because they have partition coefficients low enough

to achieve breakthrough in a two- to five-year test, and they are elements

with long-lived nuclides in the projected WIPP waste inventory. Based on

their half-lives, the nuclides 63Ni, 58Co, 60CO, 85Sr. 89Sr 9 Sr. 232U.
235Np, 236pu, and 241Pu are recommended for further consideration. One

important consideration will be the presence of certain fission-products,

such as 9 Sr, in the probable waste inventory, and whether objections

might be raised over the use of such nuclides for testing. In order to

provide data for interpretation of the physical solute-transport

parameters along the flow paths between the wells (also, to provide a

comparison to parameters from the previously-conducted conservative tracer

test), conservative tracers should accompany the selected sorbing tracers.

The most likely candidates are 3 H (tritium), 82Br, and 131I.

Prior to fielding a sorbing tracer test, a final detailed design report

will be cpleted. This report will describe final tracer selection,

detailed design calculations, site preparation, instrumentation require-

ment3, staffing requirements, review of safety, health, and regulatory

requirements and procedures, and determination of the optimum operational

conditions for the test.
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Test Pumping Transmissivity Time of Time of
Rate (m /s) First Peak
(1/a) Detection Concentration

(days) (days)

H-2 1.9 x 10-2 6 x 10-7 80 234

two-well

H-3 0.19 4 x 10-6 1.0 - 3.8 2.6 - 23
convergent

H-4 1.6 x 10-2 1 x 10-6 270 - 501 316 - not
convergent for 167 dap reached

3.3 x 10-'
for 439 days

H-6 0.50 - 1.3 8 x 10-5 0.02 - 1.6 0.7 - 12.3
convergent

H-6 0.14 - 0.63 8 x 10-5 0.02 - 0.05 0.1 - 2.2
two-well

Dram by Oa

chedc" by Daft Relative Transport Rates Determined
Retionsn Ot from the Conservative Tracer Tests

I NTrED± Technologles _Table 2.1
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Hydropad Hydraulic Geochemical Tracer Flow Opera- Overall
Charac- Charac- Tests Path tional Suit-

terization terization Conducted Location Period ability

H-2 Extensive Poor Yes Suitable Unsuitable No
H-3 Extensive Possible Yes Suitable Suitable Yes
H-4 Extensive Possible Yes Suitable Unsuitable No
H-5 Extensive Difficult No Unsuitable Unsuitable No
H-6 Extensive Poor Yes Unsuitable Suitable No
H-7 Two Pumping Poor No Suitable? Suitable No

Tests
H-9 Extensive Poor No Suitable? Suitable No
H-11 Extensive Difficult No Suitable Suitable No

Orn by Da%

Cckwd w a _ _Summary of Suitability of Multi-Well
RaImln De% Hydropad Locations to Site Selection

Criteria for the Sorbing Tracer Test

INFLR'N& Technologies Table 2.2
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TRACER
Parameter m-TFMB PFB

Flow path H-3b1 to H-3b3 H-3b2 to H-3b3

First reported concentration (g/t) 56.0 20.0

Time of first detection (days) 0.92 3.76

Time o arrival of peak
concentration (days) 2.59 23.04

Peak oncentration (ug/t) 3379 444 7
(MM) 3.3 x 1 0 4.3 x 107

Tracer mass recovered
during the test () 53 15

agevvions C Summary of Tracer Arrival Times and Mass

Recoveries at the Pumping Well H-3b3

I NTAdL\ Technologies I Table 3.1
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PARAMETER SYMBOL VALUE

Solute ree-water 7.4 x 10-10 7.2 x 10-1°
diffusion coefficient (m 2/s)

Tortuosity 0.15 0.45 0.15 0.45

Matrix block size () 1.2 2.1 0.25 0.44

Longitudinal dispersivity (m) 3.0 1.5

Fracture porosity 1.9 x 10-3 1.9 x 10 3

Matrix porosity 0.2 0.2

CM",by CC.U

Co>iad byCU a Summary O Best-Fit Parameters for m-TFMB and
Ie AIons oCU PFB Breakthrough Curves at the H-3 Hydropad

I NERN Technologies Table 3.2
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Parameter H-3bl to H-3b3 H-3b2 to H-3b3
Flow Path Flow Path

Solute free-water 7. x 10-10 7.2 x 10-10
diffusion coefficient (m2 /s)

Tortuosity 0.15 0.15

Longitudinal dispersivity (m) 3.0 1.5

Fracture porosity 1.9 x 10-3 1.9 x 10-3

Matrix porosity 0.2 0.2

Matrix block size (m) 1.2 0.25

Pumping rate (1/s) 0.19 0.19

Distance between tracer-addition 30.7 26.8
and pumping well m)

Mass entering aquifer 1.0 1.0
from tracer-addition well (kg)

Initial tracer input-zone 3.4 3.4
width m)

Partition coefficients 0.1 0.1
(ml/g) 1.0 1.0

10.0 2.0
50.0 10.0

Chw*.M by Ode Parameters for the Design Calculations for
Ri~alne Wen - the Sorbing Tracer Test

I NIl\ Technoiogies Table 3.3
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Partition Peak Time to Reach Time to Reach 1% of
Coefficient Concentration + Peak Concentration Peak Concentration

(ml/g) (Mg/l) (M/M) (days) (years) (days) (years)

(a) H-3bl to H-3b3 Flow Path

0.0 3.0 x 103 2.9 x 10-6 3.5 9.5 x 10-3 0.5 1.4 x 10-3

0.1 1.6 x 103 1.6 x 10-6 4.8 1.3 x 10-2 0.65 1.8 x 10-3

1.0 3.2 x 102 3.0 x 10-7 17.9 4.9 x 10-2 1.2 3.2 x 10-3

10.0 3.5 x 101 3.4 x 10-8 148 0.4 6.1 1.7 x 10-2

50.0 7.0 x 100 6.8 x 10 9 732 2.0 28.5 7.8 x 10-2

(b) H-3B2 TO H-3B3 Flow Path

0.0 3.6 x 102 3.5 x 10-7 26.3 7.2 x 10-2 1.8 5.0 x 10-3

0.1 1.7 x 102 1.6 x 10-7 54.0 0.15 3.0 8.3 x 10-4

1.0 3.0 x 101 2.5 x 10-8 304 0.83 14.3 3.9 x 10-2

2.0 1.5 x 101 1.5 x 10-8 579 1.6 29.7 8.2 x 10 2

10.0 * * * * * *

+ Note: 1 kg of tracer injected at tracer-addition well.

* Does not reach peak concentration in 5 year operational period. 

>> wall Summary of Tracer Arrival Times and Peak
amemd by w a Concentrations Caluculated for a Range of
R-skl Oda Partition Coefficients

I NTMULN echnologles Table 3.4
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Borehole H-3 (1) H-3b3 (2) H-3b3 (3)
Date Sampled 17-Mar-77 11-Jun-84 4-Feb-85
pH 7.40 7.30 7.30
Temp. (C) 24 24 24
Density (g/ml) 1.04 1.04 1.04

mg/l molality mg/l molality mg/l molality

Lithium NA
Sodium 19000
Potassium 630
Cesium NA
Magnesium 670
Calcium 1500
Strontium NA
Manganese 0.12
Iron 0.05
Sum Cations (meg/kg)

Fluoride 0.5
Chloride 29600
Bromide NA
Iodide NA
Sulfate 5700
Alkalinity (CaC03) 94

Sum Anions (meg/kg)
Silica (SiO2) 1.2
Borate (B) 20
Total Iron 84
Uranium 0.00009
Total Dissolved

Carbonate
log C02 Partial

Pressure (bars)-2.61
Dissolved Solids:

Sum 57272
Residue 62000

Difference -4728
Percent of sum -8.3

Charge Balance (S):
Stoichionetric
Ionic Strength

8.41 OE-01
1.640E-02

2.805E-02
3.808E-02

2. 223E-06
9.11OE-07
9.896E-01
2.678E-05
8.496E-01

6.038E-02
1.911E-03

-9.723E-01
2.032E-05
1.883E-03
1. 531 E-03
3.848E-10

0.53
17400

495
NA
828

1550
22.3

0.133
0.573

2.08
29500
28.8

0.133
5130
43.3

9.24
30
NA
NA

7.756E-05
7. 685E-01
1.286E-02

3.459E-02
3.927E-02
2.584E-04
2. 458E-06
1.042E-05
9.297E-01
1.11 2E-04
8.449E-01
3.660E-04
1.064E-06
5. 423E-02
8.785E-Q4

-9.547E-01
1. 562E-04
2.818E-03

0.4
18000

425
<0.007

780
1 470
30.5

0.117
0.2

1.94
30300
25.8
0.138
4823
40.3

10.56
26.3
NA

0.006

5.858E-05
7.957E-01
1 .105E-02

3.261E-02
3.727E-02
3.538E-04
2.164E-06
3.640E-06
9.473E-01
1 .038E-04
8.686E-01
3.281 E-04
1. 105E-06
5.103E-02
8.184E-04

-9.719E-01
1 .786E-04
2.473E-03

2.562E-08

7.807E-041. 883E-03 8. 348E-04

-2.87

55163

-2.90

56041

1.77 -2.65 -2.56

1.107 1.071 1.081

NA - not analysea (1) eportea
Density - 1.024

(2Y4No density
or pH reported.

(3) No density
reported.

Ora"by WA

Cu* bC isth

ROs Oa Chemical Analyses o Water Samples from the
Culebra at the H-3 Hydropad.

I NTJ Technologies I Table 4.1
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Borehole: H-3b3 H-3b2 H-3b2 H-3b3 H-3b3 H-3b2 H-3b2

Depth (t): 668.3- 682. 689.3 689.3 689.5 700.5 702.9-
668.4 703.5

Dolomite 4 96 99 81 88 7 --

Gypsum -- -- -- 16 6 -- 74

Quartz 23 2 1 1 1 13 7

Mica 11 tr -- -- -- 8 2

K-spar 5 -- -- -- -- tr --

Bassanite 4 -- -- tr -- tr --

Halite 2 -- -- 1 5 1 2

Goethite 4 -- -- -- -- -- --

Clay Min. 47 2 <1 1 <1 71 15

Relative Clay Abundance (normalized to 100%)

Kaolinite tr -- -- -- 13 12

Chlorite 18 4 4 3 tr 4

Illite 17 16 22 19 29 12

Smectite -- -- -- tr

Mixed-Layer

Chlorite-Smectite: 65 80 74 78 58 72

Source: Core Laboratories, 1986b.

Omw"lby Doas

OwCeCd &I co Whole-Rock Mineral Composition in Weight
Revision* ____ Percent, of Core Samples rom H-3b2 and H-3b3.

I NFRNL Technologles Table 4.2

29



ran
-

Borehole:
Date Sampled:

H-3
17-Mar-77

(Alkalinity (Alkalinity
as reported) - mean of

'84 and '85
values)

H-3b3
11 -Jun-84

H-3b3
4-Feb-85

Saturation Indices:

Calcite 0.38
Dolomite* 0.72
2Cal-Dol * 0.04
Gypsum 0.11
Celestite --
Chalcedony -1.02
Quartz -0.57

0.01
-0.01
0.03
0.11

-1.02
-0.57

-0.06
-0.08
-0.04
0.09

-0.04
-0.13
0.31

-0.11
-0.18
-0.04
0.04

-0.07
-0.07
0.37

I-
*

2 Cal - Dol 2 x SICalcite - SiDolomite

ax"M by 06% Saturation Indices Calculated from Analyses of
chada by af W Water Samples from the Culebra at the H-3
Redslone Me Hydropad.

I NT P Technologies _ Table 4.3
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Date of
Collection:

pH
17-Mar-77

7.4
(Eh, volts) (pE)

11-Jun-84
7.3

(Eh, volts) (pE)

4-Feb-85
7.3

(Eh, volts) (pE)

Uraninite
Goethite
Fe(OH)3am

-0.059
-0.106
0.013

-1.003
-1.800
0.225

___

-0.151
-0.032

-2.567
-0.542

0.033
-0.124
-0.005

0.562
-2.111
-0.086

augur" by Dab Oxidation Potentials Calculated from Equilib-
rium between H-3 Culebra Waters and Redox-
sensitive Minerals.

I N LAP TechnologI ITable 4.4
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Borehole
Date
pH
Eh (volts)
Tenp. (C)
Density (g/ml)

Lithium
Sodi um
Potassium
Magnesium
Calcium
Strontium
Manganese
Iron

Sum Cations (meq/kg)
Fluoride
Chloride
Bromide
Iodide
Sulfate
Akalinity (CaCO )

Sum Anions ( eq/kg)
Silica (SiO2)
Borate (B)
Uranium
Dissolved Solids:

Sum
Charge Balance (%)
Stoichiometric

Ionic Strength

H-3b3
Tracer Solution

7.394 Adjusted for Calcite
0.00
24

1.04
mg/l molality

0.465 6.807E-05 Mean of
18000 7.953E-01 Adjusted
460 1.195E-02 Mean of
804 3.360E-02 Mean of

1510 3.827E-02 Mean of
26.4 3.060E-04 Mean of

0.125 2.311E-06 Mean of
0.3865 7.030E-06 Mean of

Saturation

'84 and '85
for charge
'84 and '85
'84 and '85
'84 and '85
'84 and '85
'84 and '85
'84 and '85

samples
balance
samples
samples
samples
samples
samples
samples

2.01
29500

27.3
0.1355
4976.5

41.8

9.9
28.15
0.006

55502

9.517E-01
1 075E-04
8.452E-01
3. 470E-04
1.085E-06
5. 262E-02
8.484E-04
-9.517E-01
1.674E-04
2. 645E-03
2.562E-08

Mean of '84
'84 sample
Mean of '84
Mean of '84
Mean of '84
Mean of '84

Mean of '84
Mean of '84
'85 samples

and '85 samples

and
and
and
and

'85
'85
'85
'85

samples
samples
samples
samples

and '85 samples
and '85 samples

-0.01

1.077

D b WU

owncs y OdeEstimated Composition Culebra Formation

Redmlond c*~ Fluid at the H-3 Hydropad.

I NU \ TechnoglesITal .
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We

-MMEN.-U�

Grams per
Salt Liter of

Solution

LiCl 0.0028

NaCl 39.6125

KCl 0.8771

MgCl2 3.1495

CaC1 2 4.1814

SrC12 0.0478

NaF 0.0044

NaBr 0.0352

Nal 0.0002

Na2S04 7.3586

NaHC0 3 0.0702

Na2 SiO3 0.0201

H2B03 0.1610

Total 55.5208

ChckW WI CCU Masses of Salts to Produce One Liter of
RMMls7nn ObWater of the Type Found in the Culebra at

__ _ _ _ the H-3 Hydropad.

I NmFl\ Technologies Table 5.3
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pH: 7.394 7.300

Saturation Indices

Calcite
Dolomite,
2Cal-Dol
Gypsum
Celestite
Chalcedony
Quartz

Total Dissolved
Carbonate (mol)

Log C02 Partial
Pressure (bars)

0.00
0.04
-0.04
0.06
0.02

-0.10
0.34

-0.08
-0.13
-0.04
0.06
0.02

-0.10
0.34

T 83E-04 8.08E-04

-2.99 -2.88

*
2Cal-Dol - 2 x SICalcite SDolomite

o by I Ofb 

a""*__byOde Saturation Indices of Selected Minerals and
ReIslons DaX Parameters of the Carbonate System Calculated

for Culebra Formation Water at Two pH Values.

I NTLR.hTechnologies Table 5.2
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Culebra Artificial
Solute Water Solution

(moles per liter solution)

Li+ 6.700E-05 6.605E-05

Na. 7.830E-1 7.830E-01

K' 1.177E-02 1.177E-02

Mg+2 3.308E-02 3.308E-02

Ca+2 3.767E-02 3.768E-02

Sr 2 3.013E-04 3.015E-04

F- 1.058E-04 1.048E-04

Cl- 8.321E-01 8.317E-01

Br- 3.417E-04 3.421E-04

I- 1.o68E-06 1.334E-06

S04-2 5.181E-02 5.181E-02

Alk 8.353E-44 8.356E-04

SiO2 1.648E-04 1.647E-04

B 2.604E-03 2.604E-03

Chedesd by co% Comparison Between Compositions of Culebra

Rvuelane Os Formation Water at H-3 Hydropad and Artificial
Formation Water From Table 5.3

I NrU LN Technologies Table 5.4
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Isotope
Half-
Life

(years)

Dominant
Dissolved
Species

Ref-
er-
ence

Estimated
Partition

Coefficients
(ml/g)

Ni-63

Sr-90

Cs-1 37

9.20E+01

2.81 E+01

3.02E+01

Ni +2
(NiSo40)

Sr+2
(SrSO40)

Cs+

(1) <50

(2)

(3)

<2

<50

Sm-1 51

Eu-1 52
Eu-1 54

9.30E01

1 .30E.01
1.60E+01

Sm+3

Eu+3

(4)

(4)

>c. 10000

>c. 10000

References:

(1) By analogy with Fe+2 in Culebra water.
(2) Calculated for Culebra water.
(3) By analogy with KX in Culebra water.
(4) From Pourbaix (1974) and Baes and Mesmer (1976), considering

hydrolysis only.

c. * approximately

NOTE: Estimated partition coefficients are based on distribution
coefficients reported in Table 5.8

OW*W by WA Properties of Fission Product Nuclides of
Re-ftlans Do% Possible Importance in Projected WIPP Waste

Inventory.

I NTERN Technologies a
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Isotope
Half-
Life

(years)

Dominant
Dissolved
Species

Ref-
er-
ence

Estimated
Partition

Coefficients
(ml/g)

U-233

Np-237

Pu-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

Am-241
Am-243

Cm-24 4

Cr -252

1.62E+05

2.14E+06

2.85E+00
8.60E+01
2.44E+04
6.58E+03
1 .32E+01
3.79E+05

4.58E+02
7.37E+03

1 .76E+01

VI

V+VI

Y+VI
III

III

III

(1)

(2)

(3)
(4)

(2)

(5)

<10

<20

>c. 50

>c. 50

>c. 1 000

2.65E+00

References:

(1)
(2)
(3)
(4)
(5)

Calculated for Culebra water.
Cleveland et al. (1985), concordant with Pourbaix (1974).,
Cleveland et al. (1985).
Pourbaix (1974).
By analogy with americium.

c. approximately

NOTE: Estimated partition coefficients are based on distribution
coefficients reported in Table 5.8

ROwluloNk by Properties of Actinide Nuclides of Possible

Importance in Projected WIPP Waste Inventory.

I NFLP&. Technologies Table 5.6
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Water
Rference

T"Y!p. (C)
Density (q/1ml)

Culebra water
(1)

7.50
25

1.00
rq/l PC

Brine Al
(2)

6.50
25

1.20
mq/I olality

Brine "8"
(2)

6.50
25

1.20
rq/l imlaity

solution C
(2)

7.50
25

1.00
mq/ molality

WIPP
(3)

7.90
25

1.00
rq/l

H-3b3
Iis eport

7.300
24

1.04
rwiality m/1 wMlalityplality

Litin 0
Sodiuw 2850
Pntassium 105
Cesitum 0
Mbqneitiu 140
Calciu 685
Strontiu 0
manganese 0.17
Iron 0.065
Sum Cations (eqAq)

Fluoride 1.8
Chloride 3750
Browvide 0
Iodide 0
Sulfate 3100
Plkalinity-CAO3 48.8
Su nicm (peg/kg)

Silica (Si02) 2.6
orate () 1.79
Ttal Dissolved

Carbonate
log C02 Partial

Pressure (bars) -2.84
Suw Dissolved

Solids: 10674
ton B91an (Q9)
Stoichiometric
Ionic Strength

Saturation Indices:
Calcite 0.06
Dolomite -0.28
2CA-D1 0.40

qyp"Im -0.01
Celestite -

0.000O4
1.253E-01
2.715-03
0.0008-00
5.822E-03
1.728E-02
0.0OE+00
3.128E-06
1.176E-06
1.742E-01
9.577E-05
1.069E-01
O.WOE+00
O.OOOE+00
3.2628-02
9.857E-04

-1.7328-01
4.374E-05
1.6748-04

1.01SE-03

20
42000
30000

1
35000

600
S
0
2

0
190000

400
10

3500
574

0
221

3.2148-03
2.037E+00
8 .555-01
8.389-06
1.6068400
1.669E-02
6.363E-05
0.0008+0o
3.9938-05
6.1418+00
O.O008O0
5.9768+00
5.5828-03
8.786t-os
4.063-2
1.278E-02

-6.075E+00
O.OO0+00
2.280-02

115

175

3

0 O.OOOE+00
000 5.5278+00

15 4.2398-04
1 8.3138-06

10 4.546E-04
900 2.481l-02

15 1.891-04
0 o.oo+00
2 3.957E-OS

5.5788+00
0 0.0008400

000 5.4538+00
400 5.531E-03
10 8.7069-OS

500 4.0268-02
8.2 1.81O8-04

-5 .540O0O
0 0.000+800

1.8 1.840804

0
100

5
1

200
600
15
0
1

0
200
0
0

1750
82

0
0

O.00OEOO
4.362E-03
1.2838-04
7.546E-06
8.253E-03
1.501E-02
1.717E-04
O.OOOo+00
1.796E-05
5.141E-02
0.00O0900
5.65SE-03
O.0OE00
O.OOOE+00
1.827E-02
1.643E-03

-4.384E-02
0.0008+00
O.OOOE+0

1.710-03

0
6000
190

0
480
60
0

0.1
0.15

1.8
8200
0
0

5000
59

11
0

0.000800
2.665E-01
4.628-03
o.OOOE+00
2.016Er02
1.7328-02
0.000E+00
1.859E-06
2.742-06
3.464-01
9.674E-05
2.362E-01
O.0OE+O0
O.0008+00
5.315-02
1.2048-03

-3.43sE-01
1.869E-04
o.oooe+00

1.171E-03

0.465 6.8078-05
18000 7.954E-01

460 1.1958-o2
o o.OM00

804 3.3608-02
1510 3.8278-02
26.4 3.0608-04

0.0008+00
O.09400
9.517E-01

2.01 1.0758-O4
29500 8.4528-01
27.3 3.4708-04

0.1355 1.o8SE-06
4976.5 S.262e-02

41.8 8.484-04
-9.517-01

9.9 1.6748-04
28.15 2.64s8-03

8.0758-04

-2.57 -3.22

20598

-2.88

303137 294868 2921 55504
0.57

0.459

1.07

15.542

0.69

11.249

15.89

0.179

0.77

0.871

0.00

2.153

0.40
0.59
0.20

-0.06
0.06

0.42
O.99

-0.14
-0.01

-0.08
-0.13
-0.04
0.06
0.02

Peferewnces:
(1) tnch and Do>sch (1980, Tab 1, (f-8.i Dosch (1981, Tab 1, jFl-7.5).
(2) Serne (1977, Tab 1); tOsch and Lynch (1978, Tab 2) Dch 1981, Tab 1).
(3) Cleveland et al. 1985, Tab 1).

01� by %ft Omposition of waters Used for measure-
Ch"Md W - - *.% ments of Sorption Coerficients and

emb Actinide speciation with Culebra Core
material.

I tMEMN Technotaqws ___T Table 57 .1
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Ref-
Element er-

ence
Distribution Coefficient (Kd), in ml/g

Water
Reference

Cesium

Strontium

Iodide

(3)
(4)
(6)

(3)
(4)
(6)

Culebra
Water

(1)

9.0-68.3

0.3-0.6

Brine
"A"l
(2)

<1

<1

<1

Brine
"B"
(2)

1-2

0.2-2.4

1-2

0.0-1.7

<1

Solution
Ci

(2)

7-10

11-16

4-5

0.0-2.4

<1(3)

Europium (3)
(4)

Uranium (5)
(6)

0.9-1.2E+04

1 .1-7.4

>1E+04

0.9-1.6

>1 E+04

2.6-27
0.0-1.5

10.0-12.6

>1E+04

13-69
0-13

5.7-10.5Neptunium (6)

Plutonium

Americium

(3)
(4)
(6)

(3)
(4)
(6)

2. 1E+03
1.1-4.5E+03

0.5-2.3E+02

2.6E+03

7.3E+03

0.04-2.2E+03

2.2E+04

2.6-2.9E+03
4.8-7.7E+03

0.3-1.2E+03

Curium (3)
(6)

1.2E+04
0.0-12.4E+03

1 .E+05
1.6-2.2E+03

References:
(1) Lynch and Dosch (1980, Tab 1); Dosch (1981,
(2) Serne et al. (1977, Tab I); Dosch and Lynch

(1981, Tab 1).
(3) Dosch and Lynch (1978, Tab 7).
(4) Lynch and Dosch (1980, Tab IIIB dolomites).
(5) Dosch (1981, Tab 5 dolomites).
I K N E i. F i 1O'7 T.) 10A 121 

Tab 1).
(1978, Tab 2); Dosch

1iU W / IU%C C % 71 9 A GL I U I u 

Cokdby Date Distribution Coefficient (Kd) Values Measured
Revians Gato on Culebra Core Material.

Technloies I Table 5.8
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Divalent
Cation

(Ion Size, AU)

Total Moles
of Divalent

Cations
(molality)

Free
Ion

(molality)

Complex
% with S040

(molality)

mg
(0.65)

Iron
(0.76)

Calcium
(0.99)

Strontium
(1.13)

3. 4E-02

7.OE-06

3.8E-02

3.1E-04

100

100

100

100

2. 9E-02

6.3E-06

3.3E-02

2.7E-04

85 4.6E-03

90 7.OE-07

87 5.OE-03

87 3.7E-05

15

10

13

1 3

Notes:
AU - Angstrom Units

Dram by O

Ocke4 by Daft _ Speciation of Divalent Cations in H-3 Culebra
Revisions Oa Water.

I NTRN Technologles Table 5.9
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Injection Amount for Peak
Concentration of 100 pCi/l

Waste at Two years
and Volume

Estimated Ref- Possible Half- Total Mass at Sat-
Element Solubility er- Tracer life (Curies) (moles) uration

(Molality) ence Isotopes (years) (liters)

Nickel 7E-06 (1) Ni- 63 9.20E+01 1.02E-02 2.61E-06 3.73E-01

Cobalt 7E-06 (1) Co- 58 1.95E-01 1.21 E+01 6.63E-06 9.47E-01
proxy for 7E-06 Co- 60 5.26E+00 1.30E-02 1.91 E-07 2.74E-02
nickel

Strontium 3E-04 (2) Sr- 85 1.75E-01 2.73E+01 1.34E-05 4.46E-02
3E-04 Sr- 89 1.42E-01 1.69E+02 6.74E-05 2.25E-01
3E-04 Sr- 90 2.81E+01 1.05E-02 8.26E-07 2.75E-03

Cesium 8E-06 (6) Cs- 134 2.05E+00 1.97E-02 1.13E-07 1.41E-02
8E-06 Cs- 137 3.02E+01 1.05E-02 8.85E-07 1.11E-01

Uranium 3E-09 (3) U- 230 5.69E-02 3.73E+08 5.95E+01 1.98E+10
3E-09 U- 232 7.36E+01 1.02E-02 2.10E-06 6.99E+02
3E-09 U- 233 1.62E+05 1.OOE-02 4.53E-03 1.51E+06

Neptunium 3E-10 (4) Np- 235 1.12E+00 3.44E-02 1.08E-07 3.60E+02
3E-10 Np- 237 2.14E+06 1.00E-02 5.99E-02 2.OOE+08

Plutonium 4E-10 (5) Pu- 236 2.85E+00 1.63E-02 1.30E-07 3.24E+02
4E-10 Pu- 237 1.25E-01 6.64E+02 2.32E-04 5.80E+05
4E-10 Pu- 238 8.60E+01 1.02E-02 2.44E-06 6.11E+03
4E-10 Pu- 240 6.85E+03 1.00E-02 1.92E-04 4.79E+05
4E-10 Pu- 241 1.32E+01 1.11E-02 4.10E-07 1.03E+03

References:
(1) Mean analysed iron concentration in 1984 and 1985 samples (Table

4.1). Cobalt and nickel solubility should be higher (Pourbaix, 1974;
Baes and Mesmer, 1976).

(2) Calculated for H-3 Culebra water at celestite saturation (Table 4.1).
(3) Calculated for uraninite saturation in H-3 Culebra waters at Eh - 0.0

volts; equals one-tenth uraniun oncentration analyzed in 1985 sample
(Table 4.1).

(4) Pourbaix (1974); Cleveland et al. (1985), suggest c. 8E-09.
(5) Cleveland et al. (1985), with element in (V+VI) oxidation state. At Eh

and pH of H-3 Culebra water, Pourbaix (1974) shows element in (III)
state with solubility c. 3E-14.

(6) Corresponds to 1 mg/l as used in laboratory measurements leading to Kd
values summarized in Table 5.8.

Possible Sorbing Tracer Isotopes and Input
CW&Ad by DOU Concentrations Required for Peak
Rwdslon ~Concentrations of 100 pCi/l at Pumping Well if

Breakthrough Peak is at Two Years.

I FLRNTechnologles Table 5.10
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Conser-
vat i ve
Tracer
Isotopes

Injection Amount for
Peak Breakthrough
Of 100 Ci/l
Total Mass

(milli- (milli-
curies) moles)

Half-
Life
(days)

Molality
in

Culebra
Water

H-3bl to H-3b3 Flow Path
3.5 day Peak Arrival Time

H- 3
Br- 82
I- 131

4. 48E+03
1 .48E+O0
8.07E+O0

3. 30E-02
1 .70E-O1
4. 46E-02

4.14E-04
7.04E-07
1. 0 E-06

1. 1OE+02
3.4TE-04
1 08E-06

H-3b2 to H-3b3 Flow Path
26.3 day Peak Arrival Time

H-
Br-
I-

3
82

131

4.48E+03
1. 48E+00
8.07E+00

2. 91 E-01
6.53E+04
2.78E+00

3. 65E-03
2. 70E-01
6.27E-05

5.50E+01
3. 47E-04
1.08E-06

&G" by 04" Possible Conservative Tracer Isotopes with
Chod" by OQU Input Concentrations Required for Peak
Rewslne 040 Concentrations of 100 pCi/l at Punping Well.

I N F U Technologies Table 5.11
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APPENDIX: THERMOCHEMICAL DATA BASE

Intera Technologies, Inc.
6850 Austin Center Blvd. Suite 300

Austin, TX 78731

List of Fioures and Tables

Table:

1 values of parameters in activity coefficient equat-
ions for individual ions. Truesdell-3ones coeffic-
ients from Truesdell and Jones (1974). WATEQ
coefficients calculated for this data set (see
text).

2 Values for stability constants for carbonate and
sulfate ion pairs of divalent cations.

3 Values of stability constants for aluminum hydroly-
sis species and gibbsite.

4 Thermodynamic data for aqueous species.

5 Thermodynamic data for minerals.

Figure:

1 GRAPH OF CALCULATED AND MEAN-SALT VALUES FOR THE
ACTIVITY COEFFICIENT OF Ca+2 WITH IONIC STRENGTH.

2 GRAPH OF CALCULATED AND EAK-SALT VALUES FOR THE
ACTIVITY COEFFICIENT OF S04- WITH IONIC STRENGTH.

3 GRAPH OF CARBONATE ION PAIR PROPERTIES AGAINST
CARBONATE MINERAL PROPERTIES.

4 GRAPH OF SULFATE IION PAIR PROPERTIES AGAINST
SULFATE MINERAL PROPERTIES.
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A.1. INTRODUCTION

This text describes the thermodynamic data base used to make
geochemical calculations in support of this report. The
explanatory text begins with a discussion of the principles
underlying the selection of the data. This is followed by
discussions of the data for individual minerals and for se-
lected solute species. Finally, complete citations to the
sources of all data are given.

Although thermodynamic data are independent of any particular
geochemical computer model, the fact that these data were to
be used principally with PHREEQE (Parkhurst, and others,
1980, INTERA, 1983a) influenced the structure of the data
base. For example, PHREEQE treats redox reactions using the
concept of operational valence (OPV), so the value of the OPV
for each species is given. Likewise, PHREEQE uses logarithms
of equilibrium constants (logX) to characterize reactions
rather than Gibbs energies of phases and aqueous species.
Thus, logK values are stressed in the data base and experi-
mentally determined logK values are taken as the preferred
sources of data from which other thermodynamic properties are
calculated.

These data could be equally well be used with a number of
other geochemical codes which employ the ion-pair model of
solution behavior. Such codes include, for example, codes in
the WATEQ series (Truesdell and Jones, 1974, Plummer and
others, 1976, Ball, and others,1980), INEQL (Schweingruber,
1983), and EQ3/EQ6 (Wolery, 1983, INTERA, 1983b). The same
results as given in the body of this report should be ob-
tained with any of these or similar codes if used with this
data set (INTERA, 983c).

A.2. DESCRIPTION OF DATA

A.2.1 Aqueous Species

Thermodynamic data for aqueous species are given in Table A-
4. The first thirty species are the "master species" of
PHREEQE (Parkhurst and others, 1980) or the "basis species"
of EQ3/EQ6 (Wolery, 1983). They are the species in terms of
which the association reactions of all subsequent species are
written.

A-2



First Line:

Species number, chemical formula, and sources of data
chosen. Numbered references to the sources of data for
each species and mineral are given. The full reference
corresponding to each number is given in Section A.5.1,
below. The letter and symbol codes have the following
meanings:

C: Source gives coefficients for logK(T) expres-
sion.

K: Source gives value for logK(25).

Gr,Hr,Sr: Source gives Gibbs energy, enthalpy or
entropy of reaction data, respectively.

G,H,S: Source gives Gibbs energy, enthalpy or
entropy of formation data, respectively.

"=": The data sources give the same values.

",": Data from both sources are combined to reach
the value given.

Second line:

Gibbs energy (delta Gf), enthalpy (delta Hof) and
entropy (delta Sf) of formation of the species in
its standard state at 250 C and 1 bar, in kilo-
joules/mol, kilojoules/mol and joules/mol/K, re-
spectively. Entropies of formation are discussed
in Section A.3.3, below.

Gibbs energy (delta Gr), enthalpy (delta HOr) and
entropy (delta S ) of the association reaction for
the species in its standard state at 250 C and 1
bar, in the same units as above.

Third Line:

Thor (operational valence or OPV of PHREEQE) of each
species. The operational valence is the valence of
any species which can be oxidized or reduced under
natural conditions. It is required for the conser-
vation of electron equations used in PHREEQE for
calculations of redox reactions, and is described
in detail in the documentation for that code (Park-
hurst and others, 1980, p. 6-11).

A-3
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Charge of species.

Debye-Hdckel a value, discussed in section A.3.5.

Value of logX of the association reaction at 250C.

Left Side. Fourth. Fifth. Sixth and Subsequent Lines:

These lines contain the headings and data describing the
association reaction for the aqueous species. The
stoichiometric coefficient, chemical formula, and
number (in this data base) of each component spe-
cies of the reaction forming the species appear in
the sixth and subsequent lines. The Gibbs energy,
enthalpy and entropy of reaction and the logK
values are for this reaction.

Riaht side. Fourth through EiQhth Lines:

These lines contain coefficients A through E for the
expression:

logK(T) - A + B*T + C/T + D*T2 + E/T2 (1)

This is the expression used in WATEQ and PHREEQE. Other
expressions, as used in EQ3/EQ6 or more consistent
with the aier-Kelly heat capacity equation, might
be more appropriate for other geochemical models.

A.2.2 Mineral and Redox Pairs

Data for minerals are given in Table A-5. The form of the
entries in this table is the same as that for the aqueous
species and described in the preceding section. Note that
the mineral reactions are written as dissociation reactions,
rather than as association reactions as are those for the
dissolved species. The method for developing the reactions
for calculation of oxidation potential is described in Sec-
tion A.3.4, below.

A.3 DISCUSSION

A.3.1 Sources of Data

A number of previous compilations of thermodynamic data were
drawn upon to develop this data base.

A- 4



CODATA (1978, 1980) values of delta Hf and S were used
whenever available for elements and aqueous species.
Few CODATA values have been published for minerals
included in this data base.

Data sets accompanying the PHREEQE program (Parkhurst and
others, 1980) and several of the predecessor WATEQ
programs (Ball, and others, 1980; Plummer and others,
1976; and Truesdell and Jones, 1974) are the sources of
the logK(25) and delta Hr values for many of the aque-
ous ion pairs. These sources were also considered in
choosing mineral data.

Data from what is referred to here as the Perkins/Berman data
set accompany the version of PATH running at the Univer-
sity of Bern, Switzerland. With few exceptions, these
data are identical to those published by Helgeson and
others (1978, 1981). The Perkins/Berman data set in-
cludes delta H and SO values from which the logK(25)
and delta Hr values discussed below were calculated.

Data published by the National Bureau of Standards (Wagman,
and others, 1982) includes delta Gf, delta Hf and Su
data for many aqueous species and minerals. Values of
logK(25) and delta H r discussed below were calculated
from the delta Gf and delta Hf given.

The U. S. Geological Survey data base (Robie and others,
1978, 1979) was also used. As with the NBS data, the
logK(25) and delta HWr values discussed below were
calculated from the delta Gf and delta Hf values in
this data set.

Data used by the Swiss Federal Institute for Reactor Research
(EIR) have also been considered (Schweingruber, 1983,
1984; Wanner, 1986).

References to the sources of data are given for most species
and minerals. Data for those entries for which no references
are given are from the data set accompanying the original
release of PHREEQE (Parkhurst and others, 1980). The PREEQE
data were, in turn, taken from the WATEQ2 data set (Ball and
others, 1980) and the original WATEQ data set (Truesdell and
Jones, 1974).

Sources of the Debye-Hdckel a values are discussed in sec-
tion A.3.5.

A- 5
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A.3. 2 Internal Consistency o Data

The data for any species or mineral are internally consis-
tent, and obey the appropriate thermodynamic equalities such
as:

delta GO - delta H - T delta S. (2)

delta Gr -RTlnX(25) (3)

delta Hr - R T2 d(logK(T))/dT (4)

This consistency is maintained by calculating all values from
the "highest" data available. The data rank from "highest"
to "lowest" as follows:

Coefficients for the equation for logK(T) as a function
of temperature, such as values of A through E in
equation (1);

logK(25);

delta G H, and S of reaction;

delta G, H. and S of formation.

For example, if values for some or all of the coefficients of
the logX expression are available, the values which appear
in the table are calculated from them as follows:

Evaluate equation (1) at T - 298.15K to find logX(25);

Calculate delta Gr using equation (3);

Calculate delta Hr using equation (4) at T - 298.15K.
For equation (1) for logK(T), this expression is:

delta Hr = 2.303*0.00813*298.152 *

(B - C/298.152 + 2*D*298.15 - 2*E/298.153) (5)

Calculate delta Sr using:

delta Sr - (delta Hr - delta Gr)/298.15 (6)

Calculate delta G,H and S from the delta G, H, and
SOr values just found and the delta G, H, and Sf
values of the reactant species (in the case of the
association reactions of dissolved species) or
product species (in the case of mineral dissolution
reactions).
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For many species and minerals, only values logk(25) and the
standard enthalpy of reaction (delta Hr) are available. For
these substances the coefficients of equation 1 are set to
zero and the Gibbs energy and entropy of reaction are calcul-
ated from the available values of logK(25) and enthalpy of
reaction. Gibbs-energies, enthalpies, and entropy of forma-
tion are found from the reaction values and the Gibbs energy,
enthalpy, and entropy values of formation of the species
reacting to form the dissolved species or produced by dissol-
ving minerals.

Many compilations of thermodynamic data, including those of
the CODATA group (1978, 1980) and Wagman et al. (1982) give
only the enthalpies (delta Hf) absolute entropies () and
in some cases Gibbs energies (delta Gf) of formation of
species and minerals. Direct comparison of properties of
formation from one compilation to another can be misleading
unless all are first normalized to a common set of properties
for the elementary species in terms of which all reactions
are written. Those elementary species are the basis species
of EQ3/EQ6 (INTERA, 1983b; Wolery, 1983) or the master spec-
ies PHREEQE (INTERA, 1983a; Parkhurst et al., 1980.

To assure that values given in this data base would be inter-
nally consistent regardless of their source, the following
procedure was followed:

From the (presumably) internally consistent values of
the properties of formation of species and minerals
given in data compilations such as those mentioned
above, values of logK(25) and of reaction enthalpies
were calculated. These values were then compared with
those from other sources and the selected ones entered
into this data base. Properties of formation were then
calculated as described above. The values of the prope-
rties of formation of the species or minerals in this
data base will be the same as those in the referenced
source compilation only if the properties of the elemen-
tary species in this and the source compilation are the
same.

A.3.3 Entropy Values

The entropies given are not the usual absolute entropies Sf,
but are the entropies of formation of the species or minerals
from their component elements at 250C and 1 bar, delta Sf.
This facilitates the use of equation (6) relating delta G to
delta H and delta S.

Wagman and others (1982, p.2-16) point out that the "best"
values for delta Hf and delta Gf of ions are often derived
from solution data, while "best" values for absolute entro-
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pies are usually taken from "thermal" data and are indepen-
dent of solution processes. Thus, compilations of "best"
data on dissolved species may not rigorously obey equation
(2). To make this data base rigorously consistent internal-
ly, the following convention was adopted:

When the original source of data included both delta Hf and
delta Gf, delta Sf for the species was calculated using
equation (2).

When only delta Hf and absolute entropies were available,
delta Sf values were first calculated using:

delta Sf = Sion - sigma Sf elements + (n/2) Sof,H2(g)

where n - charge of the ion (Wagman and others, 1982,
p.2-22). Then delta Gf values were calculated using equation
(2).

A.3.4 Calculation of Oxidation Potentials

If concentrations of both members of an oxidation-reduc-
tion couple are available, the P value corresponding to that
couple can be calculated in a manner similar to that used to
calculate mineral saturation indices (SI's). The reaction
for the oxidation of R to 0 can be written (Garrels and
Christ, 1965, Chapter 7):

R = 0 + nH+ + me-, (7)

with equilibrium constant:

logX(T) - log a + n*log a + *log a - log aR. (8)

By definition, PE -log ae-,, so the logX(T) expression can
be rewritten:

P - -logX(T)/m + (log a + n*log a+ - log aR)/m. (9)

The saturation index, SI is written:

SI = logIAP - logK(T) (9a)

where AP is the value of the ion activity product in the
solution of interest. Equation (9a) has the same form as the
PE expression (9). Thus, if reaction (7) is written for the
transfer of one-electron, _. gA., so that in (7), (8) and
(9) equals one, the SI calculated for it in the usual manner
will equal its PE.

The reactions such as (7) used to calculate PE values are
association reactions forming "minerals" which are single
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electrons. The delta G delta H and delta S of formation of
the electron is zero, and is so entered in the data base.
The delta G delta H delta S and logK(25) values for the
reactions are then determined by the properties only of the
reactant species. The use of the saturation index routine of
PHREEQE to calculate PE values is described in the docu-
mentation for that program (Parkhurst, and others, 1980,
p.59).

Field data are frequently reported as Eh values rather than
as PE's. The two are related by the expression:

Eh = (lnlO R*T/F)*PE (10)

where: lnlO a natural log of 10
R = gas constant
F = Faraday's constant
T -Absolute temperature

For EH in volts and temperature in Celsius equation (10) be-
comes:

PE = Eh*5040.07/(273.15 + temperature) (11)

A.3.5 Activity Coefficients of Solute Species

Activity coefficients of dissolved species in solutions of
ionic strengths of less than a few tenths molal can be calcu-
lated using the extended Debye-Hackel equation:

A*zi2*IO.5
log~ j Pi __ __ __

1 + B*ao*IO. 5

in which: A and B are temperature-dependent functions of the
density and dielectric constant of water.
Values of A and B are calculated in WATEQ, and
PHREEQE and they also appear in tables in many
standard texts (e.g., Nordstrom and Munoz,
1985, Table 7-3). At 2C, A = 0.5092 and B -
0.3283;

zi is the charge of ion i;

I is the ionic strength of the solution given by I
= 1/2 2 MiZi2 ; and

a. is the Debye-Hackel ion-size parameter.

Values of a in this data base are taken from Table 24 of
Whitfield (1979), except as follows:
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Values for Ca+2 and Sr+2 and by analogy for Mg+2 and
Ba+2, and for the carbonate species and their
complexes are from Plummer and Busenberg (1982) and
Busenberg and others (1984).

Values for A1+3 and its complexes are those used by Rob-
erson and Hem (1969) and Smith and Hem (1972).

values not given in these sources were estimated based
on the similarity of the unknown species to other,
listed species. The errors introduced by this pro-
cedure are thought to be less than those which
would have come about by calculating activity
coefficients using the Davies equation (Plummer and
Busenberg, 1982).

In more concentrated solutions, activity coefficients calcu-
lated using the extended Debye-Huckel equation are likely to
be seriously in error. Thus the WATEQ Debye-H1ckel equation,
which is useful up to ionic strengths of several molal, was
employed for the calculations described in the body of this
report. This semi-empirical equation was developed by Trues-
dell and Jones (1974) for use in their original WATEQ program
for aqueous speciation calculations, and it has been included
in the subsequent versions of WATEQ and is present in PHREEQE
as an option for calculating activity coefficients. This
equation is also discussed by Nordstrom and Munoz (1985,
Sect. 7-6) who refer to it as the Truesdell-Jones equation

The WATEQ Debye-Hackel equation is written:

A*zi 2*IO.*5
log i z 5 + bw*I

1 + B*aw*IO.5

where: A, B, zi and I have the same meanings as in the
extended Debye-Hackel equation described
above, and

aw and b are the WATEQ Debye-Hfickel individual ion
activity coefficient parameters. These are
determined by fitting the WATEQ Debye-Hdackel
equation to experimental mean-salt activity
coefficient data as described by Truesdell and
Jones (1974).

Values for WATEQ Debye-Huckel coefficients are not included
in this data base, but are included in the PHREEQE data set
derived from these data and used for the calculations de-
scribed in the body of the report. Table 1 gives values for
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the WATEQ Debye-Huckel coefficients and for the a0 parameter
required for the extended Debye-Huckel equation. The columns
labeled Truesdell-Jones Coefficients include the aw and bw
values originally given by those authors (1974, Table 2; see
also, Nordstrom and Munoz, 1985, Table 7-6). The columns
labeled WATEQ D-H Fitted Coefficients include newly fitted
values for aw and b. These values were determined by a
least-squares fit of the WATEQ Debye-Huckel equation to
experimental ion activities calculated from mean-salt data
given by Robinson and Stokes (1959) using the conventions
described and adopted by Truesdell and Jones (1974). It was
necessary to calculate the coefficients for Sr+2 and U02+2,
for this work and for consistency, values for the remaining
ions were recalculated.

The new values were fit to data in the range of ionic
strengths of 0 to 3 molal, and they agree well with the
original Truesdell and Jones values. Figures 1 and 2 illus-
trate how well activity coefficients calculated for Ca+2 and
S04-2 using the two equations and sets of parameters repro-
duce the mean-salt data.

A.4 SELECTION OF DATA

A.4.1 Acueous Species

Divalent Cation - Carbonate Ion Pairs: Values for logK(25)
and delta Hr for the carbonate (XC030) and bicarbonate
(XHCO3+) on pairs with the cations Mg+2, Ca+2, Sr+2,
Ba42, 14nh+, and Fe42 are given in Table 2. Two columns
appear for the bicarbonate species: The first is for the
reaction:

x+2 + C03 2 + H+ - XHC03+

which is the way the ion association reaction is written
in the data base. The second column is for the reac-
tion:

x+2 + HC03 = XHC03t

The value in the second column equals that of the first
minus 10.33 for logK(25) and minus -14.90 for delta Hr.
The values subtracted are those for the reaction:

C03-2 + + = HC03-.

Data for the Ca+2 and Sr+2 pairs are those given by
Plummer and Busenberg (1982) and by Busenberg and others
(1984), respectively. The data selected for the miner-
als calcite (CaCO3) and strontianite (SrCO3) are taken
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from the same work and so are internally consistent with
the ion pair data.

Data for the Mg+2 pairs and MnHCO3+ are taken from the
PHREEQE data base and its predecessor WATEQ data bases.

No measured values for the Ba+2 pairs were found so the
data in the table were estimated. Figure 3 shows plots
of the logK(25) and delta Hr values of the ion pairs
against equivalent values for the carbonate minerals of
the cations. The Mg+2 values are not included because
MgC03 does not have the same crystal structure as the
carbonate minerals of the other divalent ions. As the
figure shows, the loqK(25) values for the CO30 pairs of
Xn+2, Sr+2, and Ca+' correlate wall with the logK(25)
values of their carbonate minerals and a value for the
BaCOiO pair is readily assumed. LogK(25) values are
avail able only for the CaHCO3+ and SrHCO3+ pairs so the
logK(25) value for BaHC03+ was estimated from them.

Delta Hr values for the Ba+2 pairs were estimated the
same way. As Figure 3 shows, delta -r of MnCO3+ does
not group well with the values for Ca 4 and Sr+2 and was
not used in estimating the Ba+2 values.

Divalent Cation - Sulfate Ion Pairs: Values for logK(25)
and delta Hr for the sulfate ion pairs and sulfate
minerals of the divalent cations are also given in Table
2. Literature values are available for all XS0O0 pairs
except BaSO4 w. Values for this pair used in the data
base were estimated from correlation with the values of
the sulfate minerals, as was done for the carbonate ion
pairs. As Table 2 shows, the logK(25) values for all
XS040 pairs are so similar, that the logK(25) value for
BaSO4 0 can be estimated with little error. As Figure 4
shows, the correlation among the several values for
delta Hr is poor, and the delta Hr value for BaSO 0,
which was based on extrapolation from the values or
CaSO40 and SrSO40, may be significantly in error.

Aluminum Hydroxide Solution Complexes: The formation of
these entities can be written:

A1+3 + n H20 - Al(OH)n3-n + n H+

Values of logK(25) and delta Hr for this reaction from a
number of sources are given in Table 3.

The logK(25) values for gibbsite from Hemingway and
others (1978), May and others (1979) and the Perkins/-
Berman data set are the same within the errors quoted.
The Perkins/Berman, Wagman and others (1982) and Hem-
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ingway and others (1978) values of delta Hr also are in
good agreement.

The logK(25) values for'the aluminum species given by
May and others (1979) are an internally consistent set
based on experimental solubility data. Total dissolved
aluminum concentrations calculated from them (May and
others, 1979, figure 3) are virtually the same as those
given by the data of Baes and Mesmer (1976, figure 6.4c)
if the Al(OH)30 species is left out. The logK(25) data
of May and others (1979) were selected.

The delta HOr value of Wagman and others (1982) for
Al(OH)4 - and of Baes and Mesmer (1976) for Al(OH)+2 were
chosen. A value of 90 kilojoules/mole was estimated for
Al(OH)2+ by interpolation between the values for the
other two species.

A.4.2 Minerals

Calcite CaCO3: The values chosen are based on the equation
for logK(T) given by Plummer and Busenberg (1982). They
compare with the other data considered as follows:

loaK(251 delta HRr
Data chosen: -8.48 -9.61

Original PHREEQE: -8.48 -10.80
Perkins/Berman: -8.52 -11.78
Wanner (1986): -8.36 -13.18

Wagman and
others (1982): -8.304 -13.05

Robie and
others (1979): -8.305 -12.60

The Plummer and Busenberg (1982) data are consistent
with the data adopted for the ion pairs of calcium and
the carbonate species in this data base.

Dolomite CaMg(C03)2: The values chosen are those from the
original PHREEQE data set. They compare with the other
values considered as follows:
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loq=t251 delta Hr
Data chosen: -17.00 -34.685

Perkcins/Berman
Disordered dolomite: -16.52 -46.36

ordered dolomite: -18.06 -34.12
Wanner (1986): -17.00 -34.98

Wagman
and Others (1982): -17.41 -37.66

Robie
and Others (1979): -17.09 -39.48

These values range from those representative of high-
temperature, well-ordered dolomites to disordered sedi-
mentary dolomites (see Helgeson and others, 1978).
Waters from three dolomitic aquifers, the karstic Malm
and the Schilfsandstain/Gansinger Dolomite in northern
Switzerland and the Edwards aquifer in Texas, appear to
be in equilibrium with a dolomite with logX(25) - -17.0
(Pearson and Lolcama, in preparation; Pearson and Rett-
man, 1976). However, waters from a fourth dolomitic
aquifer, the Muschelkalk of northern Switzerland, are
more consistent with a value of -16.8. This difference
may be a result of slight differences in composition or
crystallinity between the dolomites of the several
formations.

Strontianite SrCo : The values chosen are as given by the
equation for IogK(T) of Busenberg and others, (1984).
They compare with the other data considered as follows:

logK(251 delta Hr
Data chosen: -9.27 -1.67

Original PHREEQR: -9.25 -2.89
Wanner (1986): -9.03 -0.42

Wagman
and Others (1982): -9.25 -2.84

Robie
and others (1978): -8.81 -4.26

The data chosen are consistent with the data in this
data base for the ion pairs of strontium and the carbon-
ate solution species and with the calcite data.

Witherite BaCO : The data chosen are from the WATEQ2 data set
(Ball and others, 1980). They compare with values
derived from the other data sets examined as follows:
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Data chosen:
Wagman
and Others (1982):
Robie

and others (1978):

-8.K58
-8. 58

-8.59

-7.63

delta Hr
1.51

1.52

-3.93

Rhodochrosite MnCO3: The values selected for logK(25) and
delta Hr are derived from delta Gf and delta Hr
values of Robie and others (1979). They compare with the
values for the other data sets considered as follows:

Data chosen:
Perkins/Berman:
Wanner (1986):
Stumm and

Morgan (1981):
Ball and

others (1980):
Wagman and
others (1982):

,locrK(25)
-10.54
-10.53
-10.52

-10.53

-10.41

-10.65

delta Hr
-8.57
-8.61
-8.66

-8.5

-8.70

-3.79

The values chosen are virtually identical with those in
the Perkins/Berman and Wanner (1986) data sets but
differ from those in the WATEQ2 and NBS sets.

Siderite FeCO3: The values chosen are from the original
PHREEQE data set. They compare with values derived from
the other data sets considered as follows:

Data chosen:
Wanner (1986):
Perkins/Berman:
Stumm and
Morgan (1981):

Wagman
and Others (1982):

Robie
and others (1978):

loagM25
-10.55
-10.69
-12.73

-10.50

-10.50

-10 50

delta Hr
-22.29
-21.13
-16.67

-29.2

-25.67

-29.26

Gypsum CaSO 4 -2H2O: Values derived from the equation for
logK(T) of Langmuir and Melchior (1985, eqn. 3) were
chosen. They compare with values derived from the other
data sets examined as follows:
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Data chosen:
Original PHREEQE:
Wanner (1986):

Wagman
and Others (1982):
Robie
and others (1978):

1l2gK23A
-4.580
-4.848
-4.86

delta H0 r
-0.45
1.09
0.92

-4.36 -1.13

-4.34 -1. 13

The logK(25) value selected is virtually identical with
that in the original PREEQZ data base. Waters from two
gypsiferous aquifers, the Muchellkalk in northern Switz-
erland (Pearson and Lolcama, in preparation) and the
Edwards of central Texas (Pearson and Rettman, 1976),
appear to be in equilibrium with gypsum of logX(25) --
4.6, supporting the choice made. The data for the other
sulfate minerals, anhydrite, celestite and barite, were
also selected from Langmuir and Melchior (1985) and are
consistent with the value chosen for gypsum.

Anhydrit CaSO4 Langmuir and Melchior (1985) present three
expressions (equations 4, 5 and 9) which give similar
values for logX(T) of anhydrite. Eqn. 4, which best
fits the experimental data below 56C is tentatively
accepted until such time as validation analyses permit a
choice between them. This data compares with the values
derived from the other data sets examined as follows:

Data chosen:
Perkins/Berman:
Wanner (1985):

Wagman
and Others (1982):
Robie
and others (1978):

log-U251
-4.239
-4.14
-4.65

-4.15

-4.12

delta Hr
-19.954
-18.01
-15.69

-17.99

-17.99

Celestite SrSO4: Values derived from the equation for
logK(T) of Langmuir and Melchior (1985, eqn. 10) have
been chosen. They are significantly different from the
values in the original PHREEQE data set:

Data chosen:
Original PHREEQE:
Wanner (1985):

Wagman
and Others (1982):
Robie
and others (1978):

loqK125
-6.633
-6.465
-6.50

-6.46

-6.46

delta Hor
2.52

-1.97
2.09

-1.97

-1.90
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Waters from two celestite-bearing aquifers, the Muschel-
kalk in northern Switzerland (Pearson and Lolcama, in
preparation) and the Edwards of central Texas (Pearson
and Rettman, 1976), appear to be in equilibrium with
celestite with logK(25) values more consistent with
those of Langmuir and Melchior (1985) than with those of
the other data sets.

Barite BaSO4: Data from Langmuir and Melchior (1985, eqn. 2)
and from all the other data bases examined are virtually
identical.

loaKL25) delta Hr
Data chosen: -9.97 26.57

Original PHREEQE: -9.976 26.28
Wagman
and Others (1982): -9.97 26.29

Robie
and others (1978): -9.95 26.28

Data from Langmuir and Melchior were chosen for consis-
tency with the other sulfate minerals. There is a great
deal of scatter associated with the barium analyses of
the waters from the Muschelkalk which were used to
validate the data chosen for the other alkaline-earth
sulfate minerals (Schmassmann and others, 1984). Thus,
these samples cannot be used to validate the barite
values chosen.

Fluorite CaF2: The values chosen are from the WATEQ2 data
set (Ball and others, 1978). They compare with values
from the other data sets examined as follows:

logK(251 delta Hr
Data chosen: -10.96 19.71

Perkins/Berman: -10.93 17.88
Wanner (1986): -10.41 15.90

Wagman
and Others (1982): -9.84 11.51
Robie
and others (1978): -10.51 15.73

Portlandite Ca(OH)2: The values chosen are derived from the
data of Wagman and others (1982) for the Gibbs energy
and enthalpy of formation for crystalline Ca(OH)2. These
values compare with the values from the other data sets
examined as follows:
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Data chosen:
Wanner (1986):

Robie
and others (1978):

22.66
22.80

22.67

delta Hr
-128.40
-129.70

-128.40

The resulting logK(T) is consistent with the analysis of
water from a zone in a Swiss borehole which was appar-
ently influenced by cement (Pearson and Lolcama, in
preparation, Sect. 4.3.4).

Chalcedony SiO2: and

Quartz SiO2: Fournier (1981) gives equations for the varia-
tion with temperature of the solubility of several
silica phases important as controls on the dissolved
silica content of ground waters. His values for both
quartz and chalcedony have been adopted. The chalcedony
values are essentially the same as those from the ori-
ginal PHREEQE data set. The several sets of quartz data
available agree well:

Data chosen:
Original PHREEQZ:
Perkins/Berman:

loaK(X251
-3.979
-4.006
-4.033

delta Hor
25.06
26.02
26.08

Pyrolusite MnO2: The values for logK(25) and delta Hr are
derived from delta G and delta H data of Robie and
others (1979). They compare with values from the other
data sets examined as follows:

Data chosen:
Stumm and
Morgan (1981):

Ball and
others (1980):
Wagman and

others (1982):

loa9=5y
41.55

41.57

41.37

41.56

-272.33

-272.36

-229.87

-272.38

The values chosen are virtually identical with those
derived from the NBS data set, but differ from those of
WATEQ2.

Manaanite MnOOH:
chosen.

The WATEQ2 value for logX(25) has been

A- 18



Data chosen:
Stumm and
Morgan (1981):

Ball and
others (1980):

25.27

25.34

25.27

delta r

Magnetite Fe3O4: The values chosen are derived from data of
Robie and others (1979). They compare with values from
the other data sets considered as follows:

Data chosen:
Schweingruber (1984):
Perkins/Berman:
Stumm and
Morgan (1981):

Wagman and
others (1982):

1ocaK (25)
-8.80
-6.59

-12.59

delta H°r
-173.09
-168.66
-170.76

-8.77 -173.12

-9.25 -170.42

Hematite Fe2O3: The values chosen are derived from the data
of Robie and others (1979). They compare with values
from the other data sets considered as follows:

Data chosen:
Perkins/Berman:
Schweingruber (1984):
Stumm and

Morgan (1981):
Wagman and

others (1982):

loaK(25)

-3.86
-4.32
-1 .9

delta Hor
-129.85
-127.31
-129.70

-3.85 -129.9

-3.75 -130.29

Goethite FeOOH: The logK(25) value chosen is that of Baes
and esmer (1976), and is consistent with the stability
constants used for iron hydroxide solution species. The
same logK(25) value appears in the original PHREEQE and
in the Schweingruber (1984) data bases. The delta H r
value selected is from the original PHREEQE data base.
These values compare with those from the other data sets
considered as follows:

Data chosen:
Schweingruber (1984):
Stiumn and
Morgan (1981):

Robie and
others (1978):

1oaK(25)
0.5
0.5

delta Hor
-60.58
-59.83

-1.69 -60.9

-1.69 -60.83
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Ferric Hydroxide Fe(OH)3: The logX(25) value chosen is
that of Baes and Mesmer (1976), and is consistent with
the stability constants used for iron hydroxide solution
species. The same logK(25) value appears in the
Schweingruber (1984) data base. The delta Hr value
selected is from the Schweingruber (1984) data base.
These values compare with those from the other data sets
considered as follows:

loQX(251 delta H-r
Data chosen: 2.5 -81.58
Original PHREEQE: 4.891 - -
Stumm and

Morgan (1981): 3.00 - -
Wagman and

others (1982): 3.43 -82.99
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A.5 REFERENCES

A.5.1 Numbered References in Data Base

The numbered data sources in the data base refer to the
following publications or other sources:

1) Wagman and others, 1982.
2) CODATA, 1978, 1980.
3) Perkins/Berman PATH data. This as yet undocumented

data set is used with the version of PATH presently
(May, 1986) running at the University, Bern. These
data are derived primarily from the work of Helge-
son and his colleagues as published formally (see
references below) and in the SUPCRIT data base.

4) Helgeson and others, 1981.
5) By definition.
6) Estimated. See text.
7) Baes and esmer, 1976.
8) Plummer and Busenberg, 1982.
9) Busenberg and others, 1984.
10) Langmuir and Melchior, 1985.
11) Helgeson and others, 1978.
12) Nordstrom and others, 1984.
13) Fournier, 1981.
14) May and others, 1979.
15) Original PHREEQE data: See below.
16) Schweingruber, 1984, and Wanner, 1986.
17) Schweingruber, 1983, Data Base A. Only those

aqueous species which are stable enough to appear
prominently in Schweingruber's figures 6 and 7 are
included.

18) Helgeson, 19-69.

No numbered references are given for many of the aqueous
species in the data base. Un-numbered data are from the data
set supplied with PHREEQE (Parkhurst and others, 1980), which
were derived from WATEQ2 (Ball and others, 1980) and(or)
original WATEQ data (Truesdell and Jones, 1974).
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Truesdell-Jones WATEQ
ION aw bw aw bw

Na+ 4.0 0.075 3.85 0.078
KE 3.5 0.015 3.54 0.016
mg+2 5.5 0.20 5.29 0.208
Ca+2 5.0 0.165 5.12 0.161
Sr+2 5.16 0.127
uOa+2 5.88 0.223
C1 3.5 0.015 3.54 0.016
S04-2 5.0 -0.04 5.35 -0.068
HCO - 5.4 0 5.4 0
Co3 2 5.4 0 5.4 0

TABLE A-1: Values of parameters in activity coefficient equa-
tions for individual ions. Truesdell-Jones coefficients from
Truesdell and Jones (1974). WATEQ coefficients calculated
for this data set (see text).
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Values of logK(25) for association of ion pairs
and for dissolution of minerals

XHC03+
X XOH- Ref XCO30 XHC03+ -10.33 XC03s Ref XS040 XS04s Ref

__________________________________________________________________

Mg+2
Ca+2
Sr+2
Ba+2
Mn+2
Fe+2

-11.44
-12.85
-13.29
-13.47
-10.59
-9.5

1
1
1
1
1
1

2.98
3.22
2.81
3.16

11.39
11.44
11.51
11.45
11.6

1.06
1.11
1.18
1.12
1.27

-8.48
-9.27
-8.58

-10.41
-10.55

4
2
3

E,6
5
5

2.25
2.31
2.29
2.27
2.26
2.25

-2.14 6,a
-4.24 5,7
-6.63 8,7
-9.98 E,7
2.67 6

-2.47 6,a

Values of delta H for association of ion pairs
and for dissolution of minerals

XHC03+
XHC03+ +14.90 XCO3s Refx XOH- Ref XCO30 XS040 XS04s Ref

__________________________________________________________________

Mg+2
Ca+2
Sr+2
Ba+2
Mn+2
Fe+2

64.51 5 11.35
60.81 5 14.83
60.65 5 21.83
63.16 5 24.65
60.25 1
55.2 1

-10.58
-3.64
10.4

16.05
-15.1

4.32
11.26
25.3

30.95
-0.2

-9.61
-1.68
1.51
-8.7

-22.29

4
2
3

E,6
6
5

5.85
6.15
-8.7

-24.6
9.08

13.51

11.97 6,a
-19.95 6,7

2.52 8,7
26.57 E,7

-64.77 6
11.8 6,a

References and Notes

a/ Solid is XS04.7H20
2/ Pliumer and Busenberg, 1982
4/ Plummer and others, 1976
6/ Ball and others, 1980
8/ Reardon, 1983

1/ Baes and Mesmer, 1976
3/ Busenberg and others, 1984
5/ Parkhurst and others, 1980
7/ Langmuir and Melchoir, 1985

Table A-2: Values for stability constants for carbonate and sulfate
ion pairs of divalent cations
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dir a:

Values of logK(25) of association of solution species
and of dissociation of the solid

SPECIES: (1) (2) (31 (41 (5) (6)
Al(OH)*4 -4.91 -4.97+0.02 - - -4.74 -4.99 -5.0+0.3
Al(OH)2 + -9.3 -8.7+0.4 - - -10.1 -10.2+0.3
Al(OH)3 0 - - -15.0 =- - - -16.0 - -
Al(OH)4- -22.5 -23.0+0.3 -23.3+0.3 -23.25 -23.0 -22.2+0.3
Al(OH)3(cr)-7. 23 -8.5±0.1 -8.0+0.3 -7.25 -8.77 -8.1+0.3

Perkins7Berman logK(gibbsite): - -7.90

Values of delta Hr of association of solution species
and of dissocation of the solid

SPECIES: (1) (2) (3) (4) (5) (6)
Al(OH) - - 50+2 - - 64.12 49.8 - -
x i - A- - - - - n - -
Al(OH)30 - -

Al(OH)4- 171.42
Al(OH) 3(cr)9 5 1 5 5

- - - - - - 0.0
- - - - 180.20 184.35 -

- - 95.16 95.67 95.4
Perkins/Berman delta H(gibbsite): 95.06

References

(1) Wagman and others, (1982)
(3) Hemingway and others, (1978)
(5) PHREEQE (Parkhurst and others,

WATEQ2 (Ball and others, 1980)
(6) May and others, (1979).

(2) Baes and Mesmer,(1976)
(4) Perkins/Berman PATH
1980) and

Table A-3: Values of stability constants for aluminum hydrolysis
species and gibbsite.

A-32



.1

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/xol J/mol/K

Gibbs Energy
IcJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

1: 
Form:

I+

.000 .000
Thor: .0 Charge:

Reactant Species
oef. Name

Data Sources: G:5 H:5 S:5
.000 Rean: .000 .000

1.0 D-H a: 9.0 logK(25):
logK(T)- .000000

I. + .000000
1

.0000

Cc No
1.00 H+

2: e-
For=: .000 .000

Thor: -1.0 Charge:
Reactant Species

Coef. Name
1.00 e-

3: H20
Form: -237.129 -285.830

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 H20

4: LI+
Form: -292.630 -278.455

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 LI+

5: NA+
Form: -261.930 -240.300

Thor: .0 Charge:
Reactant Species

Coef. Name

Data Sources: Definition
.000 Rean: .000 .000

-1.0 D-H aO: .0 logK(25):
logK(T)- .000000

No. + .000000
2

Data Sources: G:1-3 H:1-2-3
-163.344 Rean: .000 .000

.0 D-H a .0 logK(25):
logK(T)- .000000

No. + .000000
3

Data Sources: G:2-3-4 2-3-4
47.543 Rean: .000 .000
1.0 D-H a: 6.0 logK(25):

logK(T)- .000000
No. + .000000
4

Data Sources: G:1m2-3-4 :2-3-4
72.547 Rean: .000 .000
1.0 D-H a 4.0 logK(25):

logK(T)- .000000

.0000

*T

.0000

*T

.0000

*T

.0000

*T

.0000

*T

.0000

*T

.0000

.000

.000

.000

.000

.000

.000

.000

.000

1.
6: 

Form:

.00 NA+

-282.740 -252.170
Thor: .0 Charge:

Reactant Species

No. + .000000
5

Data Sources: G:4 :2-4
102.532 Reans .000 .01
1.0 D-H ao: 3.0 loqK(25):

logK(T)- .000000
No. + .000000
6

00
I

Coef. Name
1.00 K+

7: MG+2
Form: -454.800 -466.800

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 MG+2

8: CA+2
Form: -552.940 -543.100

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 CA+2

Data Sources: G:1-3-4 H1i3-4
-40.248 Rean: .000 .000
2.0 D-H a: 8.0 logK(25):

logK(T)- .000000
0c. + .000000N
7

Data Sources: G:4 H:2-4
33.004 Rean: .000 .0C
2.0 D-H aO: 6.0 logK(25):

logK(T)- .000000
D. + .000000

)0

NM
8

Table A-4: Thermodynamic data for aqueous species.
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Gibbs Energy
kJ/zol

Enthalpy
kJ/mol

Entropy
J/Mol/K

Gibbs Energy
kJ/Mol

Enthalpy Entropy
W/mol J/201/K

9: SR+2
Form: -559.460 -545.820

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 SR+2

10: BA+2
Form: -560.760 -537.640

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 BA+2

11: Mn+2
Form: -228.100 -220.750

Thor: 2.0 Charge:
Reactant Species

Coef. Name
1.00 Mn+2

12: Fe+2
Form: -85.350 -87.400

Thor: 2.0 charge:
Reactant Species

Coef. Nae
1.00 Fe+2

14: H3B03
Form: -968.750 -1072.320

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 3B03

15: A+3
Form: -489.400 -531.380

Thor: .0 charge:
Reactant Species

Coef. Name
1.00 A1+3

16: C03-2
Form: -527.810 -677.140

Thor: 4.0 Charge:
Reactant Species

Coef. Name
1.00 C03-2

17: H4S104
Form: -1307.600 -1456.280

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 H4S104

Data Sources: G:1-3-4 H:1-3-4
45.749 Rean: .000 .000
2.0 O-H aO: 5.0 logX(25):

logK(T)- .000000
No. + .000000
9

Data Sources: G:1-3-4 H:1-3-4
77.545 Rean: .000 .000
2.0 D-H aO: 5.0 logK(25)s

logX(T)- .000000
No. + .000000

.0000

.0000

10
Data Sources: G: 1-4 H: 1-4

24.652 Reans .000 .000
2.0 D- aO: 6.0 logK(25): .0000

logK(T)- .000000
No. + .000000 *T

11
Data Sources: G: H: 12

-6.876 Rean: .000 .000
2.0 D-H a: 6.0 logX(25):

logX(T)- .000000
+ .000000Nc

L2
Data Sources:

-347.375 Rean:
.0 D-H aO:

G:1 H:1
.000 .000

.0 logR(25):
CgX(T)- .000000

+ .000000No.
14

Data Sources: G:4-14 :3-4
-140.802 Rean: .000 .01

3.0 D- aO: 9.0 logR(25):
logK(T)- .000000

No. I .000000
1S

Data Sources: G:1-3 H:1-3
-500.855 Rean: .000 .01
-2.0 D-H aO: 5.4 logX(25):

logK(T)- .000000
No. + .000000

16

10CI

I

I

.0000

*T

.0000

*T

.0000

*T

.0000

*T

.0000

.000

.000

.000

.000

.000

.000

.000

.000

10C

Data Sources: :3 H:3
-498.675 Rean: .000 .OC

.0 D-H aO: .0 logX(25):
logK(T)- .000000

No. + .000000
17

IC

Table A-4 (Continued): Thermodynamic data for aqueous species.
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4'

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol 1/mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

18: P04-3
Form: -1018.700 -1277.400

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 P04-3

19: H3AsO3
Form: -639.800 -742.200

Thor; 3.0 Charge:
Reactant Species

Coef. Name
1.00 H3As03

Data Sources: G:1 H:1
-667.684 Roan: .000 .OC
-3.0 D-H a: 4.0 logK(25):

logK(T)- .000000
No. + .000000
18

00
.0000

*T

Data Sources: G:1 H:1
-343.451 Rean: .000 .000

.0 D-H a: .0 logK(25): .0000
logK(T)- .000000

20: 04-2
Form: -744.530 -909.270

Thor: 6.0 Charge:
Reactant species

Coef. Name
1.00 S04-2

No. + .000000
19

Data Sources: G:1 H:1
-552.541 Rean: .000 .0
-2.0 D-H aO: 4.0 logK(25):

logK(T)- .000000
No. + .000000
20

Data Sources: G:2-4 H:2-4
-179.910 Rean: .000 .01
-1.0 D-H aO: 3.5 logK(25):

logK(T)- .000000

*T

30

21:
Form:

22:

F-
I-281.710 -335.350

Thor: .0 Charge:
Reactant Species

if. Name
.00 F-

100

C1 
1.

Form: -131.291 -167.080
Thor: .0 Charge:

Reactant Species
Coef. Name
1.00 CL-

23: BR-
Form: -104.040 -121.500

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 BR-

24: U4+
Form: -531.000 -591.200

Thor: 4.0 Charge:
Reactant Species

Coef. Name

No. + .000000
21

Data Sources: G:2-3-4 H:2-3-4
-120.037 Roan: .000 .000
-1.0 D-H aO: 3.0 logK(25):

logK(T)- .000000
No. + .000000

22
Data Sources: G:2-3-4 :2-3-4

-58.561 Rean: .000 .000
-1.0 D-H aO: 3.0 logK(25):

logK(T)- .000000
No. + .000000

23
Data Sources: G:1 :1

-201.912 Rean: .000 .000
4.0 D-H aO: 11.0 logK(25):

logK(T)- .000000
No. + .000000

0000

*T

.0000

*T

.0000

*T

.0000

*T

.0000

*T

.0000

.000

.000

.000

.000

.000

.000

.000

.000

1.00 U4+
25: 02 AQ

Form: 16.400 -11.700
Thor: 4.0 Chargo:

Reactant Species
Coef. Name

24
Data Sources: G:1 H:1

-94.248 Rean: .000 .0
.0 D-H aO: .0 logK(25):

logK(T)- .000000
ro. + .000000

oDi<

N
1.00 02 AQ 25

Table A-4 (Continued): Thermodynamic data for aqueous species.

A-35



Gibbs Energy
kJ/mol

Enthalpy
kJ/mol

Entropy
J/mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

26: CH4 AQ
Form: -34.330 -89.040

Thor: -4.0 Charge:
Reactant Species

Coef. Name
1.00 CH4 AQ

27: AS04-3
Form: -648.410 -888.140

Thor: 5.0 Charge:
Reactant Species

Coot. Name
1.00 AS04-3

28: H25 AQ
Form: -27.830 -39.700

Thor: -2.0 Charge:
Reactant Species

Coat. Name
1.00 H23 AQ

31: OH-

Data Sources: G:1 H:1
-183.498 Roan: .000 .01

.0 D-H a: .0 logX(25):
loK(T)- .000000

00

No. + .000000
26

Data Sources: G:1 H:1
-804.058 Roan: .000 .000
-3.0 D-H a: 4.0 logX(25):

logK(T)- .000000
No. + .000000
27

Data Sources: Gl H:1
-39.812 Rean: .000 .000
.0 D-H aO: .0 logX(25):

loaK(T)- .000000

.0000

*T

.0000

*T

.0000

.000

.000

.000

Form: -157.230 -229.994
Thor: .0 Charge:

Reactant Species
if. NameCoe

1.00 H20
-1.00 H+

32: AC03-
Form: -796.978 -880.156

Thor: 4.0 Charge:
Reactant Species

Coef. Name
1.00 NA+
1.00 C03-2

33: NAHCO3
Form: -847.276 -932.519

Thor: 4.0 Charge:
Reactant Species

Coot. Name
1.00 NA+
1.00 H+
1.00 Co3-2

34: NAS04-
Form: -1010.456 -1144.884

Thor: 6.0 Charge:
Reactant Species

Coeo. Name

No.
28

Data Source
-244.053 Ran:
-1.0 D-H ao:

No.
3
1

Data Source
-278.982 Roan:
-1.0 D-H ao:

No.
5
16

Data Source
-285.907 Ran:

.0 D-3 a0:

No.
5
1
16

Data Source
-450.875 Ran:
-1.0 D-H a0:

No.
5
20

as:

+ .000000

79.899 55.836 -80.709
3.5 logK(25): -13.9980

logK(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

es:
-7.238 37.284 149.326

4.0 logX(25): 1.2680
logK(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

Bs:
-57.536 -15.079 142.400
.0 logX(25): 10.0800

logK(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

as:

loz

-3.996 4.686
4.0 logX(25):
gK(T)- .000000

+ .000000
+ .000000
+ .000000
+ .000000

29.118
.7000

1.00
1.00

NA+
S04-2

*T
/T
*T^2
/T^2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/X

Gibbs Energy
kJ/mol

Enthalpy
kiJ/mol

Entropy
J/mol/K

35: KS04-
Form: -1032.122 -1152.030

Thor: 6.0 Charge:
Reactant Species

Coe. Name
1.00
1.00

K+
S04-2

36: gOH+
Form: -626.631 -688.120

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 MG+2
1.00 H20

-1.00 H+
37: GCO3

Form: -999.618 -1132.589
Thors 4.0 Charge:

Reactant Species
Coet. Name
1.00 MG+2
1.00 C03-2

38: GHC03+
Form: -1047.646 -1154.520

Thor: 4.0 Charge:
Reactant Species

Coe. Name
1.00 MG+2
1.00 ff+
1.00 C03-2

39: MgSO40
Form: -1212.173 -1370.210

Thor: 6.0 Charge:
Reactant Species

-Coef. Name
1.00 HG+2
1.00 S04-2

Data Sources:
-402.174 Rean:
-1.0 D- a:

10
No.
6

20

Data Sourcess
-206.237 Rean:

1.0 D-H aos
lo

No.
7
3
1

Data Sources:
-445.988 Roan:

.0 D-H aO:
lo

No.
7
16

-4.852 9.410
4.0 logK(25): .8500
gK(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T
+ .000000 /T

K: 7 H 15
65.298 64.510

4.0 logK(25): -11.4400
gK(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T
+ .000000 /T

C: 19-15
-17.008 11.351
.0 loqX(25): 2.9797

gK(T)- .991000
+ .667000E-02 T
+ .000000 /T
+ .000000 *T
+ .000000 /T

47.834

-2.645

'^2
!^ 2

95.116

A^2
A2

Data sources: C: 19,15
-358.457 Roan: -65.036 -10.580 182.647

1.0 D-f aO: 5.4 logK(25): 11.3940
logK(T)- -4.17900

No. + .127300E-01 *T
7 + 2902.39 /T
1 + .229tOE-04 *TA2

16 4. .000000 /T^2

40: GF+
Form: -746.898 -782.594

Thor: .0 Charge:
Reactant Species

Coet. Name
1.00 HG+2
1.00 F-

Data ources:
-530.059 Roan:

.0 D-H aO:
la

No.
7
20

Data Sources:
-119.724 Rean:

1.0. D-H aos
lo

No.
7
21

: H 19
-12.843 5.860 62.729
.0 logK(25)t 2.2500
gK(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

K: H: 19
-10.388 19.556 100.434

4.0 logK(25): 1.8200
gK(T)- .000000

+ .000000 *T-
+ .000000 /T
+ .000000 *T^2
+ .000000 /TA2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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-

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

Gibbs Energy
XJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

41: CaOH+
Form: -716.722 -768.120

Thor: .0 Charge:
Reactant Species

Coet. Name
1.00 CA+2
1.00 H20

-1.00 H.
42: CaCO3

Form: -1099.154 -1205.408
Thor: 4.0 Charge:

Reactant Species
Coot. Name

Data Sources: X: 7 H: 15
-172.388 Reans 73.347 60.810 -42.048

1.0 D-H aO: 4.0 logX(25): -12.8500
logX(T)- .000000

No. + .000000 *T
8 + .000000 /T
3 + .000000 *TA2
1 + .000000 /TA2

Data Source
-356.379 Rean:

.0 D-H aO:

No.
8
16

ks: C:8
-18.404 14.832 111.472
.0 logX(25): 3.2243

logX(T)- -16.4029
+ .149383 *T
+ -8438.30 /T
+ -.178474Z-03 *T^2
+ .171173E+07 /T^2

1.00
1.00

CA+2
C03-2

43: CaHCO3+
Form: -1146.017 -1223.878

Thor: 4.0 Charge:
Reactant Species

Coet. Name
1.00 CA+2
1.00 C03-2
1.00 H+

44: CAS04
Form: -1310.650 -1446.220

Thor: 6.0 Charge:
Reactant Species

Coea. Name
1.00 CA+2
1.00 S04-2

45: CAP+
Form: -840.015 -862.559

Thor: .0 Charge:
Reactant Species

Coet. Name
1.00 CA+2
1.00 F-

46: SrOH+
Form: -720.731 -771.000

Thor: .0 Charge:
Reactant Species

Coat. Name

Data Sources: C:8
-261.147 Roan: -65.267 -3.638 206.705

1.0 D-H a: 5.4 logR(25)s 11.4345
logK(T)- 25.0996

No. + -.132820 *T
8 + 6919.18 /T

16 + .1901891-03 *T^2
1 + -.1260371+07 /T-2

Data Sources: : 15 H: 19
-454.705 Rean: -13.180 6.150 64.832

.0 D-H aO: .0 logR(25): 2.3090
logX(T)- .000000

No. + .000000 *T
8 + .000000 /T

20 + .000000 *TA2
+ .000000 /T^2

Data Sources: X: 15 : 19
-75.612 Roan: -5.365 15.891 71.294
1.0 D-H aO: 4.0 logX(25): .9400

logX(T)- .000000
No. + .000000 *T

8 + .000000 /T
21 + .000000 *T^2

+ .000000 /T^2
Data Sources: X: 7 H: 15

-168.603 Roan: 75.858 60.650 -51.008
1.0 D-H aO: 4.0 logX(25): -13.2900

logX(T)- .000000
No. + .000000 *T

9 + .000000 /T
3 + .000000 *T^2
1 + .000000 /T^2

1.00
1.00

-1.00

SR+2
H20
H+

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
kJ/zol

Enthalpy
kJ/mol

Entropy
J/Mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

47: SrCO3
Form: -1103.281 -1201.133

Thor: 4.0 Charge:
Reactant Species

Coef. Name

Data Source
-328.195 Rean:

.0 D-H aO:

No.
9
16

28: C:9
-16.011 21.827 126.911
.0 logK(25): 2.8051

logK(T)- -1.01900
+ .128260E-01 *T
+ .000000 /T
+ .000000 *TA2
+ .000000 /TA2

1.00
1.00

SR+2
C03-2

48: SrHC03+
Form: -1152.988 -1212.560

Thor: 4.0 Charge:
Reactant Species

Coef. Name
1.00 SR+2
1.00 C03-2
1.00 H+

49: SRS04
Form: -1317.061 -1448.940

Thor: 6.0 charge:
Reactant Species

Coot. Name
1.00 SR+2
1.00 S04-2

Data Sources: C:8,9
-199.805 Roan: -65.71E 10.400 255.301

1.0 D-H aO: 5.4 logK(25): 11.5135
logK(T)- 7.50265

No. + .114338E-01 T
9 + -1630.26 /T
16 + .143000E-04 *TA2
1 + 426564. /TA2

Data Sources:
-442.324 Roan:

.0 D-H aO:
ici

No.
9
20

Data Sources:

-13.071 6.150
.0 logK(25): 2.2900
gK(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T-
+ .000000 /T

64.468

50: SRF+
Form: -846.022 -864.170

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 SR+2
1.00 F-

51: BaOH+
Form: -721.004 -760.310

Thor: .0 Charge:
Reactant Species

Coeo. Name
1.00 BA+2
1.00 H20

-1.00 H+
52: BAC03

Form: -1106.607 -1197.948
Thor: 4.0 Charge:

Reactant Species
Cof. Name

1.00 BA+2
1.00 C03-2

-60.870 Roan: -4.852 17.000 73.291
1.0 D-H aO: 4.0 logK(25): .8500

logK(T)- .000000
No. + .000000 T

9 + .000000 /T
21 + .000000 *TA2

+ .000000 /TA2
Data Sources: K: 7 H: 15

-131.835 Roan: 76.885 63.160 -46.035
1.0 D-H aO: 4.0 logK(25): -13.4700

1ogK(T)- .000000
No. + .000000 *T
10 + .000000 /T

3 + .000000 *T^2
1 + .000000 /T^2

Data Source
-306.359 Rean:

.0. D-H aO:

No.
10
16

3s: K: H 6
-18.037 16.832 116.951
.0 logK(25): 3.1600

loqK(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *TA2
+ .000000 /T^2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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-

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

53: BAHC03+
Form: -1156.209 -1207.214

Thor: 4.0 Charge:
Reactant Species

Coef. Name
1.00 BA+2
1.00 C03-2
1.00 H+

54: BAS04
Form: -1318.304 -1440.760

Thor: 6.0 charge:
Reactant Species

Coot. Name
1.00 BA+2
1.00 304-2

Data Sources: X: H: 6
-171.073 Roan: -67.639 7.566 252.238

1.0 D-H aO: 5.4 logK(25): 11.8500
logK(T)- .000000

No. + .000000 *T
10 + .000000 /T
15 + .000000 *TA2
1 + .000000 /T2

Data Sources:
-410.719 Roan:

.0 D-H aO:
lo

No.
10
20

Data Sourcest

-13.014 6.150
.0 loX(25): 2.2800

gX(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *Ti
+ .000000 /T

54. 276

'^2
'^2

55: AY+
Form: -847.265 -855.990

Thor: .0 Charge:
Reactant Species

CoeS. Name
1.00
1.00

BA+2
F-

56: MnOH+
Form: -404.782 -446.330

Thor: 2.0 Charge:
Reactant Species

Coof. Name
1.00 Mn+2
1.00 H20

-1.00 H+
57: Mn(OH)3-

Form: -879.041 -.000
Thor: 2.0 Charge:

Reactant Species
Coot. Name

1.00 Mn+2
3.00 H20

-3.00 H+
58: Mn2(OH)3+

Form: -1107.141 .000
Thors 4.0 Charge:

Reactant Species
Coe. Name
2.00 Mn+2
3.00 H20

-3.00 H+

-29.265 Roan: -4.795 17.000 73.100
1.0 D-H aO: 4.0 logX(23): .8400

logX(T)- .000000
No. + .000000 *T

10 + .000000 /T
21 + .000000 *T^2

+ .000000 /T^2
Data Sources: X:7-15-16 :15

-139.352 Roan: 60.447 60.250 -. 660
1.0 D-H aO: 4.0 logX(25): -10.5900

logX(T)- .000000
No. + .000000 *T
11 + .000000 /T

3 + .000000 *TA2
1 + .000000 /T^2

Data Sources: :7-15-18 H:-O.O
.000 Ran: 198.635 .000 .000

-1.0 D-H aO: 4.0 logK(25): -34.8000
logX(T)- .000000

No. + .000000 *T
11 + .000000 /T

3 + .000000 *T^2
1 + .000000 /T^2

Data Sources: : 7 H:-O.O
.000 Ran: 136.419 .000 .000

1.0 D-H a: 4.0 logX(25): -23.9000
logX(T)- .000000

No. + .000000 *T
11 + .000000 /T

3 + .000000 *T^2
1 + .000000 /T^2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
J/mol

Enthalpy Entropy
kJ/mol J/xol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

59: nSO40
Form: -985.530 -1121.120

Thor: 8.0 Charge:
Reactant Species

Coef. Name
1.00 Mn+2
1.00 S04-2

60: MhnCl+
Form: -372.291 .000

Thor: 2.0 Charge:
Reactant Species

Coet. Name
1.00 Mn+2
1.00 CL-

61: nCI20
Form: -503.582 .000

Thor: 2.0 Charge:
Reactant Species

Coef. Name
1.00 Mn+2
2.00 CL-

62: nC13-
Form: -634.873

Thor: 2.0
Reactant 

Coef. Name
1.00 Mn+2
3.00 CL-

Data sources: K: : 19-16
-454.772 Rean: -12.900 8.900 73.117

.0 D-H aO: .0 logK(25): 2.2600
logK(T)- .000000

No. + .000000 *T

11 + .000000 /T

20 + .000000 *T^2
+ .000000 /T-2

Data Sources: K: 19 H:-O.0
.000 Rean: -3.465 .000 .000

1.0 D-H aO: 4.0 logK(25): .6070
logK(T)- .000000

No. + .000000 *T

11 + .000000 /T

22 + .000000 *T^2
+ .000000 /T^2

Data Sources: K: 19 H:-O.O
.000 Rean: -.234 .000 .000

.0 D- a .0 logK(25): .0410
logK(T)- .000000

No. + .000000 *T

11 + .000000 /T

22 + .000000 *TA2
+ .000000 /T^2

Data Sources: K: 19 H:-O.O
.000 Rean: 1.741 .000 .000

-1.0 D-H aO: 4.0 logK(25): -.3050
logK(T)- .000000

No. + .000000 *T

11 + .000000 /T
22 + .000000 *TA2

+ .000000 /TA2

Data Sources: :15(#16) :15
-304.774 Rean: -66.212 -15.100 171.430

1.0 D-H aO: 5.4 logK(25): 11.6000
logK(T)- .000000

No. + .000000 *T
11 + .000000 /T

16 + .000000 *TA2
1 + .000000 /TA2

Data Sources: : H: 7-15-16
-166.950 Rean: 54.225 55.200 3.270

1.0 D-H aO: 4.0 logK(25): -9.5000
logK(T)- .000000

No. + .000000 *T

12 + .000000 /T
3 + .000000 *T^2

1 + .000000 /T^2

.000
Charges
species

63: MnECO3+
Form: -822.122 -912.990

Thor: 6.0 Charge:
Reactant Species

Coef. Name
1.00 Hn32
1.00 C03-2
1.00 1+

64: FeOsH+
Form: -268.254 -318.030

Thor: 2.0 Charge:
Reactant Species

Coef. Name
1.00 Fe+2
1.00 H20
-1.00 N+

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
XJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

Gibbs Energy
3/mol

Enthalpy Entropy
kJ/mol J/mol/K

65: Fe(0H)20
Form: -442.025 -539.560

Thor: 2.0 Charge:
Reactant Species

Coet. Name
1.00 FQ+2
2.00 H20

-2.00 H+
66: Fe(OH)3-

Form: -619.792 -818.090
Thor: 2.0 Charge:

Reactant Species
Coot. Name
1.00 Fe+2
3.00 H20

-3.00 H+
67: FeS040

Form: -842.723 -989.970
Thor: 8.0 Charge:

Reactant Species
Coat. Name
1.00 Fe+2
1.00 S04-2

68: Fe+3
Form: -10.976 -45.560

Thor: 3.0 Charge:
Reactant Species

Coet. Name

Data Sources: X: : 7-19
-327.134 Rean: 117.53 119.500 6.430

.0 D-H a: .0 logX(25): -20.6000
logX(T)- .000000

No. + .000000 *T
12 + .000000 /T
3 + .000000 *TA2
1 + .000000 /TA2

Data Sources: X: : 7-19
-663.095 Roan: 176.945 126.800 -168.188
-1.0 D-H aO: 4.0 logX(25): -31.0000

logX(T)- .000000
No. + .000000 *T
12 + .000000 /T
3 + .000000 *T^2
1 + .000000 /TA2

Data Sources: X: 19-16 H 16
-493.869 Rean: -12.843 6.700 65.547

.0 D- a .0 logX(25): 2.2500
logX(T)- .000000

No. + .000000 *T
12 + .000000 /T
20 + .000000 *TA2

+ .000000 /T^2
Data Sources: X: 15

-115.995 Roan: 74.374 41.840 -109.120
3.0 D-H aO: 9.0 logR(25): -13.0300

logX(T)- .000000
No. + .000000 *T
12 + .000000 /T
2 + .000000 *TA2

+ .000000 /TA2
Data Sourcess X: H: 715

-175.366 Roan: 86.874 85.340 -5.146
2.0 D-H a: 4.0 logX(25)t -15.2200

logR(T)- .000000
No. + .000000 *T
12 + .000000 /T
3 + .000000 *T^2
2 + .000000 /TA2
1

1.00
-1.00

Fe+2
e-

69: FeO+2
Form: -235.605 -287.890

Thor: 3.0 Charge:
Reactant Species

Coot. Name
1.00 Fe+2
1.00 H20

-1.00 e-
-1.00 H+

70: Fe(OH)2+ Data Sources: : 7-19 -0.0
Form: -452.870 -617.220 -551.232 Rean: 106.738 41.840 -2

Thor: 3.0 Charge: 1.0 D-H aO: 4.0 logX(25): -18.7000
Reactant Species logX(T)- .000000

Coat. Name No. + .000000 *T
1.00 Fe+2 12 + .000000 /T
2.00 H20 3 + .000000 *T

-1.00 e- 2 + .000000 /T
-2.00 H+ 1

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol 3/IMc/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

71: Fe(0H)30
Form: -644.679 -903.050

Thor: 3.0 Charge:
Reactant Species

Coef. Kame
1.00 Fe+2
3.00 E20

-1.00 e-
-3.00 H+

72: Fe(OH)4-
Form: -836.202 -1188.880

Thor: 3.0 Charge:
Reactant Species

Coef. Name
1.00 Fe+2
4.00 H20

-1.00 e-
-4.00 H+

73: FeSO4+
Form: -777.881 -938.470

Thor: 9.0 Charge:
Reactant Species

Coef. Name
1.00 Fe+2
1.00 S04-2

-1.00 e-
74: Fe(804)2

Form: -1530.973 -1844.850
Thor: 15.0 Charge:

Reactant Species
Coef. Name
1.00 Fe+2
2.00 S04-2

-1.00 e-
75: FeCl+2

Form: -150.715 -179.540
Thor: 3.0 charge:

Reactant Species
Coef. Name
1.00 Fe+2
1.00 CL-

-1.00 e-
76: FeC12+

Form: -285.716 -346.370
Thor: 3.0 Charge:

Reactant Species
Coef. Name

Data Sourci
-866.583 Rean:

.0 D-X aO:

No.
12
3
2
1

es: : 7-19 H-0.0
152.059 41.840 -369.675
.0 logK(2S): -26.6400

logK(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

Data Sources: K: 5-15 -0.0
-1182.891 Rean: 197.665 41.840
-1.0 D-H aO: 4.0 logK(25): -34.

logK(T)- .000000
No. + .000000
12 + .000000
3 + .000000
2 + .000000
1

-522.639
6300

*T
/T
*TA2
/TA2

Data Source
-538.618 Rean:

1.0 D-H as:

Ho.
12
20
2

I: K: : 19
51.999 58.200 20.798

4.0 logK(25): -9.1100
logK(T)- .000000

+ .000000 *$
+ .000000 /T
+ .000000 *T^2
+ .000000 /TA2

Data Sources: Kt : 19
-1052.749 Rean: 43.437 61.090 59.208
-1.0 D-H as: 4.0 logK(25): -7.6100

logK(T)- .000000
No. + .000000 *T
12 + .000000 /T
20 + .000000 *T^2
2 + .000000 /T^2

Data Sources: : H: 15-18
-96.681 Rean: 65.926 74.940 30.232
2.0 D-H aot 4.0 logK(25): -11.5500

logK(T)- .000000
No. + .000000 *T
12 + .000000 /T
22 + .000000 *TA2

2 + .000000 /TA2
Data Sources: K:15-18 11:18

-203.435 Rean: 62.216 75.190 43.514
1.0 D-H as: 4.0 loqK(25): -10.9000

logK(T)- .000000
No. + .000000 *T
12 + .000000 /T
22 + .000000 *TA2
2 + .000000 /T^2

0): Thermodynamic data for aqueous species.

1.0c
2.0C

-1. Oc

0 Po+2
CL-
e-

Table A-4 Continuet
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Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
XJ/mol J/Mol/X

77: FC130
Form: -411.299 -503.750

Thor: 3.0 Charge:
Reactant Species

Cot. Name
1.00 Fe+2
3.00 CL-

-1.00 e-
78: FC14-

Form: -531.688 -655.890
Thor: 3.0 Charge:

Reactant Species
Coet. Name
1.00 Fe+2
4.00 CL-

-1.00 -
79: H2B03-

Form: -916.009 -1058.831
Thort .0 Charges

Reactant Species
Coes. Name
1.00 H3B03

-1.00 H+

Data Sources:
-310.083 Rean:

.0 D-H aO:
loX

No.
12
22
2

Data Sources:
-416.576 Rean:
-1.0 D-H aO:

lo
No.
12
22
2

Data Sources:
-479.027 Reans
-1.0 D-H aO:

lo
No.
14

:15-18 H:18
67.924 84.890

.0 logK(25): -11.9000
9gX(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T
+ .000000 /T

K: H: 18
78.826 99.830

4.0 logK(25): -13.8100
gX(T)- .000000

+ .000000 *T
* .000000 /T
* .000000 *To
* .000000 /T'

56.904

'^2

70.447

%2

52.741 13.489 -131.652
4.0 logX(25)1 -9.2400
X(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

1

80: H2AsO3-
Form: -587.130 -714.790

Thor: 3.0 Charge:
Reactant Species

Cost. Name
1.00 H3As03

-1.00 H+

81: A1(OH)+2
Form: -697.990 -767.210

Thor: .0 Charge:
Reactant Species

Cost. Name
1.00 A1+3
1.00 H20

-1.00 H+
82: Al(OH)2+

Form: -905.438 -1013.040
Thor: .0 Charge:

Reactant Species
Cost. Naze
1.00 A1+3
2.00 B20

-2.00 H+

Data Sources: G: 1H:1
-428.174 Rean: 52.670 27.410 -84.723
-1.0 D-H aO: 4.0 logX(25): -9.2276

logI(T)- .000000
No. + .000000 *T
19 + .000000 /T
1 + .000000 *T^2

+ .000000 /T^2
Data Sources: :14 H:7

-232.167 Roan: 28.539 50.000 71.979
2.0 D-H a: 5.0 logX(25): -5.0000

logX(T)- .000000
No. + .000000 *T
15 + .000000 /T
3 + .000000 *T^2
1 + .000000 /T^2

Data Sources: X:14 H:6
-360.901 Roan: 58.221 90.000 106.589

1.0 D-H aO: 4.0 logX(25): -10.2000
logR(T)- .000000

No. + .000000 *T
1S + .000000 /T
3 + .000000 *T^2
I + .000000 /T^2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
kJ/uol

Enthalpy
J/mol

Entropy
3/mol/K

Gibbs Energy
kJ/uol

Enthalpy Entropy
kJ/mol J/mol/K

83: AOH)4-
Form: -1311.201 -1503.280

Thor: .0 Charge:
Reactant Species

Coef. Kame
1.00 A1+3
4.00 H20
-4.00 H+

84: AF+2
Form: -644.394 .000

Thor: .0 Charges
Reactant Species

Coef. Yame
1.00 A1+3
1.00 F-

Data Sources: :14 H:1
-644.237 Rean: 126.715 171.420 149.941
-1.0 D-H aO: 4.0 logK(25): -22.2000

logK(T)- .000000
Ka. + .000000 *T
15 + .000000 /T

3 + .000000 *TA2
1 + .000000 /TA2

85: ALF2+
Form: -1125.596 -1118.380

Thors .0 Charges
Reactant Species

Coef. Name
1.00 A+3
2.00 F-

86: ALF3
Form: -1431.679 -1526.970

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 A1+3
3.00 F-

87: ALF4-
Form: -1713.389 .000

Thor: .0 Charge:
Reactant Species

Coef. Nane

Data Sources:
.000 Rean:

2.0 D-H ao: !
105

No.
15
21

Data Sources:
24.202 Roan:
1.0 D-H a:

No.
15
21

Data Sources:
-319.609 Rean:

.0 D-H aOs
l0

No.
15
21

Data Sources:
.000 Rean:

-1.0 D-H aO:
104

No.
1S
21

-40.012 .000
5.0 logK(25): 7.0100
;K(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T
+ .000000 /T'

-72.776 83.700 524.822
4.0 logK(25): 12.7500
WK(T)- .000000

+ .000000 *T
4 .000000 /T
+ .000000 *TA2
+ .000000 /T^2

-97.149 10.460 360.921
.0 logK(25): 17.0200

;K(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *TA2
+ .000000 /TA2

.000

-112.560 .000
4.0 logK(25): 19.7200
;K(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T'
+ .000000 /T'

.000

1.00
4.00

A1+3
F- ^2

88: H03-
Form: -586.766 -692.041

Thors 4.0 Charge:
Reactant Species

Coet. Name
1.00 C03-2
1.00 +

Data Sources: C8
-353.091 Roan: -58.957 -14.901 147.764
-1.0. O-H aO: 5.5 logK(25): 10.3289

logc(T)- 10.7507
No. + -.343322E-02 *T

16 + -1630.26 /T
1 + .143000E-04 *T^2

+ 426564. /T^2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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-

Gibbs Energy
kJ/mol

Enthalpy Entropy
WJ/mol J/aol/X

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

89: H2C03
Form: -623.174 -700.845

Thor: 4.0 Charge:
Reactant species

Coef. Name
1.00
2.00

C03-2
H+

90: H3S104-
Form: -1250.926 -1418.894

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 4S04

-1.00 H+

91: HP04-2
Form: -1089.170 -1291.170

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 P04-3
1.00 H+

92: H2P04-
Form: -1130.307 -1296.310

Thor: .0 Charge:
Reactant Species

Coef. Name
1.00 P04-3
2.00 H+

93: HAs04-2
Form: -714.600 -906.340

Thor: 5.0 Charge:
Reactant Species

Coef. Name
1.00 AS04-3
1.00 H+

94: H2AsO4-
Form: -753.170 -909.560

Thor: 5.0 Charge:
Reactant Species

Coef. Name
1.00 AS04-3
2.00 H+

Data Source.
-260.509 Roan:

.0 D-H aO:

No.
16
1

Data Source
-563.367 Roan:
-1.0 D-H a:

No.
17

1

Data Source
-677.512 Roan:
-2.0 D-H aO:

No.

1

Data Source
-56.778 Roan:
-1.0 D-H aO:

No.
18

1

Data Source
-643.099 Roan:
-2.0 D-H aO:

No.
27
1

1: 

is:

C:a
-93.364 -23.705 240.346
.0 logX(25): 16.7074

;X(T)- 50.5538
+ -.596900E-01 *T
+ -11990.2 /T
+ .611947E-04 *TA2
+ .166459E+07 /TA2

56.674 37.386 -64.691
4.0 logX(25): -9.9290

logR(T)- 6.36800
+ -.163460E-01 *T
+ -3405.90 /T
+ .000000 *T^2
+ .000000 /T^2

is:
-70.470 -13.770 190.172

4.0 logK(25): 12.3460
logX(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *TA2
+ .000000 /TA2

is:
-111.607 -18.910 310.906
4.5 logX(25): 19.5530

logK(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

Is:

lo

Gsl H:1
-66.190 -18.200
4.0 logK(25): 11
7K(T)- .000000

+ .000000
+ .000000
+ .000000
+ .000000

Data Sources: :1 H:1
-524.535 Roan: -104.760 -21.420
-1.0 D-H ao: 4.5 logX(25): 18

logX(T)- .000000
No. + .000000
27 + .000000

1 + .000000
4+ .000000

160.959
.5962

*T
/T
*T^2
/T^2

279.523
.3535

*T
/T
*T^2
/TA 2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
lJ/mol

Enthalpy Entropy
kJ/Mol J/mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
ki/mol J/Mol/K

95: U(OH)4
Form: -1430.999 -1630.760

Thor: 4.0 Charge:
Reactant Species

Coef. Name
1.00 U4+
4.00 H20

-4.00 H+
96: U(OH)5-

Form: -1641.587 -1904.870
Thor: 4.0 Chaige:

Reactant Species
Coef. Name
1.00 U4+
5.00 H20

-5.00 H+
97: U02+

Form: -968.545 -1032.610
Thor: 5.0 Charge:

Reactant Species
Coef. Kame
1.00 U4+
2.00 H20

-4.00 H4
-1.00 e-

98: UL-U02+2
Form: -952.746 -1018.511

Thor: 6.0 Charge:
Reactant Species

Coe. Name
1.00 U4+
2.00 K20

-4.00 H+
-2.00 e-

99: ULCO3
Form: -1537.920 -1707.371

Thor: 10.0 Charge:
Reactant Species

Coef. Name

Data Sources: K:17 :17
-670.003 Roan: 48.517 103.760 185.285

.0 D-H aOs .0 logK(25): -6.5000
logK(T)- .000000

No. + .000000 *T
24 + .000000 /T

3 + .000000 *T^2
I + .000000 /T^2

Data Sources: K:17 H:17
-883.059 Roan: 75.059 115.480 135.573
-1.0 D-H aO: 4.0 logK(25): -13.1500

logK(T)- .000000
No. + .000000 *T
24 + .000000 /T

3 + .000000 *TA2
1 + .000000 /TA2

Data SourcE
-214.876 Roan:

1.0 D-H aO:

es: :17 H:17
36.713 130.250 313.724

4.0 loqK(25): -6.4320
logK(T)- .000000

No. + .000000 *T
24 + .000000 /T
3 + .000000 *TA2
1 + .000000 /T^2
2

Data Sources: :17 H:17
-220.577 Roan: 52.513 144.350 308.024
2.0 D-H aOs S.0 logK(25): -9.2000

logK(T)- *000000
No. + .000000 *T
24 + .000000 /T

3 + .000000 *T^2
+ .000000 /T^2

2
Data Sources:

-568.339 Roan:
.0 D-H aO:

10
No.
24

3
16

1
2

K: 17 H:17
-4.852 132.630 461.116
.0 logK(25): .8500

gI(T)- .000000
+ .000000 *T
+ .000000 /T
+ .000000 *TA2
+ .000000 /T^2

1.00
2.00
1.00

-4.00
-2.00

U4+
f20
C03-2
H+
e-

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
kiJ/mol

Enthalpy Entropy
kJ/3ol J/mol/X

Gibbs Energy
ki/mol

Enthalpy
kW/mol

Entropy
J/Mol/X

100: ULCO32-2
Form: -2105.400 -2357.731

Thors 14.0 Charge:
Reactant Species

Data Source
-846.321 Roan:
-2.0 D-H ao:

ka X7 H:17
-44.522 159.410 683.990

4.0 logK(25): 7.8000
logX(T)- .000000

Cost. Name No. + .000000
1.00 U4+ 24 + .000000
2.00 H20 3 + .000000
2.00 C03-2 16 + .000000

-4.00 H+ 1
-2.00 e- 2

101: ULCO33-4 Data Sources: X:17 H:17
Form: -2658.325 -3090.521 -1449.592 Roan: -69.636 103.760

Thor: 13.0 Charge: -4.0 D-H aO: 6.0 logX(25): 12
Reactant Species logK(T)- .000000

Coef. Name No. + .000000
1.00 U4+ 24 + .000000
2.00 H20 3 + .000000
3.00 C03-2 16 + .000000

-4.00 H+ 1
-2.00 e- 2

*T
/T
*T^2
/T^2

581.575
.2000

*T
/T
*T^2
/T^2

102: ULOH+
Form: -1156.769 -1258.321

Thor: 6.0 Charge:
Reactant Species

Coot. Name
1.00 U4+
3.00 H20

-5.00 H+
-2.00 e-

103: UL(O)2
Form: -1358.509 -1517.371

Thor: 6.0 charge:
Reactant Species

Coot. Name

Data Sources:
-340.606 Roan:

1.0 D-H AO
lo

No.
24

3
1
2

Data Sources:
-532.825 Rans

.0 D-H aO:
lo

No.
24

3
1
2

Data Sources:
103.878 Ran:
-2.0 D-3 aO:

lo
No.
28

1

1 R17 Rs17
85.619 190.370 351.338

4.5 logX(25)3 -15.0000
gX(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T-2

1 :17 :17
121.008 217.150
.0 loql(25): -21.

gK(T)- .000000
+ .000000
+ .000000
+ .000000
+ .000000

322.463
2000

*T
/T
*T^2
/T-2

1.00
4.00

-6.00
-2.00

104: S-2

U4+
H20
H+
e-

Form: 85.809 116.780
Thor: -2.0 Charge:

Reactant Species
it. Name
.00 H2S AQ
.00 3+

Cci
1.

-2.

113.639 156.480 143.690
5.0 logX(25): -19.9090
gX(T)- .000000

+ .000000 *T
+ .000000 /T
+ .000000 *T^2
+ .000000 /T^2

Table A-4 (Continued): Thermodynamic data for aqueous species.
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7- I- -

.

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

Gibbs Energy
kJ/zol

Enthalpy Entropy
J/mol J/3o1/K

105: S
Form: 12.080 66.160

Thor: -2.0 Charge:
Reactant Species

kf. NameCo(

Data Sources:
181.386 Rean: 39.910 105.860 221.199
-1.0 D-H a: 3.5 logK(25): -6.9920

logK(T)- .000000
No. + .000000 *T
28 + .000000 /T
1 + .000000 *TA2

+ .000000 /T-2

1.00
-1.00

H2S AQ
H+

Table A-4 (Continued): Thermodynamic data for aqueous species.
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Gibbs Energy
Wj/zol

Enthalpy Entropy
kJ/mol J/2ol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
kJ/mol J/Mol/K

1: Calcite Data Sources: C:a
Thor: 4.0 logK(25): -8.480

Form: -1129.152 -1210.631 -273.282 Rean: 48
Reactant Species logK(T:

Coef. Name No.

4
u 

1.00 C03-2
1.00 CA+2

16
8

2: Dolomite Data Sources:
Thor: 8.0 logK(25): -17.000

Form: -2160.394 -2329.495 -567.166 Rean:
Reactant Species lo

97.C
9gK(T) a

Coef. Name No.
1.00 CA+2 8
1.00 MG+2 7
2.00 C03-2 16

3: Strontianite Data Sources: C:9
Thor: 4.0 logX(25): -9.271

Form: -1140.185 -1221.285 -272.010 Rean: 52
Reactant Species logK(T:

Coef. Name No.

|02

134

1

4.5
4.

.'i
I a

1.00 SR+2
1.00 C03-2

9
16

-9.609
6.75444
-.118494E-01
-3637.75
-.2630173-04
252258.

-34.685
.000000
.000000
.000000
.000000
.000000

-1.675
13.8232
-.522789E-01
-2120.44
.2078893-04
-199367.

1.510
.000000
.000000
.000000
.000000
.000000

-8.570
.000000
.000000
.000000
.000000
.000000

4: Witherite Data Sources: X, H: 15
Thor: 4.0 logX(25): -8.580

Form: -1137.544 -1216.290 -264.116 Rean: 48.974
Reactant Species logX(T)-

Coef. Name No. +
1.00 BA+2 10 +
1.00 C03-2 16 +

5: Rhodochrosite Data Sources: , H: 19
Thor: 6.0 loqK(25): -10.540

Form: -816.071 -889.320 -245.677 Rean: 60.161
Reactant Species logK(T)-

Coef. Name No. +

-194.570

*T
/T
*TA2
/T^2

-441.789

*T
/T
*TA2
/T-2

-183.096

*T
/T
*TA2
/TA2

-159.195

*T
/T
*TA2
/T^2

-230.526

*T
/T
*T^2
/TA2

-276.735

*T
/T
*TA2
/T^2

1.00 Hn+2
1.00 C03-2

11
16

+.

6: Siderito Data Sources: X, : 15
Thor: 6.0 logX(25): -10.550

Form: -673.378 -742.250 -230.996 Rean: 60.218
Reactant Species logK(T)-

Coot. Name No. +
1.00 Pe+2
1.00 C03-2

12
16

+.

-22.290
.000000
.000000
.000000
.000000
.000000

Table A-5 : Thermodynamic data for minerals .
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Gibbs Energy
kJ/uol

Enthalpy Entropy
kJ/mol J/mol/K

Gibbs Energy
kJ/mol

Enthalpy Entropy
WJ/mol J/mol/K

7: Gypsum Data Sources: C:10(eq4)
Thor: 6.0 loqK(25): -4.581

Form: -1797.875 -2023.576 -757.002 Rean: 26.147
Reactant species logK(T)-

Coef. Name No. + a
1.00 CA+2 8 + -
1.00 S04-2 20 +
2.00 N20 3 + -

8: Anhydrite Data Sources: C:10(eq4)
Thor: 6.0 logK(25): -4.239

-. 454
5.69760
'.231542E-01
-954.120
.920711E-05
-88306.9

-89.222

*T
/T
*T^2
/T-2

-148.085

*T
/T
*TA2
/T^2

Form: -1321.668 -1432.417 -371.453 Rean: 24.198 -19.954
Reactant Species logK(T)- 5.83969

Coef. Name No. + -.303452E-01
1.00 CA+2 8 + -239.299
1.00 S04-2 20 + .120667E-04

+ -115728.
9: Celestite Data Sources: C:10(eqlO)

Thor: 6.0 logK(25): -6.633
Form: -1341.853 -1457.612 -388.259 Rean: 37.863 2.522 -118.532

Reactant Species logK(T)- 14.2330
Coet. Name No. + -.456563E-01 *T
1.00 SR+2 9 + -2059.93 /T
1.00 S04-2 20 + .181551E-04 *T^2

+ -174121. /T^2
10: Sarite Data Sources: C:10(eq2)

Thor: 6.0 logK(25): -9.970
Form: -1362.200 -1473.484 -373.250 Rean: 56.910 26.574 -101.746

Reactant Species logi(T)- 14.7689
Coef. Name No. + -.448943E-01 *T
1.00
1.00

BA+2
S04-2

10
20

11: Fluorite Data Sources:
Thor: .0 logK(25): -10.500

Form: -1176.293 -1233.510 -191.907 Rean:
Reactant Species lot

Coef. Name No.
1.00 CA+2 a
2.00 F- 21

59.5
gK (T) a

+
4.
+

'33

+
+
+

-3284.06
.17851SE-04

-171224.

19.710
.000000
.000000
.000000
.000000
.000000

-128.670
.000000

.000000
.000000
.000000
.000000

/T
/T^2
/T^2

12: Portlandite Data Sources: G:1 :1
Thor: .0 logK(25): 22.549

Form: -898.490 -986.090 -293.812 Roan: -128.708
Reactant Species logK(T)-

Coef. Name No. +

-134.909

*T
/T
*T^2
/T^ 2

.127

hT
/T
*TA2
/TA2

1.00
2.00

-2.00

CA+2
H20
R+

8
3
1

+
+
+

Table A-5 (continued): Thermodynamic data for minerals.
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Gibbs Energy
k.J/mol

Enthalpy
kJ/mol

Entropy
J/mol/X

Gibbs Energy
y/mol

Enthalpy Entropy
XT/mol J/Mol/K

13: Chalcedony Data Sources: C:13
Thor: .0 logq(25): -3.550

Form: -1090.736 -1190.207 -333.628 Rean: 20.
Reactant pecies logK(T)

Coat. Name No.
1.00 H4S104 17

-1.00 H20 3

14: Quartz Data Sources: Csl3
Thor: .0 logK(25): -3.979

Form: -856.056 -909.680 -179.856 Roan: 22.'
Reactant Species logi(T)

Coot. Name No.
1.00 H4S104 17

-2.00 H20 3

AI
I
M65 19.757
* -. 890000Z-01
+ .000000
+ -1032.00
+ .000000
+ .000000

P14 25.060
a .411000
+ .000000
+ -1309.00
+ .000000
+ .000000

I
I

15: Uraninite Data Sources: X:17 :17
Thor: 4.0 logK(25): -4.600

Form: -1031.515 -1084.620 -178.117 Roan:
Reactant Species

26.256
logi(T)-

Coot. Name No. +
1.00 U4+ 24 +
2.00 H20 3 +

-4.00 H+ 1 +
16: Pyrolusite Data Sources: , H: 19

Thor: 4.0 logR(25): 41.550
Form: -455.195 -520.081 -184.087 Roan: -237.163

Reactant species logX(T)-
Coot. Name No. +
1.00 Mn+2 11 +
2.00 H20 3 +

-2.00 e- 2 +
-4.00 H+ 1

17: Manganite Data Sources: X: 15
Thor: 3.0 loqR(25): 25.270

Form: -558.120 -792.411 -785.816 Roan: -144.239
Reactant Species logK(T)-

Coot. Name No. +

-78.240
.000000
.000000
.000000
.000000
.000000

-272.330
.000000
.000000
.000000
.000000
.000000

-1.704

*T
/T
*TA 2
/T^2

7.868

*T
/T
*TA2
/T^2

-350.483

*T
/T
*T^2
/T-2

-117.949

*T
/T
*T^2

483.780

*T
/T
*T^2
/T^2

1.00
2.00

-1.00
-3.00

Mn+2
H20
e-
H+

II
3
2
I

+
+
+

.000
.000000
.000000
.000000
.000000
.000000

Table A-3 (continued): Thermodynamic data tor minerals.
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Gibbs Energy
kJ/mol

Enthalpy
kJ/maol

Entropy
J/mol/K

Gibbs Energy
kJ/mol

Enthalpy
kJ/mol

Entropy
J/Mol/K

18: Magnetite Data Sources: K, : 19
Thor: 8.0 logK(25): -8.800

Form: -1031.675 -1106.911 -252.345 Rean: 50.230
Reactant Species loqK(T)-

Coef. Name No. +
3.00 Fe+3 68 +
4.00 f20 3 +
1.00 e- 2 +

-8.00 H+ 1
19: Hematite Data Sources: K ,H 19

Thor: 6.0 loKg(25): -3.860
Form: -755.520 -818.741 -212.043 Rean: 22.032

Reactant Species logK(T)-
Coef. Name No. +
2.00 Fe+3 68 +
3.00 f20 3 +

-6.00 f+ 1 +
20: Goethite Data Sources: K: 7, H:

Thor: 3.0 logK(25): .500
Form: -482.454 -556.630 -248.788 Roan: -2.854

Reactant Species logK(T)-
Coef. Name No. +
1.00 Fe+3 68 +
2.00 H20 3 +

-3.00 f+ 1 +
21: Fe(OH)3(am) Data Sources: K: 7, H:

Thor: 3.0 logK(25): 2.500
Form: -708.167 -821.460 -379.986 Rean: -14.270

Reactant Species logK(T)-
Coef. Name No. +

-173.090
.000000
.000000
.000000
.000000
.000000

-129.850
.000000
.000000
.000000
.000000
*000000
16

-60.580
.000000
.000000
.000000
.000000
.000000
16

-81.580
.000000
.000000
.000000
.000000
.000000

-19.984
7.44232
-.17520SE-Ol
-3259.97
.148607E-04
526840.

-749.018

*T
/T
*TA2
/TA2

-509.417

*T
/T
*TA2
/T-2

-193.614

/T
/T
*TA2
/T^2

-225.760

*T
/T
*T^2
/TA2

-95.127

*T
/T
*T^2
/T^2

1.00 Fe+3 66
3.00 H20 3

-3.00 4+ 1
22: P C02 Data Sources: C:8

Thor: 4.0 logK(25): -1.466
Form: -394.423 -395.031 -2.038 Ran: 8

Reactant Species logK(T
Coef. Name No.
1.00 H2C03 89

-1.00 H20 3

3i178

+
+

Table A-5 (continued): Thermodynamic data for minerals.
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