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Development of reaction models for ground-water systems
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Abstract—Methods are described for developing geochemical reaction models from the observed chemical
compositions of ground water along a hydrologic flow path. The roles of thérmodynamic specidtion
programs, mass balance calculations, and reactlon-path simulations in developing and testing reaction
models are contrasted. Electron transfer i is included in the mass balance equdtions to properly account
for redox reactions in ground water. The mass balance calculations determine net mass transfer models
which must be checked against the thermodynamic calculations of speciation and reaction-path programs.
Although reaction-path simulations of ground-water chemistry are thermodynamlcally valid, they must
be checked against the net mass transfer defined by the mass balance calculations. An example is given
testing multiple reaction hypotheses along a flow path in the Floridan aquifer where several reaction
models are éliminated. Use of carbon and sulfur isotopic data with mass balance calculations indicates
a net reaction of incongruent dissolution of dolomite (dolomlte dissolution with calcite precipitation)
driven irreversibly by gypsum dlssolunon, accompanied by minor sulfate reduction, ferric hydroxide
dissolution, and pyrite precipitation in central Florida. Along the flow path, the aquifer appears to be
open to CO, initially, and open to organic carbon at more distant points down gradient.

NOTATION

Activity of the /™ aqueous species.

Measured "C activity in percént modern.

Calculated 'C activity in the final water corrected
for reaction effects but ignoring radioactive
decay.

Stmchlomemc coefficient of the k™" element in the
P™ mineral or gas.

Total number of linearly independent equatlons
in a mass balance problem.

Isotope fractionation between a mineral (p) and
solution (s).

Gibbs free energy.

Nuniber of aqueous species.

Ton activity product for a thineral in solutlon

Incremental input of carbon from the p™ mineral.

Number of elements required to define the
stoichiometry of the P plausible phases in a
mass baldnce calculation.

Equilibrium constant.

Molality of the /™" aqueous species.

Total molality of the ™ elemerit.

Total molality of inorganic carbon in solution.

Total molality of inorganic carbon in the initial
solution.

Difference in total molality of the k™ element
between an initial and final ground water.

Total number of moles.

Total number of subsets of the plausible phases.

Incremental output of carbon from a precipitating
mineral.

Total number of plausible phases in a particuldr
calculation. A plausible phase is defined as an
independent stoichiometry of elements. For
example the polymorphs calcite, aragonite, and
vaterite, although differing crystallographically,
would count as one mineral of stoichiometry
CaCo;. _

Partial pressure of CO, gas in atm.

Isotope ratio m'*C/m'2C generally applied to the
solution as a whole, With T, R refers to the gas
constant.

The redox state of an initial or final solution.
(Eqn. 2)
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Difference in redox state (RS) between initial and
final ground water.

!
E vamy(final) — 2 vam(initial).
i=1 i=1

Saturation index of a mineral in solution.
(Eqn. 1)

Temperature in kelvins.

The proportion of the i net mass balance model
contributing to the overall reaction in a system
of excess plausible phases. (Eqn. A1.2)

Sum of the operational vdlences of the
constituents in the p™ plausible phase. (Table
Al.l) .

Operational valence of the /™
(Table Al.1)

Stoichiometric coefficient in the p™ plausible
phase in a mass balance calculation.

Parameter defined by eqn. A3.5.

Rate of p™ carbon input relative to a reference
output, d/,/dO. (Eqn. A3.3)

Totdl carbon input relative to a reference output.
(Eqn. A3.3)

Prefix denoting Del-value (in per mil, %o) of 1°C

or ™8 concentration relative to a standard.

Average 13C content of incoming carbon from
multiple sources (see Eqn. A3.4)

Prefix to define a change between an initial and
final solution (defined as final — initial).

Parameter défined in Eqn. A2.8.

Additive fractionation factor (Eqn. A3.2).

Total number of plausible phases considered in
attempting to define reactions in a natural
system,

aqueous species.

" Reaction progress variable.

Chemical potential.

Subscripts and superscripts

C
FM

i

Carbon

Refeérs to ground water from Ft. Meade, Fla. See
Example sectlon

Subscript for the i*
reaction model.

h aqueous species, or i
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k Subscript for the k™ element,

N Subscript for the N subset of the plausible
phases.

0 Denotes initidl value, With u, O refers to the

standard state,

p Subscript for p* plausible phase.

PC Refers to ground water from Polk City, Fla, See
Example section.

Subscript refers to solution.

Sulfur,

Denotes total quantity.

Refers to ground water from Wauchuia, Fla. See
Example section.

Denotes incoming carbon such as from
dissolution.

Denotes the final water.

Overscript denotes a vector.

Superscript denotes per kg H,0.

g0

*

INTRODUCTION

THIS paper discusses the philosophy and methodol-
ogy of chemical reaction modeling that has developed
as part of a major research programi of the U.S. Geo-
logical Survey for evaluating the characteristics, in-
cluding water quality, of the nation’s regional ground-
water systems. The modeling principles discussed
here were developed to permit evaluation of chemical
reactions along ground-water flow paths, The roots
of our reaction modeling are found in the works of
MACKENZIE and GARRELS (1966); GARRELS and
MACKENZIE (1967); HELGESON (1968); HELGESON
et al. (1969, 1970); and TRUESDELL and JONES
(1974). This treatment of reaction modeling is an
extension of several recent ground-water modeling
studies (PLUMMER, 1977; WIGLEY et al, 1978;
THORSTENSON e! al., 1979; PLUMMER and BACK,
1980; PARKHURST et al., 1980, 1982).

In chemical reaction modeling, we use the avail-
able data to attempt to determine (1) what chemical
reactions have occurred, (2) the extent to which the
reactions have proceeded, (3) the conditions under
which the reactions occurred (such 4s open vs closed
system, equilibrium vs disequilibrium, constant or
variable temperature), and (4) how the water quality
and mineralogy will change in response to natural
processes and perturbations to the system. The avail-
able data may include chemical analyses of the
aqueous phase, hydrology, mineralogy, gas compo-

- sitions, isotopic data, and other relevant information.

Chemical reaction modeling is largely a mental ex-
ercise, but is facilitated by calculations of (1) equi-

librium speciation, (2) mass balance, and (3) reac-

tion-path. _

The equilibrium speciation calculations determine
the saturation state of the water with respect to var-
ious minerals and gases of interest based on a ther-
modynamic model and observed water quality data.
From these calculations we learn whether a particular
mineral would tend to dissolve or precipitate in a
given dqueous environrnent.

Mass balance calculations determine the amounts
of assumed mineral reactants and products that must

dissolve and/or precipitate between selected initial
and final points in a system in order 1o account for
the observed water quality. Mass balance calculatiors
can also be used to solve problems of mixing waters,
with or without reaction. The calculations are based
on observed net changes in the total concentration
of elements in solution and (in the case of redox re-
actions) an accounting of electron transfer between
the initial and final points. Mass balance calculations,
used in conjunction with speciation calculations, can
tell us a great deal about the reactions occurring, pro-
vided hydrologic data are available to identify initial
and final waters located along a flow path.

Reaction-path calculations tell us what the chiem-
ical composition of an aqueous solution should be
and the amounts of minerals dissolved and precipi-
tated, if a particular set of hypotheticdl reactions and
thermodynamic constraints are operative. The re-
action-path calculations depend on a thermodynamic
model, definition of an observed or hypothetical
startinig water composition and an assumed set of
irreversible reactions and/or mineral-water equilib-
rium constraints. Some of the more important uses
of reaction-path calculations are in testing the ther-
modynamic feasibility of reaction models derived
from (non-thermodynamic) mass balance calcula-
tions, estimating the mass transfer and water com-
position along flow paths intermediate to wells of
known composition, and predicting the path and
outcome of assumed, hypothetical reactions. )

It is important to recognize the differénces between
mass balance and reaction-path simulation methods.
The mass balance method is regarded as an inverse
problem that begins with the observed chernical data
for a ground-water system and attempts to evaluate
the uniqueness of hypothetical reaction models within
the constraints of the observed data. Reaction-path
simulation methods are regarded as a forward prob-
lem in which observed ddta and/or hydrochemical
assumptions are used to specify the initial model con-
ditions and, using a hypothetical set of reaction cri-
teria, the resulting reaction path of aqueous solution
composition and mass transfer is calculated. In a gen-
eral way, the value of the mass balance calculations
is directly proportional to the amount of analytical
data available, The value of the reaction-path cal-
culations tends to be greater in situations where fewer
data are available and a greater hypothetical element
is present in the modeling process. Specidtion cal-
culations form an integral part of both the mass bal-
ance and reaction-path calculations.

Our object in this paper is to present methods for
finding reaction models that are consistent with all
of the available data and satisfy the constraints of
chemical thermodynarhics. For any system, more
than one reaction miodel can usually be found that
satisfies these criteria and rarely, if ever, will the
unique reaction which corresponds with reality be
isolated.
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METHODOLOGY

Any reaction model is essentially a combination of chem-
ical reactions and so must satisfy the same constraints re-
quired in writing balanced reactions. Charge and the masses
of each element must be conserved. The same number of
constraints is sufficient to completely specify any aqueous
solution; that is, it is necessary to fix the total mass of each
element and the net charge in the solution, usually, but not
always assumed to be zero. Thus, if J is the number of
elements in the system, specifying masses and charge bal-
ance results in J + 1 equations that must be satisfied. All
three types of calculations, speciation, reaction-path simu-
Jation and mass balance involve this same number of equa-
tions either explicitly or implicitly.

Aqueous models (for either speciation or reaction-path
calculations) have many more than J + | unknowns in-
cluding all ion pairs and redox species. In practice, it is
possible to choose J + 1 “master variables” and write chem-
ical reactions for the formation of all other aqueous species
(“derived species™) in terms of only the master variables.

The mass action equations for these reactions provide one

equation for each derived species. (In this discussion, it is
assumed that the relation between molality and activity is
known, for example through the Debye-Hiickel theory of
activity coefficients.) Thus, it is possible to simplify the dis-
cussion by ignoring the derived species, because a mass ac-
tion equation exists for each of them, and to consider
agueous models only in terms of the set of / + | master
variables and the J + | equations they require.

Most aqueous models include a master variable and a
mass balance equation for each element other than H and
0. This leaves three equations which we refer to as mass
balance on hydrogen, mass balance on oxygen and charge
balance. However, the need for these last three equations
can be satisfied in a number of ways. Other equations can
be used, and at least one simplifying assumption can be
made to replace one equation. The choice of these three
remaining equations for the master variables that are as-
sociated with them distinguish the various aqueous models.

Speciation calculations

In speciation calculations, the three remaining master
variables chosen are usually pH, redox potential (expressed
as pe, Eh, oxygen fugacity, the SO3~/S?™ ratio, etc.) and
mass of H,O. Two equations thus fix pH and pe at the
observed values. The numerical value used for the mass of
water is dependent on the concentration units of the anal-
yses, but these are usually adjusted to molality. This fixes
the mass of water at one kilogram and eliminates a corre-
sponding equation. If a charge balance equation is included
in the calculations, then one equation is redundant and pH,
redox potential, or the total molality of an element could
be computed (MERINO, 1979).

The data usually required for speciation calculations are
a chemical analysis of the water, including pH, Eh, and
temperature, and thermodynamic data for all reactions con-
sidered. The distribution of species in solution is solved by
the aqueous model using mass action and mass balance
equations. From the calculated distribution of species (cor-
rected to individual ion activities) equilibrium partial pres-
sures of gases may be calculated, as well as the saturation
state of the solution with respect to appropriate mineral
phases. Saturation state is usually defined in terms of the
saturation index, S7,

IAP
] = log—— 1
S. o8¢ (0

where IAP is the ion activity product for the mineral-water
reaction and K is the equilibrium constant (the value of JAP

which is observed at equilibrium). S7 is zero if the mineral
is in equilibrium with an aqueous solution, less than zero
if the solution is subsaturated and greater than zero for su-
persaturated solutions. The speciation calculation tells us

whether a particular mineral would tend to dissolve or pre-

cipitate in this particular aqueous environment.

Some caution is required in interpreting the results of
aqueous model and S7 calculations because these caicula-
tions are dependent on a theoretical model of the aqueous
solution and selected thermodynamic data. The accuracy
and completeness of ion pairing constants, the validity of
the activity coefficient theory, and the uncertainties of equi-
librium constants must be considered in order to evaluate
speciation calculations.

For speciation calculations, our experience has shown
that, although a particular mineral may actually be dissolv-
ing or precipitating in a ground-water system, the S/ cal-
culation frequently indicates that the water is at or near
equilibrium with the mineral (within the uncertainties of
the analytical and thermodynamic data). Ground-water sys-
tems are often demonstrated to be systems in partial equi-
librium. Partial equilibrium occurs when one or possibly
several slow mineral-water reactions drive a larger set of
faster reactions, the latter of which may continually shift to
maintain equilibrium (HELGESON, 1968).

In addition to providing information on saturation in-
dices, speciation calculations can define the masses of ele-
ments that may not have been. directly analyzed. For ex-
ample, total inorganic carbon is usually calculated from the
field pH and alkalinity using an aqueous model. This in-
formation on the-total masses of the elements in solution
is required in the mass balance method.

The speciation calculation also defines the “redox state”
of the solution which is essential to mass balance calcula-
tions involving redox reactions. The redox state of the so-
lution provides a means of keeping track of electron transfer
during redox reactions. This particular scheme is used in
the computer program PHREEQE (PARKHURST et al.,
1980). :

The redox state, RS, of a solution is defined by

!
RS = > vMm; (2)

i=1

where 7 is the total number of species in solution, #; is the
molality of the i species in solution, and v; is the “oper-
ational valence” which we assign to the species (see Appen-
dix 1).

Speciation calculations provide the following data which
are useful to the mass balance method: saturation indices
of appropriate minerals in the system, estimates of total
masses of elements not directly determined analytically, and
the redox state of the solution.

There are a number of computer programs for making
speciation calculations on natural waters (such as SOLM-
NEQ—KHARAKA and BARNES, 1973; WATEQ—TRUES-
DELL and JONES, 1974; WATEQF—PLUMMER et al., 1976;
WATSPEC—WIGLEY, 1977, WATEQ2-—BALL et al., 1979;
EQ3—WOLERY, 1979; see also the recent review of com-
puter programs for speciation calculations given by NORDS-
TROM et al., 1979).

Mass balance method

The mass balance method consists of balancing a net
chemical reaction of the form

Initial solution composition + “Reactant Phases” —
Final solution composition + *“Product Phases”. (3)

The terms “Reactant Phases” and “Product Phases” refer
to constituents that enter or leave the agueous phase during
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the course of the reaction.! For example, if the mass balance
method defines 2.0 mmol/kg H,O of CO, as a “Product
Phase,” this means that 2,0 mmol/kg H,O of CO, must
physically leave the aqueous phase during the reaction. Sim-
ilarly, “Reactant Phases” represent chemical constituents
that must physwally enter the aqueous phase during the
reaction.

The masses of “Reactant Phases” and “Product Phases”
calculated for a given reaction are derived from a set of
“Plausible Phases.” “Plausible Phases” is a purposely vague
term chosen to represent the set of chemical constituents
that are reasonable choices as possible reactants or products
in a given hydrologic system. The selection of “Plausible
Phases” may be based on mineralogic data, results from
speciation calculations, geologic data, or any other reason-
able source of information.

In our approach to balancing the net chemical reaction
between initial and final solution composition, we account
for conservation of mass and conservation of electrons.
Conservation of mass means that the masses of the chemical
elements are balanced in chemical reactions. We emphasize
elements because in balancing a reaction the number of
atoms of each element present are counted, independent of
the particular species or valence of the atom as it appears
in the reaction. The analytical data (and, if necessary, the
speciation calculation) provide the masses of the elements
in the initial and final solution. A mass balance equation
may be written for each element; however, as discussed be-
low, we usually do not mclude mass balance equations for
hydrogen and oxygen.

In addition to mass balance equations for the elements,
one additional equation is provided by accounting for the
conservation of electrons in redox reactions. Electrons do
not exist under natural conditions as hydrated aqueous spe-
cies. For every atom that loses an electron through oxida-
tion, some other atom must gain an electron through re-
duction. The technique used to maintain electron balance
is to equate the change in redox state, defined above, be-
tween the initial and final solution with the number of elec-
trons transferred between the reactant and product phases.
The number of electrons transferred between phases is a
function of the masses of the reactants and products and
the oxidation state of each element in the reactants and
products. This technique requires that we define the same
electron transfer convention (operational valence) for phases
as we used for the calculation-of the redox state of the
aqueous solution (Appendix 1).

The constraints of mass balance and conservation of elec-
trons in chemical reactions are formalized by Eqns. (4)
and (5) ,

{2 ap Ik = Am1 A}A=l J (4)
ol
»

2 ua, = ARS (5)

p=l

where the notations are defined as follows: a,, is the net mass
transfer, in moles, of the p™ plau51b1e phase among the P
total reactant and product phases in the reaction (similar
to (3)), b, denotes the stoichiometric coefficient of the k™
element (excluding H and O) in the p* phase, A indicates
a difference (final value minus initial value), mr, is the total

! If the reaction is homogeneous, that is, occurring only
in the aqueous phase, the analytical data define the reaction.
For example, if sulfate is reduced by dissolved methane to
yield bisulfide and bicarbonate ions

CH4(uq) + SO%(_,.q) —t HS(_uq) + HCOE(,,q) + HZO“)

the net chemical reaction is entirely defined by analytical
data from the aqueous phase. In this case, there are no
“Reactant Phases™ or “Product Phases™ as in reaction (3).

L. N. Plummer, D. L. Parkhurst and D. C. Thorstenson

molality of the k‘h element in solution, u, is the operational
valence of the p* phase (Table Al.1) and RS denotes the
redox state of the sotution (Eqn. 2). See Appendix 2 for an
example using Eqns. (4) and (5).

In solving mass balance problems, we do not include mass
balance equations for hydrogen and oxygen because of the
impracticality of analytically determining the fotal masses
of these elements in the initial and final solutions.

As discussed earlier, J + | independent equations are re-
quired to completely define a balanced chemical reaction.
Because we do not write mass balance equations on H and
O, only J — 2 mass balance equations (Eqn. 4) may be writ-
ten, and thus, three additional constraints must be specified
to define the system. We have already seen one of these
constraints in the form of the electron conservation equa-
tion (Eqn. 5). The second constraint we employ is related
to charge balance. Because all phases are electrically neutral,
the sum of the charge in any mass transfer is necessarily
zero. By assuming that these phases can account for all
reaction in the ground water, this also implies that there is
no net change in charge between the initial and final so-
lution. In fact, it is generally assumed that any charge im-
balance in solution reflects analytical errors and that every
solution is effectively charge balanced. Thus, a charge bal-
ance equation is satisfied regardless of mass transfer of neu-
tral phases.

The third constraint implied by the mass balance ap-
proach is that the mass of water is constant. Again, this is
an assumption which must be evaluated when comparing
model results to the ground water system. In general, for
small mass transfers of phases (less than 1 mole) the error
is negligible. Note again that if the total masses of O and
H could be determined with sufficient accuracy (impossible
with present analytical techniques), the mass balance method
could alternatively be solved by incorporating mass balance
equations on H and O.

Although we do not use mass balance equations on H
and O, H; and O, may be considered as plausible phases
that act as sources or sinks for electrons. Dissolved H, and
O, gases will contribute to the redox state of the solution
and analytical concentrations of these gases should be in-
cluded in the redox state calculation.

The parameters pH and pe appear only implicitly in Eqns.
(4) and (5) in that they have been used in speciation cal-
culations to define the total molality of inorganic carbon
and/or the equilibrium concentrations of several oxidation
states of an element for which only the total concentration
was analytically determined.

In most mass balance applications, there are more plau-
sible phases, ¢, to be considered than there are linear in-
dependent equations, E, that can be written. One way of
treating problems of excess plausible phases is to consider
selected subsets that contain E plausible phases for which
the stoichiometric coefficients, 5,, (the bar indicating a vec-
tor notation; 5,, by bpas . . ., b)) are linearly indepen-
dent. In practice, it is usually not difficult to find several
subsets of the plausible phases that satisfy this criterion and
lead to mathematical solutions that satisfy the mass balance
equations. (See Appendix 1 for an example of treating prob-
lems of excess plausible phases.)

Although problems of excess plausible phases may be
defined mathematically, they are often impractical to solve
due to difficulties in defining the proportions, Xx;, of the
linearly independent subsets of the plausible phases (Ap-
pendix 1), Definition of x; requires mineralogic and kinetic
information as well as data on the spatial distribution of
varying compositions of plausible phases which are not al-
ways available. Clearly, without knowledge of x;, an infinite
number of mass balance models can be generated, all of
which are possible until eliminated on the basis of ther-
modynamic kinetic, petrographic or isotopic criteria.

The problem of excess plausible phases is increased by
the fact that a given mineral in the system may vary in its
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stoichiometry from an idealized composition. When using
the mass balance method, it is usually necessary to work
with normalized mineral compositions that represent the
known range of mineral stoichiometry in the system. Con-
clusions regarding the significance of the derived mass trans-
fer must reflect the fact that many other minerals (of perhaps
slightly different compositions) may be reacting as well. (A
more detailed description of the total set of solutions to a
mass balance problem is provided in Appendix 1.)

In solving mass balance problems, the values of Amry
and ARS (Eqns. 4-5) are defined by chemical analyses and
speciation calculations performed on the initial and final
waters. Values of b, and u, depend on the plausible phases
being considered in the reaction. The total number of equa-
tions, E, in a given mass balance problem is J + [: one
mass balance equation for each element, J, (excluding H
and O) required to define the stoichiometry of the plausible
phases (Eqn. 4) plus one equation to account for electron
transfer (Eqn. 5). If the problem is not a redox problem,
Eqn. (5) is not independent and cannot be included. Equa-
tions of the form of (4) and (5) are linear and can be solved
for the unknown quantities, o, the number of moles of
reactant and product minerals in the net chemical reaction
if the-stoichiometries of the selected minerals are linearly
independent. We may also extend the mass balance ap-
proach to include problems of mixing of ground waters or,
in some cases, isotope mass balance. Because the hand so-
lution of multiple linear equations becomes tedious, a com-
puter routine (BALANCE) has been written specifically to
accommodate mass balance problems in ground-water sys-
tems (PARKHURST et al., 1982).

Reaction-path simulations

Given a starting water composition and an assumed set
of irreversible reactions and/or equilibrium constraints, re-
action-path calculations can predict the evolution of water
and rock as a function of reaction progress. Reaction prog-
ress is measured in terms of a progress variable, such as the
total number of moles of a particular reactant dissolved in
an overall irreversible reaction. Or, alternatively, if sufficient
kinetic data are available, time may be-chosen as the prog-
ress variable. Because reaction progress and flow downgra-
dient both proceed directly as functions of time, the progress
variable tends to increase with distance of flow along hy-
drologic gradients. But, without details of the reaction ki-
netics and flow velocity, it is not possible to quantitatively
relate reaction progress to position in hydrologic systems.

Depending on the types of reactions assumed to occur
among the plausible phases, the reaction path simulation
will require definition of irreversible reaction(s)? and/or a
set of thermodynamic controls on solution composition.
Irreversible reactions in ground-water systems typically in-
volve the slow dissolution of one or more host minerals that
do not reach equilibrium (or apparent thermodynamic con-
trol) within the time scale of the hydrologic system.-In gen-
eral, any chemical or physical process that irreversibly
changes the masses of components in solution may be in-
cluded. If two or more reactions occur simultaneously, the
relative rates of reaction must be defined. These relative
rates are usually assumed to be constant and are poorly
known because of the lack of information on the relative
surface areas of the reactive phases and the dearth of knowl-
edge of mineral-water reaction kinetics.

As in the mass balance approach, the phases considered
in reaction-path simulations should be limited to a set of

2 This is true in most applications of reaction path mod-
eling. However, calculations can be envisioned in which a
system initially at equilibrium might change, maintaining
equilibrium in response to temperature and/or pressure
changes.

plausible phases. Thermodynamic controls of either equi-
librium or “apparent equilibrium” can be applied to plau-
sible phases that react rapidly on the time scale of the hy-
drologic system. Apparent equilibrium includes non-equi-
librium processes that lead to constant (steady-state) levels
of supersaturation (or undersaturation) with respect to plau-
sible phases in the system.

If more than one irreversible reaction occurs simulta-
neously, the number of possible reaction paths that may be
computed is unlimited because an unlimited number of
perturbations on the relative rates may be considered. A
distinct advantage of reaction-path calculations is the pos-
sibility of treating mineral phases of variable composition,
which in the mass balance calculations only increases the
number of excess plausible phases.

There is no guarantee that an arbitrary reaction-path sim-
ulation will predict the observed composition of the final
water. Although the total mass transfer may vary consid-
erably in a reaction-path simuiation, the final computed
water composition will match the observed ground water
only when the computed nef mass transfer is identical to
that given by the mass balance method. One way then to
constrain a reaction-path simulation to reproduce the final
water is to begin with the exact composition of the initial
solution, and then use the irreversible reaction to add and
remove the exact net masses of phases calculated by the
mass balance approach. However, this ignores any ther-
modynamic criteria and provides no new information be-
yond that gained by the mass balance and speciation cal-
culations. i

Alternatively, reaction-path simulations mayincorporate
appropriate equilibrium or apparent equilibrium conditions
in conjunction with one or more irreversible reactions. Once
a particular saturation state (based on field observation) is
reached in simulation, that apparent thermodynamic cri-
teria is maintained while the irreversible reaction(s) proceed.
A reaction path calculated in this way, specifying zero and/
or non-zero saturation indices for plausibie phases, may or
may not reproduce the observed final water. If it does, then
one thermodynamically valid path has been found. Inability
to simulate the composition of the final water does not nec-
essarily imply that no thermodynamically feasible path ex-
ists; it may be that the particular choice of relative reaction
rates and/or temperature path are inconsistent with obser-
vations.

Because of the complexity of the calculations required in
simulating the chemical evolution of a reacting water-rock
system, reaction-path simulations are usually performed
using computer codes such as PATHI (HELGESON, 1968;
HELGESON et al., 1970), EQ6 (WOLERY, 1979), PHREEQE
(PARKHURST et al., 1980), or SOLVEQ (REED, 1982). These
programs show considerable variety in the choices of
equations and master variables used. For example, EQ6
(WOLERY, 1979) includes mass balance equations on H and
O and a charge balance equation. Oxygen fugacity, pH, and
the mass of water are the master variables. PHREEQE
(PARKHURST et al., 1980) includes equations for charge
balance and conservation of electrons, but assumes a con-
stant mass of water. This assumption is valid as long as the
mass of water involved in heterogeneous and homogeneous
reactions is small relative to one kilogram of water (~55.5
moles). REED (1982) always includes sulfur in the chemical
system and uses H,0, H*, and $*~ (in addition to SO3~ to
calculate redox potential) as master variables. A general re-
view and comparison of the various attributes of these pro-
grams is beyond the scope of this paper. Hereafter, reference
to reaction-path simulations implies calculations made by
the computer program PHREEQE.

DISCUSSION

In constructing reaction models from a given set
of chemical observations in a ground-water system,
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two related problems arise: (1) Can we identify a sin-
gle set of phases that accounts for the observed water
chemistry? and (2) Is there a unique description of
the relative rates of reaction of these phases (i.e. re-
action path) along the flow path? In general the an-
swer to both questions is almost always no. Usually,
the best that can be done is to find at least one set
of relative reaction rates for each of several sets of
phases. This results in several feasible nef mass trans-
fer models. As more data become available from
more closely-spaced observation wells, the modeling
exercise leads to an improved definition of the actual
reaction path. We are trying to determine, given the
available data, to what extent we can use mass bal-
ance and/or reaction path methods in defining fea-
sible net reaction models and the advantages and
disadvantages of each method.

Before comparing modeling scenarios, we need to
define two types of chemical modeling problems—
those in which the analytical data are “saturation-
sufficient,” and those in which the analytical data are
“saturation-insufficient.” We use the term “satura-
tion-sufficient” to define a set of chemical analyses
of initial and final Wwaters that are sufficient to define
saturation indices for a given set of plausible phases
in the system. The term “‘saturation-sufficient” does
not imply that the set of chemical analyses is nec-
essarily complete; for example, analytical data for
fluoride may be missing, yet the available data could
define saturation indices for plausible phases involv-
ing carbonate and sulfate minerals. In this case, the
analytical data are “saturation-sufficient,” provided
fluoride minerals are not included among the plau-
sible phases deemed necessary to define the chemical
system. If the analytical data are “saturation-insuf-
ficient,” values of Amr for one or more of the ele-
ments required by the plausible phases are not de-
fined and the mass balance method cannot be solved
uniquely. :

The two most common examples of saturation in-
sufficient data are the absence, or unsatisfactory na-
ture, of analyses of dissolved iron or aluminum. In
these cases, the saturation state of the aqueous phase
with respect to the aluminosilicate or iron-containing
phases cannot be specified even with complete ana-
lytical data for other elements in the water. The mass
balance method can be extended to these saturation-
insufficient cases by making an assumption about the
change in concentration of iron and aluminum. Ow-
ing to the low solubility of ferric hydroxide and alu-
mino-silicate minerals, it may be satisfactory to as-
sume that mrr, and mra = 0 in initial and final
waters and that the change in concentrations is thus
zero. Alternatively, in the reaction-path approach the
iron and aluminum could be constrained to be in
equilibrium with one or more phases.

" There are various degrees of “saturation-insuffi-
cient” data, the most extreme case being that no
chemical data are available at all. For this case, the
reaction-path calculation is the only applicable

method. This kind of modeling is extremely useful
in a priori prediction of the outcome of hypothetical
reactions, prediction of reaction paths and calcula-
tion of the theoretical equilibrium composition of
mineral-water systems. Reaction-path simulations
may also estimate the chemical composition of
ground water located along flow lines in an aquifer
at positions intermediate or beyond wells of known
composition. It should be kept in mind that in the
absence of analytical data, predictions of solution
composition at any points along the path other than
the observed initial and final solutions are both hy-
pothetical and likely non-unique. If the intermediate
analytical data are available, we have simply defined
a new “final” water for a shorter reaction step which
may then be evaluated via mass balance or reaction
path computations. As more intermediate data are
available, both methods will be able to more closely
approximate the actual reaction path.

Both the mass balance and reaction-path methods
require considerable insight into the problem in se-
lecting appropriate plausible phases. An advantage
of the mass balance method is that, given the set of
plausible phases, all the possible reactions that might
be occurring between two points on a flow path are

defined mathematically (see Appendix 1). It is rela-

tively simple, in practice, to substitute one set of
phases for another set and derive a new mass balance
reaction model.

In contrast, reaction-path simulations are much
more complex and computationally more difficult to
perform. Constructing a reaction-path simulation re-
quires care in evaluating irreversible reaction(s), rel-
ative rates, thermodynamic criteria and plausible
phases allowed to participate in the reaction. If
through trial and error, a reaction path is found for
a particular set of plausible phases that matches ex-
actly the initial and final solution compositions, the
calculated net mass transfer will always be identical
to the net mass transfer defined by the mass balance
method for the same set of plausible phases. A dis-
tinct advantage of the reaction-path method; how-
ever, is that if a reaction is found that satisfies the net
mass transfer constraint, the calculated path is ther-
modynamically valid.

The mass balance method can only be partially
checked for thermodynamic consistency. For a re-
action to proceed at any point along a reaction path,
the derivative of the free energy of reaction for the
p™ phase with respect to reaction progress, £ must
be less than zero, dG/d¥,) < O for each dissolving
phase. Using our previous definition of S7, it follows
that for a precipitation reaction to proceed at any
point along the flow path, dG/d¥t, must be greater
than zero for that reaction. The change in free energy
of the reaction of the p™ phase is related to the sat-
uration index of the p™ phase by:

G _ 2.303RT(ST,). (6)

dg(p)
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At constant temperature and pressure, the term
—(dG/dt ) is known as the chemical affinity of the
reaction (PRIGOGINE and DEFAY, 1954).

If the analytical data are saturation sufficient with
respect to the p* phase, we can evaluate dG/d%, at
obsetved points on the flow path. For all thermo-
dynamically valid reactions, as we have defined the
problem, the sign of «, must be opposite the sign of
SI, (within the uncertainties of the analytical and
thermodynamlc data). That is, a plausible phase will
not dissolve (o, positive) in a water supersaturated
with the p* phase (SI, positive), nor precipitate (a,
negative) from an undersaturated solution (S, neg-
ative).

Since we define only 7ef mass transfer via the mass
balance method, a contradiction in the sign of dG/
dk, does not necessarily invalidate a reaction be-
cause, in this case, the p' phase may have both dis-
solved and precipitated at different points between
the initial and final waters leading to the calculated
net mass transfer. Therefore, the thermodynamic cri-
terion, dG/dt,, < O for dissolution and dG/dé,
> 0 for precipitation of the p™ phase, can be used
only to identify reactions that are thermodynamically
feasible. However, if it can be proven (such as petro-
graphically) that the mass transfer of a particular
phase varies monotonically with reaction progress,
that is, the phase does not both dissolve and precip-
itate at different points along the flow path, it is pos-
sible to use the observed contradictions in the sign
of dG/dg, to eliminate a particular reaction model.

In testing a mass balance model for thermody-
namic contradictions, it is necessary to examine the
sign of dG/d,, for each mineral in the overall re-
action. A model is thermodynamically feasible if no
contradictions are found among al/ phases in the
model.

Alternatively, if the analytical data are again sat-
uration-sufficient, we may compute the total Gibbs
free energy change per kg HoO in the system, AG,
between the initial and final points on the flow path
(“final” minus “initial”), and draw conclusions re-
garding the change in total free energy of the system
as a function of reaction progress, dG/d¢, for a par-
ticular mass balance model. Calculation of AG re-
quires details of the distribution of species in the ini-
tial and final waters (including as,0), the saturation
indices of the P phases in the final water (SI,), and
the appropriate mass transfer coeflicients («,) defined
by the mass balance method (Appendix 1). If AG is
positive, then at some point in reaction progress dG/
dk must be positive which implies a non-spontaneous
reaction. Thus, a positive value of AG would indicate
the model is thermodynamically invalid. Although
thermodynamically valid reactions will have negative
values of AG, a calculated negative value of AG does

-not always prove the existence of a spontaneous re-

action. For example, even though there may be a net
decrease in Gibbs free energy from the initial to the
final water, a particular path of the net reaction would

be thermodynamically invalid if there were a free
energy minimum (or maximum) at an intermediate
point in reaction progress such that dG/d¢ is positive
over a portion of the reaction path. In the limiting
case, as wells become more closely spaced, the sign
of AG approaches the sign of dG/dt of the actual
reaﬁction path. Thus, with more closely spaced data,
AG becomes a more reliable criterion for spontaneity.
Usually, in order to show that a mass balance reaction
in thermodynamically feasible, it is necessary to find
a reaction-path simulation that reproduces the final
water.

Mass balance models based on saturation-insuffi-
cient data are more difficult to check for thermody-
namic violations. However, with careful analysis, sol-
ubility calculations may provide some information
on the thermodynamic feasibility of a particular sat-
uration-insufficient reaction defined by the mass bal-
ance method.

Consider, for example, a problem in reaction iden-
tification between initial and final waters where .alu-
mino-silicates are included among the plausible
phases, but for which no dissolved aluminum data
are available. These waters are saturation-insufficient
with respect to all aluminum-bearing minerals. As-
suming that the unknown total aluminum concen-
tration is low (owing to the low solubility of most
alumino-silicate minerals in ground water), we may |
solve the mass balance equations using the value
Amra = 0, and appropriate sets of plausible phases.
For simplicity, consider further that a particular set
of plausible phases contains a single aluminum-bear-
ing reactant and a single aluminum-bearing product.

Having determined the values of «, for each phase
in the particular mass balance model, we may turn
to solubility calculations to test for thermodynamic
violations in the defined net reaction. One way of
checking for thermodynamic violations is to con-
strain the final water to be in equilibrium with the
aluminum-bearing product rhineral defined by the
mass balance. This procedure is accomplished in
PHREEQE by adjusting the total concentration of
aluminum in the final water and changing pH to
satisfy charge balance for the whole solution. The
total aluminum added to reach equilibrium with the
aluminum-bearing product is usually so small as to
cause negligible changes in pH. This procedure es-
timates the minimum value of the unknown dis-
solved aluminuin in solution, since only higher val-
ues of dissolved aluminum are expected if the prod-
uct phase forms at supersaturatlon

The particular reaction model is thermodynamx-
cally invalid if (1) the minimum aluminum concen-
tration results in supersaturation at the end point
with respect to the reactant phase defined by the mass
balance method, and (2) the mass transfer is known
to vary monotonically between the initial and final
points on the flow path. The test is indeterminant if
non-monotonic behavior is expected since it is pos-
sible that the aluminum-bearing reactant may have
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dissolved initially and later precipitated along the
flow path leading to the calculated ner mass transfer,
Thus with non-monotonic reaction paths, apparent
thermodynamic contradictions to the net mass bal-
arice model may be observed which do not invalidate
the model. Of course, this criterion for testing reac-
tion models for saturation-insufficient data must be

used within the limits of uncertainty of the ther- -

modyhamic and analytical data. Cases involving
more than one réactant and product phase for the
unknown element, or cases where the waters are sat-
uration-insufficient with rmore than one element, are
more difficult to treat in general.

Aside from elimination by testing against ther-
modynamic criteria, the only way to reduce thé num-
ber of feasible reaction models is by introducing new
data on the chemistry of the system. -

New data can include detailed mineralogic. and
petrographic information identifying which of the
plausible phases are present, and visual evidence as
to which minerals are reactants and products in the
system. Other new datd may include isotope data for
the ground water and the reactant and product min-
erals of the system. Simulation of the isotopic com-
position of the ground water is 4 significant step in
reducing the number of possible reaction models be-
cause the isotopic composition of the solution and
product minerals are functions of the mass transfer.
The correct reaction model, while predicting the ob-

83

served ground-water chemistry, must be consistent
with both the speciation calculation and the observed
isotopic data for the system.

If the feasibility of mass balance models is to be
checked with isotopic data, reaction-path modeling
may be necessary, regardless of whether the data are
saturation-sufficient -or saturation-insufficient. If a
continuously fractionating input or output is postu-
lated for a particular model, a calculated reaction
path between the initial and final waters may be nec-
essary to define the intermediate mass transfers and
solution compositions used to compute the isotopic
evolution. Reaction-path modeling may also be used
to investigate sensitivity of the computed isotopic
composition of a final water to deviations of the re-
action path from the net linear path defined by the
mass balance. In other cases, as in our éxample (Ap-
pendix 3), the integrated equation (WIGLEY et al.,
1978) provides sufficient accuracy for realistic devia-
tions in reaction path. In cases where the isctopic
fractionation between solution and precipitate can
be ignored, it is possible to include a linear isotope
balance equation in thé mass balance calculations
(see Appendix 2). In this case, models that satisfy all
the mass balance criteria and the isotopic composi-
tion can be found immediately.

A similar problem to isotopic fractionating systems
exists if solid solutions must be considered. In this
case, the aqueous phase composition at any point is
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also path dependent and can be accurately simulated
only by reaction-path methods. This problem is more
likely to be encountered in high-temperature systems
than in the relatively low-temperature ground waters
that are the basis for most of this paper.

EXAMPLE

For purposes of illustrating the principles discussed -

above, we now consider the problem of identifying
a unique reaction model in a limited portion of the
Floridan aquifer. In this example we have analytical
data from three wells in central Florida located along
an approximate flow line from Polk City southward
68 km to Wauchula (Fig. 1). In the Polk City well,
the potentiometric head is 40 meters above sea level;
in the Wauchula well, the head is 20 meters. Data
from an intermediate well (Ft. Meade) located ap-
proximately 47 km south of Polk City are included
for later testing of reaction path. The area north of,
and including, Polk City is one of recharge (BACK
and HANSHAW, 1970). To the south recharge is prob-
ably less owing to cover by the relatively impermeable
Hawthorn formation of Miocene age (PRIDE e! al.,
1961; LEGRAND and STRINGFIELD, 1966; STEWART,
1980). This particular example of reaction modeling
was chosen in part because earlier mass balance stud-
ies of this system (PLUMMER, 1977; PLUMMER and
Back, 1980) did not model redox reactions.

" We assume that we are dealing with an initial
ground water (Polk City)-that changes composition
only via reaction as it moves downgradient to Wau-
chula, that is, other effects such as dispersion are as-
sumed unimportant. The hydrologic validity of this
assumption is not the subject of this paper. Our pur-
pose here is—given this assumption—to evaluate the
chemical models that can be applied in this system.

The chemical data for the initial (Polk City), intermediate
(Ft. Meade) and final water (Wauchula) are given in Table
1 (largely from BACK and HANSHAW (1970)). Carbon and
sulfur isotopic data are also included in Table ! for testing
reaction hypotheses. The resuits of the speciation calcula-
tions are given in Table 2. These results include the total
molality of inorganic carbon which was calculated from the
field alkalinity and pH, the redox state of the waters (Eqn.
2), an estimation of the pe of Wauchula water based on the
SO2-/S*" couple, selected saturation indices and Pco,. Also
included in Table 2 are the A terms (final water minus initial
water) for Amry, and ARS between Polk City and Wau-
chula. Several of the analyzed species (notably silica) are
not included in Table 2 because we do not require them to
define the stoichiometry of the plausible phases defined
below.

Some details of the mineralogy of the Oligocene to middle
Eocene limestones and dolostones penetrated by the wells
are given by BACK and HANSHAW (1970); HANSHAW et al.
(1971); HansHAwW and BACK (1972); RANDAZZO and
HiCKEY (1978); and R. G. DEIKE (unpublished data, 1972).
From these studies and for the purposes of this example,
it is reasonable to include among the plausible phases:

(1) gypsum (or anhydrite),

(2) calcite (ranging in composition from CaCO; to
Ca gsMe2CO;),

(3) magnesian calcite (Ca gsMgosCO3),

Table 1: Analytical Data!l

Initial Inter—- Final
Water mediate Water
(Polk Water
city) (Ft. Meade) (Wauchula)
Constituent mg/1 mg/l mg/1
510, 12.0 16.0 18.0
Ca 34.0 58.0 660
Mg 5.6 17.0 29.0
Na 3.2 6.1 8.3
K 0.5 0.7 2.0
HCO; 124.0 163.0 168.0
803 2.4 71.0 155.0
cl 4.5 9.0 10.0
F~ 0.1 0.4 0.7
NO3 0.1 0.1 0.0
Hy8 0.0 - 1.2 7
pH 8.00 7.75 7.69
pe - - -4 .262
¢ 23.8 26.6 25.4
s13c -11.4 3 -10.88 -g.5 &
14g % modern® 34.3 17.3 4.4 5
83550,y 000 ~14.7 -~ +24.9 ©
[¢]
6345 (p,5) /00 - - -32.9 7

1 Back and Hanshaw (1970); 2 Calcuylated using SO%'-/SZ-
couple. 3 Rightmire and Hanshaw (1973); “ Pearson and
Hanshaw (1970). 5 Hanshaw et al. (1965), * 2% modern;
S Rightmire et al. (1974). 7 Pearson and Rightmire
(1980); Rye et al. (1981); 8 Back and Hanshaw (unpub-
1ished data, 1967) as given in Plummer (1977).

(4) dolomite (ranging in composition from CaMg(CO;),
to Cay0sMg g0Fe 05(CO3)a),

(5) additional carbon sources including CO,, organic
matter (CH,0, i.e., carbon of valence zero), and possibly
methane, ’

(6) ferric hydroxide (FeOOH),

(7) iron sulfides (FeS,, FeS).

Notice that, for this problem, the original analytical data
of Table | are saturation-insufficient in that no data for total
dissolved iron are known although iron minerals have been
included among the plausible phases. The concentration of
iron in both waters is very low owing to the low solubility
of ferric hydroxide minerals, and for mass balance purposes,
we are safe within the limits of the data of assuming AT e
= . Even though total iron is very low in these waters, its
inclusion in the mass balance, as Amr g = 0, is an impor-
tant and valid constraint; that is, if iron is involved in re-
actions, it is conserved among the reactant and product
phases. '

Because sulfide species are below detection in the Polk
City water, and present in the Wauchula water, we are nec-
essarily dealing with a redox problem. Although much of
the mass transfer between Polk City and Wauchula was
accounted for by non-redox reactions (PLUMMER, 1977),
appropriate plausible phases must be selected in developing
reaction models that include redox processes. Several of the
reaction models of PLUMMER (1977) are expanded in our
treatment below to take into account the presence of dis-
solved sulfide species in central Florida. In order to form
reduced sulfur species, a source of reduced carbon such as
organic matter or methane is required.

The number of linearly independent sets of the
plausible phases is large. For this example, we will
only consider six sets of the plausible phases for mass
balance calculations (Table 3). As a first approxi-
matjon in solving possible mass balance reactions,
we have considered only reduced carbon sources such
as organic matter and methane (Table 3) in the car-
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Table 2 - Results of the Speciation Calculation.

mmols/kg HyO

Intermediate
Initial Water Water Final Water Aumol /kg Hy0
(Polk City) (Ft. Meade) {Wauchula) (Final ~ Initial)
Cap 0.848 1.448 1.647 0.799
Mgp 0,230 0.699 1.193 0.963
Sy 0.025 0.739 1.649 ! 1.624
" Cp 2.054 2.743 2.843 0.789
Ferp ~0.0 ~0.0 ~0.0 ~0.0
RS 2 8.366 15.406 20.986 12.620
SIg 3 0.22 = 0.04 0.28 * 0.04 0.22 £ 0.04 - "
SIg 3 ~3.35 £ 0,02 ~1.78 + 0.02 ~1.46 £ 0.02 -
SIp 3 ~0.29 £ 0.2 0.06 £ 0.2 0.14 £ 0.2 -
log Pgp, -2.92 ~2.55 ~2.49 -
Charge 2 0,07213 —— =-0.33230 -0.40443
Balance
! Icludes sulfate (1.614 mmols/kg Hy0) and sulfide (0.035 mmol/kg Hy0
species.
§ Equation (6).

1982), G-gypsum (log Kg

Subscripts are C-caleite (log Kg = -8.483 £ .02; Plummer and Busenberg,
~4.602 % 0.02; based on data Lilley and Briggs,

1976), D-dolomite (CaMg(C03)5) (log Kp = -16.8 % 0.2, large uncertainty
in log Kp is given to reflect possible differences in free eénergy of dolo-

mites of low temperature origin, Busenberg and Plummer, 1982).

Saturation

indices of Ca ggMg,2C03 and Ca g5Mg 05C03 are within 0.04 SI units of
caleite (Thorstenson and Plummer, 1977) and thus within the uncertainty of
SIc. As no data are available for total dissolved iron and pe is poorly
known, the analytical data are saturation insufficient with respect to the
iron sulfide and hydroxide minerals that may be included among the plausible

phases.

bon balance. That is, the sets of plausible phases of
Table 3 assume a ground-water system closed to CO,.

Each reaction model includes gypsum, FeOOH,
and the possibility of formation and/or dissolution
of iron sulfides. In addition to the carbonate minerals
each reaction model allows for a source of carbon of
reduced valence: O (organic carbon, models 1-4), and
—4 (methane, models 5-6). The stoichiometry of the
magnesium source mineral is varied from stoichio-
metric dolomite (model 1), to magnesian calcite
(model 2) to non-stoichiometric dolomite (models 3~
6). Models 4 and 6 compare differences in mass trans-
fer resulting from inclusion of FeS rather than FeS,
in the reactions. All models include redox reactions
and require inclusion of Eqn. (5) to account for con-
servation’ of electrons. As a matter of convenience,
Eqns. (4) and (5) were solved by the computer pro-
gram BALANCE (PARKHURST et al., 1982). Table
4 lists the calculated values of a, (in mmol/kg H,0)
for each model from Table 3. Each set of «, values
in Table 4 satisfies the constraints of conservation of
mass and conservation of electrons in a net reaction
similar to Eqn. (3).

Having solved the mass transfer implied by each
of the six sets of plausible phases, we check to see if
a unique reaction may be defined. From Table 4 the
number of plausible phases, ¢, is equal to 12 while
the maximum value of P is only 6, therefore we are

Table 3:

far from obtaining a unique solution to the mass
balance problem. The next test is to determine if any
of the mass balance reactions are inconsistent with v
known values of the saturation indices of the P phases
used in each reaction. Comparison of values of a,
with the saturation indices of Table 2 shows that all
but one of the mass balance reactions are consistent
within the uncertainty of the observed saturation
state of the waters. Reaction 5 may be eliminated
however, because it requires the precipitation of a.
large amount of gypsum from waters that are cer-
tainly subsaturated with the mineral in a ground-
water system of demonstrated monotonic variation
on a regional scale (BACk and HANSHAW, 1970).
At this point five of the original six models remain,
and it is necessary to resort to additional data in order
to further eliminate reaction possibilities. ‘

The sulfur isotope data offer relevant information for
examining the uniqueness of the remaining models of Table
4, RIGHTMIRE ¢! al. (1974) noted a systematic shift in §*S
of dissolved sulfate to higher values with the amount of
gypsum dissolved in the Floridan aquifer. The sulfur iso-
topic composition of gypsum in central Florida varies from
19 to 22%0 (RIGHTMIRE et al., 1974). The dissolved sulfate
of the Wauchula water is then shifted at least 2.9%s heavier
than gypsum (Table 2) and is indicative of sulfate reduction,
since reduced sulfur species formed via preferential reduc-
tion of isotopically lighter SO3~. Reactions 1-4 involve sul-
fate reduction accompanying (the assumed bacterially me-

Selected Sets of Plausible Phases for Mass Balance Calculations

Assuming a Reaction System Closed to €Oy,

Model Plausible Phases
1 Calcite, dolomite, gypsum, CH,O, FeOOH, FeSy
2 Ca(.95)Hg(.05)C03 (Mg-calcite§, caleite, gypsum, CHy0, FeOOH, FeSy
3 Ca(1.05)Mg(.90)Fe( .05)(C03)2, Ca(.98)Mg( .02)603, gypsum, CHy0, FeOOH, FeS,
4 - Ca(1.05)Hg(.90)Fe(.05)(C03)7, Ca(.98)Mg(.02)C03, gypsum, CHy0, FeOOH, FeS
5 Ca(1.05)tg( .90)Fe(.05)(C03)7, Ga(.98)Mg(.02)CO3, gypsum, GHj, FeOOH, FeSy
6 Ca(l.()S)Hg(.90)Fe(.05)(§03)2, Ca(.98)Mg( .02)C03, gypsum, CH;, FeOOH, FeS
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Table 4: Results of the Mass Balance
Closed to CO9. Values of ¢

Calculation for a Reaction System
p in mmols/kg Hp0

Reac tion Model

Plausible Phases 1 2 3 4 5 6
CaCo: -2.45 -19.79 - - - -
CaMg%CO:,)z 0.96 - - - - -
Ca80y, .2H,0 2.29 2.29 2.24 2.06 ~7.60 6.13
co. - - - - - -
L’H%O 1.32 1.32 1.21 1.03 - -
FeOOH 0.33 0.33 0.25 0.37 -4 .66 444
FeSg -0.33 -0.33 -0.31 - 4.61 -
Ca g5Mg 5003 - 19.26 - - - -~
Ca gghg 02003 - - ~2.68 =2 .49 7.61 ~6.74
Ca)o5Mg8,90Fe,05(C03)2 == - 1.13 1.3 0.90 1.22
FeS -— i - ~-0.43 - -4.50
CHy - -~ - - -8.62 5.09

1 Negative values of a; indicate the
(such as through precipitation) and
enters the aqueous solution such as

diated) oxidation of organic matter. Reaction 6 requires a
larger amount of sulfate reduction to accompany the oxi-
dation of methane (source unspecified).

Model feasibility may be tested by comparing the mea-
sured 6%S at Wauchula (+24.9%) with the calculated iso-
topic composition of dissolved sulfate at Wauchula implied
by the mass transfer in the remaining models (Table 4). The
calculated 5%S of dissolved sulfate in the Wauchula water
(8%Swy) can be approximated by the following linear isotope
balance equation (ignoring the small fractionation in the
precipitation of sulfide minerals from dissolved sulfide spe-
cies):

Sy = [gypsum (225h0) + 20tpyie (~32.9%0)
— HyStw) (—32.9%0) + SOurpcy (14%0)]/SOurewy  (7)

where values of agypsum and Cpyrite (OT OlFes, in which case the
stoichiometric coefficient of sulfur must be changed from
2 to 1) are given in Table 4, SO4rpc) and SOuxw) denote
the total concentrations of SO~ in the Polk City and Wau-
chula waters, respectively, and H,Syw, is the total concen-
tration of sulfide species in the Wauchula water. The num-
bers in parentheses in Eqn. (7) denote the.5*S value of the
respective sulfur species or mineral, and are taken from
RIGHTMIRE & al. (1974), PEARSON and RIGHTMIRE (1980),
and RYE et al. (1981) (Table 1). Using Eqn. (7) and the
calculated mass transfer of Table 4, the calculated values
of 5%S at Wauchula are +45.6%0, +45.6%0, +44.0%0, and
+37.8%» for models 1-4, and +176.4% for model 6. (Model
5 has already been eliminated using saturation indices.) The
calculated values of §**S at Wauchula are not very sensitive
to uncertainties in 5*S of gypsum. For example using +19%»
rather than +22% for 5*S of gypsum Eqn. (7) predicts
+41.3%0 at Wauchula rather than +45.6%0 for reaction 1.
The calculated values of 84S at Wauchula are all signifi-
cantly largerthan the observed (+24.9%) and indicate that
all the remaining models of Table 4 are incorrect.

At this point we clearly need to re-examine our
statement of the problem, because the combined use
of mass balance calculations and the sulfur isotope
data have eliminated all of the reaction models listed
in Table 3. Excluding the possibility of other less
obvious and/or exotic sets of plausible phases, the
discrepancy in the reaction models may be due to
our original assumption that the ground-water sys-
tem is closed to CO,. The use of carbon at valence
0 as the only carbon source in the mass balance mod-
els requires too much sulfate reduction to produce
the observed total carbon concentrations. This “ex-
cess” sulfate reduction implies too large an enrich-
ment of *S in the dissolved sulfate at Wauchula. The

phase leaves the aqueous solution
positive values indicate the phase
through dissolution.

significance of the sulfur isotope data should not be
underestimated in our example because the mass
balance calculations alone did not reveal the problem
of “excess” sulfate reduction.

By combining the sulfur isotope balance equation (Eqn.
7) with a mass balance equation on sulfur (Eqn. 8)

ST(W) = Stipe) = gyp + Zapyrilca 8)

we may solve directly for the net mass transfer of gypsum
and pyrite (or FeS). Using data of Tables | and-2 and +22%0
for the isotopic composition of gypsum, we: calculate that
approximately 1.68 mmols of gypsum should dissolve and
0.03 mmols of pyrite should precipitate between Polk City
and Wauchula per kg H,O.

The calculated pyrite and gypsum mass transfers are not
particularly sensitive to even exaggerated uncertainties in
5%Sy,s. For example, using +22%. for dissolving gypsum
and assigning 5% to the observed 8**S,s at Wauchula
(—32.9 % 5%s), the pyrite mass transfer is —0.027 £ 0.003
mmol per kg H,O with 1.678 + 0.005 mmol of gypsum
dissolved per kg H,O. The calculated pyrite and gypsum
mass transfers are significantly more sensitive to the value
of 5S of dissolving gypsum. Our choice of £22%. is based

“on the value found by RIGHTMIRE e al. (1974) to be most

consistent with the isotopic evolutionary path of waters in
the Floridan aquifer (see their Fig. 3). The reported range
of sulfur isotopic composition of evaporite minerals in Flor-
ida is +19 to +22% (PEARSON and RIGHTMIRE, 1980). If
gypsum of +19%. were dissolving rather than +22%o, nearly
3 times more pyrite (0.075 mmols/kg H,0) could be pre-
cipitated between Polk City and Wauchula. To maintain
consistency with other wells in the Floridan aquifer on a
regional scale, the calculations that follow assume dissolu-~
tion of gypsum at +22%. The calculated net mass transfer
of pyrite from (7) and (8) is approximately one-tenth that
calculated when the ground-water system was assumed
closed to CO, (Table 4). Alternatively, if the ground-water
system were open only to an oxidized carbon source (COy),
no sulfate reduction would occur and there would be no
enrichment in 6%Sso,. In order 1o satisfy the sulfur isotope
data, it is necessary to consider reaction models using carbon
sources of average valence greater than zero, that is, sources
of both CO, and organic matter.

The six sets of plausible phases listed in Table 3 have
been revised to include CO, (Table 5). Each reaction model
of Table 5 now contains seven phases and thus one addi-
tional constraint must be added to the mass balance equa-
tions (Eqn. 4) and the Aredox state equation (Eqn. 5) in
order to achieve a solution for each model. This final con-
straint is the sulfur isotope balance equation (Eqn. 7) which
(ignoring the small fractionation between H,S and pyrite)
is linear in the values of «, and may be represented as
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Table 5: Selected sets of Plausible Phases for Mass Balance Calculations
Assuming a Reaction System Partially Open to COj.
Model Plausible Phases
7. Caleite, dolomite, gypsum, CHy0,.FeOOH, FeSy, COp
8. Ca( .95)Mg(.05)C04 (Mg—calcite%, calcite, gypsum, CHyO, FeOOH, FeS;, CO
9. Ca(1.05)Mg(.90)Fe(.05)(C03)9, Ca(.98)Mg(.02)CO5, gypsum, CHp0, FeOOH, FeSy, COp
10. Ca(l.OS)Mg(.QO)Fe(.05)(C03)2. Ca(.98)Mg(.02)C03, gypsum, CHp0, FeQOH, FeS, 0y
11. Ca(1.05)Mg(.90)Fe(.05)(CO3)5, Ca(.98)Mg(.02)C03, gypsum, CH,, FeOOH, FeSy, 0Oy
12. Ca(1.05)Mg( .90)Fe(.05)(C03)5, Ca(.98)Mg(.02)C05, gypsum, CHy, FeOOH, FeS, COy
% be 598 = AMS ©) to Wauchula combines isotope dilution as described
{p=| apbs,07°S, = Yimsuttur by isotope balance equations (similar to Eqn. 9 for
where sulfur) and the process of Rayleigh distillation. The
A¥S = (m1.58*S1nu = (M7.56™S1inicia (10)  carbon isotope evolution equation used to test re-

and T denotes total sulfur (sulfide plus sulfate species).

Equations (4), (5) and (9) were again solved by the com-
puter program BALANCE, using the data of Tables 1 and
2 (which give A¥S = 38.687, 6*'S pyrite = —32.9% and
534S gypsum is +22%o, based on the data of RIGHTMIRE et
al., 1974; PEARSON and RIGHTMIRE, 1980; and RYE et al.,
1981). The results of the mass balance calculations for the
new six sets of plausible phases (Table 5) are given in Table
6. (See Appendix 2 for a detailed example of the mass bal-
ance calculations of Table 6.)

The mass transfers of gypsum and pyrite (or FeS) are
identical to those calculated from Eqns. (7)~(8) as required
by inclusion of the sulfur isotope balance equation. All the
new models require more CO, than reduced carbon (CH,O
or CH,). When included, relatively small amounts of meth-
ane are required in the models. As found previously for a
system closed to CO,, a large mass transfer is implied among
the carbonate minerals if magnesium is derived from dis-
solution of magnesian calcite (5 mole percent MgCOs).

The calculations given in Table 6 indicate that if the
ground-water system is partially open to CO,, none of the
new reaction models (7-12) may be eliminated using known
saturation indices (Table 2). Therefore, without additional
information, none of the models of Table 6 may be elim-
inated,

The last remaining information we have in the
given data set (Table 1) which we may use for testing
reaction hypotheses are the carbon isotope data. In
the case of the sulfur isotope data we were able to
ignore the small fractionation in the precipitation of
sulfide minerals because of the very large (measured)
fractionation that occurs during reduction of sulfate.
No such large fractionations of carbon isotopes exist,
and thus the carbon isotope evolution implied by
each mass balance model is sensitive to the fraction-
ation factor between solution and solid. The calcu-
lation of carbon isotopic evolution from Polk City

Table 6:

action models 7-12 is summarized in Appendix 3,
where a detailed example for model 7 is given.

In making calculations similar to those of Appen-
dix 3, it is important to determine if the calculated
value of §3C of the final water is sensitive to reaction
path. Dependence on reaction path is tested by as-
suming different relative rates of dissolution of reac-
tants along the path, but maintaining the same net
mass transfer for each model. This is equivalent to
assuming, for example, the rate of gypsum dissolu-
tion relative to that of dolomite differs along the flow
path owing to possible heterogeneity of the miner-
alogy and/or differences in reaction kinetics for the
same net mass transfer as in Table 6.

Figure 2A shows four hypothetical reaction paths com-
puted between Polk City and Wauchula by varying the rel-
ative gypsum to dolomite solution rates for reaction model
7 of Table 6. In simulating the reaction paths, the irre-
versible net mass transfers of CO,, CH,0 and FeOOH were
computed in linear proportions to the net gypsum mass
transfer. This assumption is justified since most of the mass
transfer is determined by the dissolution of dolomite and
gypsum. Thermodynamic constraints were used to deter-
mine the amounts of pyrite and calcite precipitated. We
have chosen total dissolved sulfate as our progress variable
which is nearly equal to the amount of gypsum dissolved.

Path 1 (Fig. 2A) assumes that gypsum is less abundant
near the recharge area such that most of the dolomite dis-
solution occurs prior to contact of the ground water with
gypsum. In simulating this reaction path in PHREEQE, it
was found that the saturation index of dolomite (observed
at Wauchula) was significantly exceeded early along reaction
path |. Thus, reaction path 1 as defined is thermodynam-
ically impossible. A second reaction path (Path 1a) was then
constructed to dissolve the maximum amount of dolomite
relative to gypsum without exceeding the observed end point
saturation index of dolomite as a function of reaction prog-

Results of the Mass Balance Calculation for a System Partially

Open to COy. Values of ap in mmols/kg Hy0

Reaction Models

Plausible Phases 7 8 9 10 1 12
Caco ~1.84 -19.18 -~ - - -
CaMg(C03)5 0.96 . ~- - - - -
caso, *2H,0 1.68  1.68 1.68 1.8  1.68  1.68
€0y 0.53  0.53 0.9 047  0.57 0.56
CHy0 0.17 0.17 0.6 0.8 - -
FeOOH 0.03  0.03 -0.03 ~0.002 =-0.03 -0.002
FeS, -0.03  ~0.03 -0.03 - -0.03 -
Ca gs5Mg,05C03 - 19.26 - - - -
Cay.o5ME.90Fe 05(C03)y == 102 102 102 1.12
Fe§ - - -~ =0.05 - -0.05
CHy, - - - - 0.08 0.09
Ca ggMg 02003 - - L2090  -2.09  -2.09  -2.09
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FIG. 2. Predicted variation of magnesium, calcium, pH and 8"3C in ground water between Polk City
(PC) and Wauchula (W) assuming the relative rates of dolomite to gypsum dissolution defined in A,

ress. Path 1a then defines the thermodynamic upper bound
of the dolomite mass transfer rate relative to gypsum. Path
2 is the net path, that is, the dolomite to gypsum solution
rate is constant as a function of reaction progress as defined
by the net mass transfer (Table 6). In the final path (Path
3) we assume that the kinetics of dolomite dissolution are
slow relative to gypsum such that most of the gypsum dis-
solves before dolomite (Fig. 2A).

Figures 2B and 2C show the predicted variation of total
calcium and pH as a function of the assumed reaction paths
between Polk City (PC) and Wauchula (W). Notice that in
Figs. 2A-2C the computed values of Mgr, Car and pH at
Wauchula are identical to the observed. This is required
since each path obeys the same net mass transfer as defined
by the mass balance method, and since in our simulation,
we accounted for the charge imbalances of the initial and
final waters (Table 2) and the observed end point saturation
index of calcite in determining the amount precipitated.

Contrary to the computed water composition which
agrees perfectly with the observed end point value, the cal-
culated end point value of §'>C depends on the isotopic
composition of incoming carbon and reaction path. Figure
2D shows the computed evolution of §'3C between Polk
City and Wauchula assuming 8'3C of incoming CO, and
CH,O is —25% and 8'>C of dolomite is 0% (see Appendix
3 for further details). The computed endpoint values of 813C
for paths 1, 1a, 2 and 3 are —9.65, —9.07, —8.81, and
—8.87%o, respectively. Excluding path 1 (—9.65%0) which
is thermodynamically invalid, Figure 2D shows that for a
wide range of reaction paths, the predicted value of §3Cat
Wauchula (for reaction model 7) is nearly insensitive to
reaction path within the uncertainty of the observed §"C

value (+0.1%0). Reaction paths 1a, 2, and 3 all predict values
of §3C at Wauchula slightly lighter than the observed
(—8.5%0), and will closely match the observed value if, for
example §'*C of dolomite is near 0.7%o rather than the as-
sumed 0.0%o.

Although variations in reaction path have no effect on
the computed end point water composition when con-
strained by the observed net mass transfer, and have little
effect on the computed final carbon isotopic composition,
large differences in computed chemical and isotopic com-
positions are predicted at intermediate points depending on
choice of reaction path. Included on Figure 2 are the ob-
served values of Mg, Car, pH and §'3C at the intermediate
well, Ft. Meade (FM). Figure 2 shows that the net path (path
2) closely approximates the dolomite and gypsum mass
transfers at the intermediate well, but since total calcium,
pH and §'C are not accounted for at the intermediate well
by the net path, it is suggested that other irreversible mass
transfers such as CO, and/or CH,O do not vary linearly
with the gypsum mass transfer. We will examine this ques-
tion more closely later.

Since we have shown that the calculated endpoint & Bc
is nearly independent of reaction path, we have calculated
513C at Wauchula for reaction models 7-12 using the net
path (Table 6). The isotopic calculations assume the carbon
isotopic composition of organic matter and CO, is —25.0%
+ 5.0%, and methane was taken as —40.0 and —80.0%.
Using these values for the additional carbon sources, 8i3C
at Wauchula was calculated from Eqn. (A3.1) for a range
of values of 8°3C of the magnesium source mineral. Table
7 summarizes values of the average §'3C of incoming car-
bon, 6'3C*, and §C of the magnesium source mineral,
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Table 7: Results of Stable Carbon
Isotope Calculations !

Model 613c"(‘m4 sl3c* 2 §13c% 3

7 - ~6.18 0.7 +1.8

8 - ~7.36 -6.7 £ 0.2

9 - -6.36 -0.9 * 1.4
10 - -6.36 ~0.9 % 1.4
11 -40.,0 ~6.36 ~0.4 1.3
11 ~-80.0 =-6.36 1.0+1.3
12 ~40.0 -6.36 -0.3 £1.3
12 -80.0 -6 .36 1.2 1.3

o
o

1 GlscCHZO and 613cco2 assumed to

-25.0 * 5.0%00, &3¢, = -11.4
(Table 2), wC = 2.843, mC, = 2.054
(Table 2), s = 1.2% 00, calcula-
tions made ab 25°C, results reported
in % o0,

2 Average carbon isotopic composition
of incoming carbon required for each
model to predict the observed é13¢
at Wauchula. See eqn. A3.4.

3 Carbon isotopic composition of the
magnesium source mineral (see Table
5) required for each_model to pre-
dict the observed §13C at Wauchula.

8'3C*, that are required for each reaction model of Table
6 to predict the observed §'*C at Wauchula (—8.5%). (See
Appendix 3.)

Two distinct stable carbon isotopic groupings of dolomite
are observed in the Floridan aquifer: heavy dolomites which
- range from +0.1 to +1.0%0 and a lighter group which range
from —3.1 to —7.5%0 6'3C (HANSHAW and Back, 1972).
Although no isotopic data are available for the magnesian
calcites in the Floridan aquifer, they are expected to be
'of biogenic marine origin and similar to marine cal-
cites in the Floridan aquifer which range between —0.4 to
+0.6% 6'*C.

Comparison of the expected isotopic composition of
magnesium source minerals in central Florida with the value

required for each model to predict the observed 83C of -

Wauchula water (Table 7) indicates that model 8 (Table 6)
may be eliminated from further consideration. Model 8 is
insensitive to §'*C* of CH,0 and CO, because of the large
implied mass transfer of carbon from Mg-caicite. Because
we do not find or expect large masses of isotopically light
magnesian calcites in central Florida, we may rule out
magnesian calcites as the source of magnesium along the
flow path. :

All of the remaining models of Table 6 (7 and 9-12)
predict the observed §'*C at Wauchula if 6'3C of dolomite
is assumed to be between —0.9 and 1.2% (+ ~1%.). Thus,
within the uncertainty of the isotopic data, only model 8
may be eliminated using carbon isotopic data. If the system
is open to a source of methane (models 11 and 12), so little

Table 8:
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methane is required in the mass balance (Table 6) that we
would be unable to detect a significant shift in §'*C at Wau-
chula even if §'3Ccy, varied between —40.0 and —80.0%.

We have now exhausted our available data in test-
ing reaction models, yet multiple reactions remain.
As the analytical data are saturation-insufficient with
respect to all iron-bearing minerals, we may use the
solubility calculations discussed earlier to test for
thermodynamic inconsistencies in the calculated
mass balance reactions.

Reaction model 7 shows a ferric hydroxide mineral
as reactant and a ferrous sulfide mineral as product.
Since we expect monotonic variations in reaction
path, reaction model 7 will be thermodynamically
invalid for a particular set of ferric hydroxide—ferrous
sulfide minerals, if the final water is oversaturated
with the ferric hydroxide reactant while just saturated
with the ferrous sulfide product.

The remaining models 9-12 derive all reactant
iron from dolomite. For these models, there are two
product phases, a ferric hydroxide and ferrous sulfide
mineral and no separate iron-bearing reactant. As it
is likely that both of these products grow from sig-
nificant oversaturation, there is no test, in the absence
of analytical data for dissolved iron, for identifying
thermodynamic violations of models 9~12. The sol-
ubility calculations can give us insights, however, into
the non-equilibrium requirements of models 9-12.

Because the thermodynamic data for ferric hydroxide and

_ferrous sulfide minerals show a great deal of variability de-

pending on crystallinity, we have considered a range of
phases using thermodynamic data tabulated by BALL ef al.
(1980). )

Using PHREEQE, ferrous iron in Wauchula water was
constrained to satisfy saturation for a particular ferrous sul-
fide mineral (pyrite, mackinawite, or FeS-precipitate). The
saturation indices of ferric hydroxide minerals (hematite,
goethite, and amorphous ferric hydroxide) in the modified
Wauchula water were then examined. The results are sum-
marized in Table 8. These calculations show that the iron-
mineral mass transfers in reaction model 7 are thermody-
namically valid if the reactant ferric hydroxide is similar in
stability to goethite or amorphous ferric hydroxide. Reac-
tion model 7 is thermodynamically invalid if FeS and he-
matite are substituted for pyrite and FeOOH, respectively. -
Hematite, however, can be excluded from the plausible
phases on the basis of petrographic evidence.

For models 9-12, the calculations of Table 8 show the
final water at equilibrium with ferrous sulfide minerals is

Testing Saturation-insufficient Data at Wauchula for

Thermodynamic Violations

Calculated Predicted Saturation Indices
o7, Fe at )
Iron Sulfide log K Wauchula 2 Hematite 3 Geothitée Y FeOOH 5
Pyrite 6 -18.469  1.27 x 10716 16,90 -10.95 -15.36
Mackinawite 7 -4.361  3.76 x 10~8 +0,05 ~2.48 ~6.89
FeS-precipitate 7  ~-3.915  1.95 x 10~/ +1.48 -1.76 -6.17

-

Wauchula ground water (25.4°C).

N

Hematite: Fe,0, + 6H' = 2Fe
Geothite: FeQOH + 3H' = pe3t
Amorphous FeOOH: FeOOH + 3HT =
Pyrite: FeS, + 20" + 2¢” = Fe?
FeS: FeS + Hf = Fe2* = s,

N s w

+ 2,0

Calculations made using the computer code PHREEQE at the temperature of.
Thermod ynamic data from Ball et al. (1980).
These amounts of ferrous iron added to Wauchula water cause changes in pH
and pe of Wauchula water ('l‘agl.e 1) of less than 0.0012.

* + 3,0, 1og K = -4.038

Log K = 0.486

kL 2H,0, log K = 4.891
+ 2HS™,
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significantly undersaturated with goethite and amorphous
FeOOH, the likely product minerals. These calculations
show that if the iron-mineral mass transfers of models 9-
12 are thermodynamically valid, the ferrous sulfide mineral
must be precipitating from significant oversaturation in or-
der to account for the oversaturation required to precipitate
FeOOH. As the Wauchula water is likely oversaturated with
both ferrous sulfide and ferric hydroxide minerals, we have
no basis for excluding reaction models 9-12 without ob-
taining reliable analytical data on dissolved ferrous and fer-
ric 1iron.

In the above analysis we have considered 12 sets
of plausible phases (Tables 3 and 5) and at this point
five of these sets remain in consideration (7, 9-12).
Many more reaction models are possible if we con-
sider differing stoichiometries of calcite and dolomite
and the choice of sulfide mineral stoichiometry. The
carbon isotope calculations are not sensitive enough
to make subtle distinctions in mineral stoichiometry
within the uncertainty of the known isotopic data.
As originally defined, our problem has led to multiple
reaction models.

The elimination process has been successful in
showing that (1) the reaction system must include a
carbon source of valence greater than zero, otherwise
the carbon balance would require much larger en-
richments of §3*Sso, at Wauchula, (2) the sulfur iso-
tope data combined with a sulfur mass balance show
that accompanying sulfate reduction, 1.68 mmols of
gypsum should dissolve and 0.03 mmols of pyrite
{or 0.06 mmol of FeS) should precipitate from each
kg of water between Polk City and Wauchula, and
(3) carbon isotopic calculations eliminate magnesian
calcites as important reactants.

The average valence of carbon in the carbon
source(s) is 3.0, as given by the reaction coefficients
() of Table 6. We have tentatively included CO,
(+4.0) with organic matter (0.0) or methane (—4.0)
in our reaction models (Table 6). Data are not avail-
able to support or exclude an argument of a single
(organic) carbon source of valence near 3.0. The re-
action model that remains is one of incongruent dis-
solution of dolomite (dolomite dissolution accom-
panying calcite precipitation) driven irreversibly by
gypsum dissolution. Accompanying the incongruent
reaction is the oxidation of a small amount of organic
carbon and sulfate reduction. Iron and sulfide con-
centrations are kept low by ferric hydroxide and
probably pyrite solubilities. Along the flow path, the
system is probably open to a source of CO;. The net
reaction between Polk City and Wauchula is simi-
lar to:

P.C. Water + 0.96CaMg(CO;),
+ 1.68CaSO, - 2H,0 + 0.17CH0
'+ 0.53CO, + 0.03FeO0H —
1.84CaCO; + 0.03FeS, + Wauchula Water, (11)

where the reaction coefficients {(in mmoles per kg
H,0) are from reaction (7), Table 6.

Although we have gained considerable insight into
the reactions in the Floridan aquifer through our
modeling effort, the elimination process is far from
complete. The most serious concern is the suggestion
that the ground-water system is partially open to
CO,, particularly since the deeper parts of the aquifer
approximate a closed system. If the ground water
were freely exchanging with the soil atmosphere, we
would expect modern 'C concentrations in the
ground water, which is not the case, However, we
cannot exclude the possibility of a very slow transport
of soil or unsaturated zone CO, into the aquifer along
the flow path (on the time scale of approximately one
mmol CO, per 1 of ground water per 20,000 years),
or alternatively, the possibilities of a deep source of
CO; beneath the Floridan aquifer, or CO, production
within the aquifer via fermentation (FOSTER, 1950).
The carbon isotopic data and reaction models appear
to be consistent with an isotopically light CO, source
such as —25.0 % 5.0%o.

In Fig. 2, we showed that the magnesium concentration
(and thus dolomite mass transfer) at the intermediate well
(Ft. Meade) was accounted for by the net reaction path
between Polk City and Wauchula. But, since the total cal-
cium, pH, §'°C (and total carbon) are not predicted by the
net path (at Ft. Meade), it was suggested that the CO, and/
or CH,O irreversible mass transfers do not vary linearly
with the amount of gypsum dissolved. As a means of dem-
onstrating one of the uses of reaction-path calculations, we
have considered the hypothesis that the source of CO; is the
unsaturated zone associated with the recharge area near
Polk City and that this CO, enters the ground water early
along the flow path. We further assume that organic matter
is more common in the deeper parts of the aquifer and is
thus oxidized in the more distant points along the flow path.

In modeling the reaction path with PHREEQE, the over-
all reaction of model 7 (Table 6) was divided equally into
early and later parts based on the net gypsum mass transfer.
In both halves of the overall reaction, dolomite was dis-
solved in linear proportion to the net gypsum mass transfer
while a constant supersaturation of calcite, at the observed
value of Wauchula, was used to determine the mass of cal-
cite precipitated. All of the net CO, mass transfer computed
by the mass balance method between Polk City and Wau-
chula was entered linearly in the first half of reaction. In the
second half of reaction, all of the CH,0 and FeOOH mass
transfers computed between Polk City and Wauchula was
entered linearly while maintaining equilibrium with pyrite.

Figure 3 shows agreement within the uncertainty of the
analytical data in the computed Mgr, Car, Cr and pH at
Ft. Meade supporting our assumption that CO, enters the
aquifer early and CH,O is oxidized late. Using 0%» for 83C
of dissolving dolomite; the net path (Fig. 2D) predicted a
value of 8'3C at Ft. Meade that was more than 1%» heavier
than the observed, but by entering the CO, mass transfer
early, the value of §'°C predicted at Ft. Meade is within
0.2%o of the observed.

Certainly one of the more important applications
of reaction path calculations is the prediction of water
composition at intermediate points along flow paths.
Such modeling can define areas where additional data
are needed to resolve reaction uncertainties. In our
problem, we actually had analytical and isotopic data
at an intermediate well and, therefore, most of the
reaction information could have been gained by solv-
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FIG. 3. Predjcted reaction path between Polk City (PC) and Wauchula (W) assummg the net CO, mass
transfer enters the ground water in the first half of reaction and organic matter is ox1dxzed in the last half

of reactlon

ing mass balance calculations for the paths Polk City
to Ft. Meade and Ft. Meade to Wauchula, without
" the necessity of performing reaction-path calcula-
tions. The reaction path calculations demonstrate,
though, that for reaction model 7, there is at least
one thermodynamically valid reaction path that is
consistent with the observations.

The reaction: pathi calculations do not support the
suggestlon of a fermentation source of CO,, unless
it can be reasoned that fermentation is important
only along the initial parts of the flow path. The pos-
sibility of introducing methane to the Floridan aqui-
fer (from presumably deep ground-water systems be-
neath the aquifer) cannot be excluded, but if methane
is being introduced to the aquifer, our calculations
show that less than 0.1 mmols of CH, per liter could
react in the system between Polk City and Wauchula.

One of the important applications of reaction identifi-
cation is in carbon-14 dating of ground water (WIGLEY et
al., 1978) In this case, a reaction model could be used to
pred1ct Anrg, the value of 'C activity in"the ground water
at Wauchula if there were no radioactive decay. The value
of Anq is-calculated in a manner similar to §"°C (Appendix
3) (note that §'“C = 10.4 — 1000., where 4 is in % modern).
In calculatmg values of A,q, all carbon sources other than
CO, were assumed to be “old,” with no "C content. The

Table 9: Flow Times and Velocities Based On Corrected 14¢.

C0y source ='50% modern €0y source = 0.0% modern

. At velocity At velocity
Model  Apg(X%) years n/yr Mg (%) years n/yr

11.61 8,000
10:45 7,200

7 18,33 11,800 8.5
9.4
10.45 7,200 9.4
9.4
9.4

9 16.39 10,900
10 16.15 10,800
11 17.34 11,300
12 17.21 11,300

10.45 7,200
10.45 7,200

oo
Soid

CO; source was assumed to be gither very old, such as from
a deep source (Aco, = 0.0%), or 50% modern,a reasonable
value for unsaturated zone CO,. Thus, depending on our
choice for the 1C. content of the CO, source, two values of
Ayxa were calculated. The time in years required for flow
between Polk City and Wauchula, A, is calculated from the
14C activity observed at Wauchula (4 = 4.4%, Table 1) and
the calculated value of A, (using the known “C half-life)

At years = ?—732—01 (A"d). (12)

It is of interest to calculate the uncertainty in.age of
Wauchula water resulting from differences in reaction stoi-
chiometry and our alternative hypotheses in the nature of
the CO, source. Table 9 gives calculated values of 4,4 for
models 7, and 912 (Table 6), flow times between Polk Clty
and Wauchula, and the implied average flow velocity over
the 68 km distance. The calculations of Table 9 demonstrate
that the different stoichiometries of reaction models 7 and
9-12 lend only minor uncertainties to carbon-14 dating of
Wauchula water. Larger uncertainties, on the order of 30%,
remain if the CO, source is 0% modern rather than 50%
modern. Accépting these uncertainties, the reaction mod-

eling effort indicates flow velocities of 6 10 9 m/yr along the -

flow path. This estimate of velocity compares well with es-
timates based on hydrologic models of the Floridan aquifer
between Polk City and Wauchula (7 to 10 m/yr, HANSHAW
et al., 1965). .

SUMMARY AND CONCLUSIONS

Given the observed chemistry of a ground-water
system, the number of plausible phases that might
be reacting in the system is almost always larger than

the number of elements required to define the com-

position of the plausible phases. As a result, multiple

reaction hypotheses are generated. Reaction identi- -

fication is a process of eliminating.sets of plausible
phases from further consideration. The elimination
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process utilizes both mass balance and reaction path
calculations.

Mass balance calculations are regarded as an in-
verse problem in which a reaction model is con-
strained to satisfy the elemental composition of “ini-
tial” and “final”” waters. Thermodynamic constraints
are not an explicit part of the mass balance meth-
odology. Reaction-path calculations, on the other
hand, specify an initial composition of an aqueous
phase and a variety of assumptions involving pro-
cesses, such as irreversible reactions, assumed equi-
librium with specified phases, etc., and then predict
the evolution of water and rock as a function of re-
action progress. The reaction path calculations are
not explicitly constrained to satisfy chemical com-
position of the “final” water. Thus, we can compuie
mass balance models and attempt to find those that
are thermodynamically rigorous, or we can calculate
reaction paths and hope to find the appropriate pro-
cess assumptions that calculate observed water com-
positions. '

Our study of the reaction identification process
indicates that mass balance calculations accounting
for conservation of mass and electrons in net chem-
ical reactions, when combined with the speciation
calculation, are extremely useful in defining possible
reactions from the observed data.

Since mass balance models are not constrained by
thermodynamié criteria, it is usually necessary to
check each model for thermodynamic violations.
Several tests for thcrmodynainic violations in mass
halance models are provided by results of the spe-
ciation calculations at the endpoints of the flow path.
Thermodynamlc tests over the entire flow path are
provided by reaction-path simulations. If a reaction
path is found that reproduces exactly the composi-
tions of the initial and final waters for a particular
set of plausible phases, the computed net mass trans-
fer will be identical to that calculated by the mass
balance method for the same plausible phases. Gained
through the modeling exercise, though, is a demon-
stration that at least one thermodynammally valid
reaction path exists for the net mass balance reaction.

Aside from thermodynamic criteria, further elim-
ination of sets of plausible phases requires additional
independent data for the system, such as detailed
petrographic, mineralogic and 1sotopic information.

As an exampleé of the principles of reaction iden-
tification, we have included a problem from the Flor-
idan aquifer. Although requiring additional hydro-
logic, mineralogic, geologic and isotopic data, the re-
action identification scheme allows elimination of
seven of twelve proposed sets of plausible phases. All
remaining reaction models are similar and indicate
that between Polk City and Wauchula in central Flor-
ida the net reaction is the incongruent dissolution of
dolomite (dolomite dissolution with calcite precipi-
tation) driven irreversibly by gypsum dissolution,
with accompanying sulfate reduction and conserva-
tion of iron and sulfide probably among ferric hy-

droxide and pyrite. The modeling suggests the ground-
water system is open initially to CO, and reacts with
organic carbon at more distant points along the flow
path. The error in carbon-14 dating of the ground
water due to uncertainties in the choice of stoichi-
ometry of reactants and products appears to be small,
relative to age errors introduced by the uncertainty
in the nature and "C content of the external CO,
source. Predicted flow velocities based on the cor-
rected “C data are similar to those derived from hy-
drologic models.
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The example section is due to Plummer.

The modeling concepts presented in this paper have a
relatively long history of development. Early dlscussmns
with W. J. Peeples (Southern Methodist University) were
very helpful in attempting to formulate the problem of
chemical model uniqueness. Stimulating discussions with
William Back, B. B. Hanshaw, B. F. Jones (USGS), F. J.
Pearson, Jr. (INTERA), and T. M. L. Wigley (Umversxty
of East Anglia) helped define the uses of carbon isotopes in
mass balance and reaction-path calculations. The cooper-
ation and assistance of G. D. Bennett (USGS) in coordi-
nating our efforts with members of the Geological Survey’s
RASA (Regional Aquifer Systems Analysis) Program is
most appreciated. We particularly thank the many RASA
Program geochemists for their efforts in applymg this mod-
eling approach to their field studies—an exercise that often
identified problem areas in our method and led to significant
improvements in the final report. '

Several drafts of the manuscript were significantly im-
proved by the reviews of J. A, Apps, H. Bohn, J. F. Busby,
T. Henderson, C. L. Sprinkie, E. T. Sundquist and, partic-
ularly, T. J. Wolery who sparked new realizations of the
important role of reaction-path calculations in chemical
modeling,

REFERENCES

BACk W. and HANSHAW B. B. (1970) Comparison of chem-
ical hydrogeology of the carbonate peninsulas of Florida
and Yucatan. J. Hydrol. 10, 330-368. .

BALL J. W., JENNE E. A. and NORDSTROM D. K. (1979)
WATEQZ—a computerized chemical model for trace
and major element speciation and mineral equilibria of
natural waters. In Chemical Modeling in Aqueous Sys-
tems (ed. E. A. Jenne), ACS Symposium Series 93, 815~
835.

BUSENBERG E. and PLUMMER L. N. (1982) The kinetics of
dissolution of dolomite in CO,-H,O systems at 1.5 1o
65°C and 0 to | atm Pco,. Amer. J. Sci. 282, 45-78.

DEINES P., LANGMUIR D. and HARMON R. S. (1974) Stable
carbon isotope ratios and the existence of a gas phase in
the evolution of carbonate ground waters. Geochim. Cos-
mochim. Acta 38, 1147-1164.

FoSTER M D. (1950) The origin of high sodium bicarbonate
waters in the Atlantic and Gulf Coastal Plains. Geochim.
Cosmochim. Acta 1, 33-48.

GARRELS R. M. and CHRIST C. L..(1965) Solutions, Min-
erals and Equilibria. 450 pp., Freeman-Cooper.



682 L. N. Plummer, D. L. Parkhurst and D. C. Thorstenson

GARRELS R. M. and MACKENZIE F. T. (1967) Origin of the
chemical composition of some springs and lakes. In Equi-
librium Concepts in Natural Water Systems. Amer.
Chem. Soc., Adv. Chem. Ser. No. 67, 222-242,

HANSHAW B. B. and BAcK W. (1972) On the origin of
dolomites in the Tertiary aquifer of Florida. In Proc. Sev-
enth Forum on Geology of Industrial Minerals, Spec. Pub.
17 (ed. H. S. Puri) Division of Interior Resources, Bureau
of Geology, Florida Department of Natural Resources,
Tampa, Fla., 139-153.

HANSHAW B. B., BAcCK W, and DEIKE R. (1971) A geo-
chemical hypothesxs for dolommzatlon by ground water.
Econ. Geol. 66, 710-724.

HANSHAW B. B., BACK W. and RUBIN M. (1965) Radio-
carbon determinations for estimating groundwater flow
velocities in central Florida. Science 148, 494-495,

HELGESON H. C. (1968) Evaluation of irreversible reactions
in geochemical processes involving minerals and aqueous
solutions, I. Thermodynamic relations. Geoclnm Cos-
mochim. Acta 32, 853-877.

HELGESON H. C., GARRELS R. M. and MACKENZIE F. T.
(1969) Evaluation of irreversible reactions in geochemical
processes involving minerals and agqueous solutions, II.
Applications. Geochim. Cosmochim. Acta 33, 455-481.

HELGESON H. C., BROWN T. H., NIGRINI A. and JONES
T. A. (1970) Calculation of mass transfer in geochemical
processes involving aqueous solutions. Geochim. Cos-
mochim. Acta 34, 569-592,

JACOBSON R. L. and LANGMUIR D. (1974) Dissociation
constants of calcite and CaHCO7 from 0 to 50°C. Geo-
chim. Cosmochim. Acta 38, 301-318.

KHARAKA Y. K. and BARNES 1. (1973) SOLMNEQ: So-
lution-mineral equilibrium computations. NTIS Tech.
Rept. PB214-899, Springfield, VA, 82 pp.

LEGRAND H. E. and STRINGFIELD V. T. (1966) Develop-
ment of permeability and storage in Tertiary limestones
of the southeastern states, U.S.A. Int. Assoc. Sci. Hydrol,
9, 61-73.

LiLLey T. H. and BRIGGs C. C. (1976) Activity coefficients
of calcium sulphate in water at 25°C. Proc. Roy. Soc.
Lond. A. 349, 355-368.

MACKENZIE F. T. and GARRELS R. M. (1966) Silica-bicar-
bonate balance in the ocean and early diagenesis. J, Sed-
iment. Petrol. 36, 1075-1084.

MERINO E. (1979) Internal consistency of a water analysis
and uncertainty of the calculated distribution of aqueous
species at 25°C. Geochim. Cosmochzm Acta 43, 1533~
1542,

NORDSTROM D. K., PLUMMER L. N., WIGLEY T. M. L,
WOLERY T.J,, BALLJ. W., JENNEE. A., BASSETTR. L.,
CRERAR D. A, FLORENCE T. M., FRITZ B., HOFFMAN
M., HOLDREN G. R. JR.,, LAFON G. M., MATTIGOD
S. V , MCDUFFR. E., MORELF REDDY M. M., SPosITO
G. and THRAILKILL J (1979) A comparison of comput-
erized chemical models for equilibrium calculations in
aqueous systems, In Chemical Modeling in Aqueous Sys-

. tems (ed. E. A, Jenne), ACS Symposium Series 93, 857~
892.

PAIGE L. J. and SWIFT J. D. (1961) Elements of Lmea/
Algebra. Xerox College Publishing, 348 pp.

PARKHURST D. L., THORSTENSON D. C. and PLUMMER
L. N. (1980) PHREEQE—A computer program for geo-
chemical calculations. U.S. Geological Survey, Water-
Resources Invest. 80- 96, 210 pp., NTIS Tech. Rept.
PB81-167801, Springﬁeld, VA 22161.

PARKHURST D. L., PLUMMER L. N. and THORSTENSON
D. C. (1982) BALANCE—A computer program for cal-
culation of chemical mass balance. U.S. Geological Sur-
vey, Water-Resources Invest. 82-14, 33 pp., NTIS Tech.
Rept. PB82-255902, Springfield, VA 22161.

PEARSON F. J. JR. and HANSHAW B. B. (1970) Sources of
dissolved carbonate species in ground water and their
effects on carbon-14 dating. Isotope Hydrology 1970. In

Proc. Symposium of the International Atomic Energy
Agency, Vienna, 271-286.

PEARSON F. J. JR. and RIGHTMIRE C. T. (1980) Sulfur and
oxygen isotopes in aqueous sulfur compounds. In Hand-
book of Environmental Isotope Geochemistry, the Ter-
restrial Environment, vol; 1-A (eds. P. Fntz and J. Ch.
Fontes), 227-258, Elsevier.

PLUMMER L. N. (1977) Defining reactions and mass transfer
in part of the Floridan Aquifer. Water Resources Res. 13,
801-812.

PLUMMER L. N., JONES B. F. and TRUESDELL A. H. (1976)
WATEQF—A FORTRAN IV version of WATEQ, a
computer program for calculating chemical equilibria of
natural waters. U.S. Geol. Survey, Water Resources In-
vest. 76-13, 61 pp., NTIS Tech. Rept. PB-261027, Sprmg—
field, VA 22161.

PLUMMER L. N. and BAck W. (1980) The mass balance
approach: Application to interpreting the chemical evo-
lutjon of hydrologic systems. Amer. J. Sci. 280, 130142,

PLUMMER L. N. and BUSENBERGE. ( 1982) The solubilities
-of calcite, aragonite and vaterite in CO,-H,O salutions
between 0 and 90°C, and an evaluation of the aqueous
model for the system CaCO3-COz-H;0. Geochim. Cos-
mochim. Acta 46, 1011-1040.

PRIDE R. W,, MEYER F. W, and CHERRY R. N. (1961)
Interim report on the hydrologic features of the Green
Swamp area in central Florida, Fl. Geo:’ Surv. Inform.
Circ. 26, 96 pp.

PRIGOGINE I, and DEFAY R. (1954) Chemical Thermody-
namics. John Wiley and Sons, Inc., New York, 543 p.
RANDAZZO A, F. and HICKEY E. W. (1978) Dolomitization
in the Floridan Aquifer. dmer. J. Sci. 278, 1177-1184.
REED M. H. (1982) Calculation of mulncomponent chem-
ical equilibria and reaction progresses in systems involv-
ing minerals, gases and an aqueous phase. Geochim. Cos-

mochim. Acta 46, 513-528.

RIGHTMIRE C. T., PEARSON F. J. Jr., BACK W., RYE
R. O. and HANSHAW B. B. (1974) Distribution of sulfur
isotopes of sulfates in ground waters from the principle
artesian aquifer of Florida and the Edwards Aquifer of
Texas, United States of America. In Isotope Technigues
in Groundwater Hydrology, 2. Vol. 11, IAEA, Vienna,
191-207.

RIGHTMIRE C. T. and HANSHAW B. B. (1973) Relationship
between carbon isotope composition of soil CO, and dis-
solved carbonate species in ground water. Water Re-
sources Res. 9, 958-967.

RYE R. O., BACK W.,, HANSHAW B. B., RIGHTMIREC T.
and PEARSON F. J. JR. (1981) The origin and isotopic
composition of dissolved sulfide in ground water from
carbonate aquifers in Florida and Texas. Geochim. Cos-
mochim. Acta 45, 1941-1950.

STEWART J. W. (1980) Areas of natural recharge to the
Floridan aquifer in Florida. Florida Depl Nat. Resources,
Bur. Geology Map Series 98, Tallahassee, FL.

StumMM W. and MORGAN J. J. (1970) Aquatic Chemistry.
583 pp. Wiley-Interscience.

THORSTENSON D. C. and PLUMMER L. N. (1977) Equilib-
rium criteria for two-component solids reacting with fixed
composition in an aqueous phase—Example: The
magnesian calcites, A4mer. J. Sci, 277, 1203-1223.

THORSTENSON D. C., FISHER D. W. and CROFT M. G.
(1979) The geochemistry of the Fox Hills-Basal Hell
Creek Aquifer in southwestern North Dakota and north-
western South Dakota. Water Resources Res. 15, 1479-
1498,

TRUESDELL A. H. and JONES B. F. (1974) WATEQ: a com-
puter program for calculating chemical equilibria of nat-
ural waters. U.S. Geol. Survey J. Research 2, 233-248.

WALLF. T. (1965) Chemical Thermodynamics. W. H. Free-
man and Company. 451 pp.

WIGLEY T. M. L. (1977) WATSPEC: a computer program
for determining the equilibrium speciation of aqueous



Reaction models for ground-water

solutions. Brit. Geomorph. Res. Group Tech. Bull. 20, 48

pp.

WIGLEY T. M. L., PLUMMER L. N. and PEARSON F. J. JR.
(1978) Mass transfer and carbon isotope evolution in
natural water systems. Geochim. Cosmochim. Acta 42,
1117-1139. :

WIGLEY T. M. L., PLUMMER L. N. and PEARSON F. J.JR.
(1979) Errata. Geochim. Cosmochim. Acta 43, 1395.
WOLERY T. J. (1979) Calculations of chemical equilibrium
between aqueous solution and minerals: The EQ3/6 soft-

ware package. NTIS UCRL-52658.

APPENDIX 1
Definition of operational valance

Our convention for accounting for electron transfer is as
follows: 1) use the formal elemental valence for aqueous
redox species; 2) use the sum of the formal valences of redox
species which associate to form redox complexes; 3) use zero
for non-redox species; 4) assign zero to the valence of H
and O in aqueous species; 5) use zero for H* and OH™; 6)
use —2.0 for H3y and +4.0 for O%uq. We define a redox
species as a species of a particular element which can occur
in more than one oxidation state in the aqueous environ-
ment. As examples, vp2+ = +2.0 (Rule 1), vs0}- = +6.0
(Rules 1 and 4), vgso? = +8.0 (Rules 2 and 4), Unar = 0.0
(Rule 3), veyong = 0.0 (Rules 3 and 4), vy+ = 0.0 (Rule
5), Vndp = —2.0 (Rule 6), vy,0 = 0.0 (Rule 3). The oper-
ational valence of minerals, u,, is calculated similar to that
of aqueous species. The operational valence system defined
here is internally consistent and greatly simplifies our book-
keeping of electrons transferred during redox reactions. For
further reference, Table Al.1 lists values of v; for selected
species and values of u, for selected minerals. In non-redox
problems the redox state equation degenerates to a linear
combination of the mass balance equations and is omitted.

Mass balance problems of excess plausible phases

If &y, &, ..
sible phases («;;, &2, .+« -
be found, &', where

, @,4), then a new solution can

N
& =2 X (A1.1)
i=1

and
N
2x=1 (A1.2)
i=)

In this way, solutions to the linear equations may be con-
structed to involve mass transfer of more than E phases.
For example, consider reactions in a coal spoils pile open
to CO, and O, and containing pyrite, calcite, goethite and
siderite. This problem involves six plausible phases for
which we may write only five linear equations (four mass
balance equations on Fe, S, C and Ca of the form of Eqn.
(4) and one redox state equation similar to Eqn. (5)). We
have an indeterminant situation with five equations and six
unknowns. If we find two solutions to the mass balance and
redox state equations, &; and @, (& corresponding, for
example, to pyrite, calcite, goethite, CO2, and O, with Qggerite
=0; and &, corresponding to pyrite, calcite, goethite, siderite
and O, with aco, = 0) then, for arbitrary values of x; (x2
=1 — x,), & is also a solution of the equations where

Qpyrite = X104 Pyrite T X202, Pyrite (AL1.3)
lcatcie = X1@),Calcite T X202 Calcite (A1.4)
oo, = Xi@ti,co, T X200 (AL5)
oo, = X101,0, T X202,0, (A1.6)

., @y are solutions to the N subsets of plau-
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Table Al.l: Definition of vj and up for
selected aqueous specles
and minerals !

Species vy Mineral up
caZt 0.0 Caco. 4.0
2+ 0.0 Cang?coa)z 8.0
Nat 0.0 5% Fe-Dolo. 2 8.1
kt 0.0 NaCl 0.0
Fe?t 2.0 €aso, 6.0
Fe3t 3.0 FeOOH 3.0
- 0.0 Fe,0 6.0
505~ 6.0 Fe(%og 6.0
H §° -2.0 Fe§ 0.0
S -2.0 FeSy 0.0
HCO3 4.0 casly, 28,0 6.0
cHf ~4.0 " CH,0" 0.0
caHCo§ 4.0 KAL51 405 0.0
HyC08" 4.0 AL(OH), 0.0
No° 0.0 KOH 0.0
NO3 5.0 HyS gas -2.0
I
NH, -3.0 CH, gas -4.0
Feéoﬂ)z 3.0 €0y gas 4.0
Feso; _ 8.0 M gas ~2.0
H, OH 0.0 0, gas 4.0
] ~2.0 N; gas 0.0
020 4.0 Nﬁ3 gas -3.0
Hy0 0.0 CaFy 0.0

1 The list is obviously incomplete but
should serve as an example for other
species and minerals that may be
considered.

2 cay,o5Mg,90Fe .05(C03)2

(AL7)
(A1.8)

! -

QGoethite = X1&1, Goethite T X202,Goethite
, _ .

Giderite = X1 * 0+ X202 siderite

Other combinations of plausible phases are possible, and it
is necessary to check each model for thermodynamic vio-
lations, as discussed in the text.

An indeterminate problem arises when the stoichiome-
tries of the E plausible phases are not linearly independent.
An obvious example of non-independent stoichiometries is
the inclusion of polymorphs in the mass balance calculation.
Other occurrences of non-independent stoichiometries are
less obvious. For example, suppose the evolution of a final
water from an initial water involves reactions with calcite,
dolomite, Na*/Ca®* ion exchange and Na*/Mg>* jon ex-
change. We have four plausible phases for which four mass
balance equations could be written (for Ca, Mg, Na, and
C). The mass balance cannot be solved, however, because
in this case the stoichiometries of the four phases are not
independent, that is, we can write the formation of dolomite
in terms of the stoichiometries of the other three phases

2CaCO; + MgX = CaMg(COs); + CaX.

Definition of the total set of mass balance models for a
given set of plausible phases

Let the linear equation be written as follows:

¢
AM = 2 a,b, (A1.9)
i=1

where AM is the vector of changes in concentration and
B; is the vector of stoichiometric coefficients of the / % plau-
sible phase. 237 and b; are J-tuples AM = (AM, . . ., AM))
and b; = (b, - .., biy). Solutions to the equation are ¢-
tuples & = (e, . . . , ;) where a, is the mass transfer of the
p™ phase. It can be shown (see PAIGE and SWIFT, 1961, p.
60-66) that the solution to the homogeneous equation,

(A1.10)

is a vector space of dimension ¢ — J. Thus if ¢ — J linearly
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independent &, (&, &, . . . , &) are found, then all of the
solutions to Eqn. (A1.10) are defined by linear combinations
of those vectors. Let the set of all solutions to Eqn. (A1.10)
be called V. Then if &, is a solution to Eqn. (A1.9) and if
v is any element of ¥, a; + v is a solution to Eqn. (A1.9).
Furthermore, all solutions to Eqn. (A1.9) can be written in
this form. In a mathematical sense, one solution to Eqn.
(AL.9) and ¢ — J linearly independent solutions to Eqn.
(A1.10) determine all possible solutions to a mass balance
problem.

Calculation of the total Gibbs free energy change for
a net mass balance model

If the analytical data are saturation-sufficient, it is also
theoretically possible to calculate the total free energy
change for a net mass balance reaction model. Following
WALL (1965, p. 218-221), the change in Gibbs free energy
for a net isothermal reaction is

I I P
AG=G'~G=2 nipi— 2 nay + 2 ny  (ALLI)
i=1 =1 =1
where n; is the total number of moles of the /™ aqueous
species (including water) in solution, ; is the chemical po-
tential of the i*" species, n, is the total mass transfer of the
" phase (in moles), and #, is the chemical potential of the
p™ phase. The prime refers to quantities calculated from the
final water composition and non-primed quantities are from
the initial water. Substituting the definition u; = p? + RT
In a; where p° is the standard chemical potential and g; is
the activity of the i species; and performing all calculations
relative to one kg H,0, it can be shown that

1 . P
AG = 2.303RT[E milog X+ 3 a,,SI;,:l (AL.12)
i=1 i

a; p=1

where AG is the change in Gibbs free energy per kg H,O,
m; is the molality of the i** species (including water where
Mo = 55.509) in the initial solution, and «,, is defined by
the mass balance calculation (Egns. 4-5).

Calculation of the first summation in Eqn. (A1.12) re-
quires definition of the activity of water in mixed electrolyte
solutions, plus thermodynamic speciation calculations for
the initial and final waters. The importance of the activity
of water in Eqn. (A!.12) cannot be overlooked because,
even though the term log ak,0/an,0 is usually only slightly
less than zero, it is multiplied by 55.509 in the summation.
In comparison, other dissolved species may have much
larger values of the term log aj/a; but are multiplied by m;
values orders of magnitude smaller than that of water. Using
the approximation (GARRELS and CHRIST, 1965) for the
activity of water in dilute solutions

I
o ~ 1.0 — 0.017 2 m;, (A1.13)
i=1

preliminary calculations indicate that for typical ground
waters with total dissolved solids increasing down hy-
drologic gradient, the first summation in Eqn. (A1.12) is
negative.

The second summation in Eqn. (A1.12) involves the mass
transfer coefficients, «,, defined by the mass balance cal-
culation and the saturation indices of all phases in the re-
action model. As discussed earlier, the product «,SI, will
be negative for thermodynamically valid reactions; thus, if
the reaction is thermodynamically feasible, the second sum-
mation of Eqn. (A1.12) will be negative.

APPENDIX 2
MASS BALANCE EXAMPLE INCLUDING
CONSERVATION OF ELECTRONS AND LINEAR
SULFUR ISOTOPE EQUATION

In calculating the net mass transfer in the evolution of
Polk City water to water at Wauchula, three types of equa-

tions are solved simultaneously: 1) chemical mass balance
(Ean. 4), 2) conservation of electrons (Eqn. 5), and 3) a
linear isotope balance equation (Eqn. 9). These equations
are developed below for a reaction model that assumes the
following set of seven plausible phases: Calcite (CaCOs),
Dolomite (CaMg(CO;),), Gypsum (CaSQ, - 2H,0), organic
matter (CH,0), Carbon Dioxide (CO,), Ferric Hydroxide
(FeOOH), and Pyrite (FeS,), (model 7 of Table 5).

Chemical mass balance

Five elements (excluding H and O) are required to define
the stoichiometry of the plausible phases (Ca, Mg, C, S, and
Fe). Using values of Amry (in mmol/kgH,0) from Table
2, the five mass balance equations (following the form of
Eqn. 4) are:

Ccalcite T Cdolomite T Ygypsum = A, = 0.799  (A2.1)
Clactomite = Az = 0.963  (A2.2)

Geatcite T 2ggiomite
+ dengo + aco, = Amre = 0789 (A2.3)
Cgypsum + 20y = Amirs = 1,624 (A2.4)
Qre00H + 2apyme = Atirpe = 0.0 (A2.5)

Values of o, are negative for precipitation and positive for
dissolution, and have units of mmols/kg H,O.

Conservation of electrons

Since our problem involves changes in oxidation state,
one equation of the form of Eqn. (5) may be included. Using
the value of ARS defined between final and initial water
(Table 2) and the given set of plausible phases, the conser-
vation of electron equation is:

4ecucite + 8olomite + 6agypsum + Oacryo + 40‘(‘02
+ BaFcOOH + Oapymc = ARS = 12.620. (A26)

Note that the pyrite and organic matter terms drop out of
the electron conservation equation because their operational
valence is zero. The coefficient for the dolomite term (=8)
is the product of the operational valence of carbon in do-
lomite (=4) and the stoichiometric coefficient of carbon in
dolomite (=2).

Linear isotope equation

Isotope balance equations may be included with the linear
mass balance and electron balance equations provided the
reaction is either congruent (i.e. mineral dissolution only),
or, if incongruent, the fractionation between solution and
precipitating solid can be neglected. Of the two elements for
which we have isotopic data (C and S) both are involved
in incongruent reactions (precipitation of calcite and pyrite).
Because of the small changes in carbon isotope values along
the flow path, the precipitation of calcite must be treated
as a (non-linear) Rayleigh distillation process (see Appendix
3) and may not be approximated with a linear isotope equa-
tion. On the other hand, the sulfur isotopes are involved in
a very large fractionation during sulfate reduction of ap-
proximately 55%. along the flow path between Polk City
and Wauchula and we are safe in ignoring the small frac-
tionation between dissolved total sulfide and pyrite (of per-
haps | to 2%.). Therefore, following the form of Eqn. (9)
the linear sulfur isotope balance equation is

a0 Sy + 20tyite0**Spyrite = AMS (A2.7)
where
A¥S = [m'r,s5345T]W - [mT,s'534ST]Pc- (A2.8)

The isotopic composition of total dissolved sulfur §*Sy at
Wauchula is
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88y = .mT.so§'534sso4's+ 711,58 *Shas . (A29)
T

The isotopic composition of sulfate and sulfide at Wauchula
are given in Table | (24.9%0 and —32.9%, respectively). The
total concentrations of sulfate and sulfide at Wauchula are
given in Table 2 (1.614 mmol/kg H,O and 0.035 mmol/kg
H,0, respectively). These two constituents are combined
to give St (1.649 mmol/kgH,0). Using these values 3*St
at Wauchula is 23.673%.. Since dissolved sulfides are not
present in the Polk City water, 6**St at Polk City is that of
sulfate alone (~14%, Table 1). Using these values of §*St
and the total concentrations of sulfur at Wauchula and Polk
City (1:649 and 0.025, respectively, Table 2), A*S from
Eqn. (A2.8) is 38.687. Using the §*S values of +22%» for
dissolving gypsum and —32.9% for precipitating pyrite
(which ignores a small fractionation between solution and
solid), the linear sulfur isotope equation (Eqn. A2.7) is

22,05y — 65.80tpyiie = 38.687. (A2.7)

Equations (A2.1)-(A2.7) are linear, independent and may
be solved simultaneously using linear algebra techniques
(see BALANCE, PARKHURST e! al., 1982) to yield the un-
known values of «,, and give @caucite = —1.842,
Udolomite = 0963, Qgypsum = 1678, QCcH0 = 0171, &co,
= 0.534, apoon = 0.027, and apye = —0.027 (Table 6).
If the chosen set of plausible phases for reaction model 7
correctly includes the true reactant and product phases be-
tween Polk City and Wauchula, the net reaction is Polk City
water + 1.678 Gypsum + 0.963 Dolomite + 0.171 CH,O
+ 0.534 CO, + 0.027 FeOOH — Wauchula water + 1.842

. Calcite + 0.027 Pyrite.

APPENDIX 3
EVALUATION OF THE STABLE CARBON
ISOTOPE DATA

Each reaction model of Table 6 involved input of three
separate carbon sources (such as dolomite, CO,, and CH,0)
and precipitation of calcite. The isotopic composition of
carbon precipitated in calcite and the remaining carbon iso-
topic composition of the ground water depends on the non-
linear fractionation between precipitating calcite and solu-
tion, and linear isotope dilution from carbon sources. For
the case of three carbon inputs and one fractionating output
(Table 6), the isotopic evolution equation is (WIGLEY e al.,
1978, 1979)

513Cﬁnn}

- — £ —
(3,727 2)(0E) - 3+
= 7 (A3.1)

where §'3Cgaa is the carbon isotopic composition of the final
water (Wauchula) predicted by a particular reaction model.
In Eqn. (A3.1), ¢ is the (additive) fractionation between
precipitating solid (p) and solution (5). ¢y is related to the
fractionation factor fys (fps = Ry/Rs; R, and R being the
13C/"2C ratio of the precipitate and solution) by

6 = 1000(fps — 1) m 89C, — 8C,.  (A3.2)

Values of e, were calculated from MOOK (1979, written
commun.) which gives results at these temperatures similar
to calculations based on the compilation of DEINES ef al.
(1974) (see Fig. 3 of WIGLEY et al., 1978). Along the flow
path between Polk City and Wauchula e, is near 1.2%o. The

ratio of total carbon input along the flow path to that pre-
cipitated, I'T, is given by
3
dl dr drl
;o gy, ol lan
pei |do| ~ |dol " 1do|

for the case of three incremental inputs @/, and one output
dO of carbon. The term §'*C* defines the average carbon
isotopic composition of carbon input to the reaction. For
the case of 3 inputs

(A3.3)

3 3
S THBCE 2 bpea8tCE
shicx = &=t = 2=l

T 3 (A3‘4).
E bp,l:ap '
p=1

where 8!3C* is the isotopic composition of the p™ carbon
source, a, is the number of mmoles of the i* source in the
reaction (Table 6), and b, is the stoichiometric coefficient
of carbon in the p" carbon source. The terms 8 and £ sim-
plify the algebra and are defined by

-3
f=1+ (IOFTG"‘) (A3.5)
and -
r
5=————Iﬁ_ = (A3.6)

(see WIGLEY et al., 1978). The remaining terms in Eqn.
(A3.1), 8'3Cy, mCy, and mC are the carbon isotopic com-
position and total molality of carbon in the initial water
(Polk City) and.the total molality of carbon in the final
water (Wauchula). )

As an example of the use of Eqn. (A3.1), we again con-
sider reaction mode! 7 between Polk City and Wauchula.
The combined mass balance, conservation of electrons and
sulfur isotope balance equations imply the following carbon
mass transfers along the flow path (in mmol/kgH,0):
Qdolomite — 0.963, dco, = 0.534, OCH0 = 0.171 and Cealcite
= —1.842 (Table 6, and Appendix 2). From Eqn. (A3.3) we
find .

17 = oiomie + @co, + @m0 _ g 4rg34  (a37)

[acalcilcl

If the carbon isotopic compositions of dolomite, CO, and
CH,0 are 0.0%s, —25%0 and —25%. respectively, the average
isotopic composition of incoming carbon, §'*C¥, is (Eqn.
A3.4) —6.70%. Values of 8 and £ (Eqns. A3.5-A3.6) for
this example are 1.000840136 and —3.337395527. Values
of the remaining terms in Eqn. (A3.1) come from Tables
{ and 2 (8Cy = —11.4%0; mCy = 2.054; mC = 2.843). .
Using these values for the terms in Eqn. (A3.1), the cal-
culated carbon isotopic composition of water at Wauchula
is —8.84% which compares well with —8.5%» measured for
Wauchula water (Table 1). In practice it is convenient to

find the value of §'3C* that is required for Eqn. (A3.1) to
predict the observed §'C in the final water. In this example
a value of §'3C* of —6.18%. will, through Eqn. (A3.1) and
the mass transfer coefficients of reaction model (Table 6),
predict the observed 8'3C at Wauchula. From Eqn. (A3.4)
we find that if §'3C of CH,O and CO, sources are —25%s,
then the average isotopic composition of incoming dolomite
must be 0.7%. for the given reaction model to predict the
observed 8'3C at Wauchula. Assigning an uncertainty of
+5% to the isotopic compositions of CH,O and CO,, we
may repeat the calculation and determine the sensitivity of
the implied value of §'3C for reacting dolomite to uncer-
tainties in the other isotopic data used. Such an analysis
leads to 0.7 = 1.8% for reaction model 7 (Table 7).







