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Geochemical Modeling of the Madison Aquifer in Parts of Montana,

Wyoming, and South Dakota

L. NiIEL PLUMMER,! JoHN F. BusBY,2 ROGER W. LEE,> AND BRUCE B. HANSHAW!

Stable isotope data for dissolved carbonate, sulfate, and sulfide are combined with water compo-
sition data to construct geochemical reaction models along eight flow paths in the Madison aquifer in
parts of Wyoming, Montana, and South Dakota. The sulfur isotope data are treated as an isotope
dilution problem, whereas the carbon isotope data are treated as Rayleigh distillations. All reaction
models reproduce the observed chemical and carbon and sulfur isotopic composition of the final
waters and are partially validated by predicting the observed carbon and sulfur isotopic compositions
of dolomite and anhydrite from the Madison Limestone. The geochemical reaction models indicate
that the dominant groundwater reaction in the Madison aquifer is dedolomitization (calcite precipita-
tion and dolomite dissolution driven by anhydrite dissolution). Sulfate reduction, [Ca?* + Mg?*)/Na*
cation exchange, and halite dissolution are locally important, particularly in central Montana. The
groundwater system is treated as closed to CO, gas from external sources such as the soil zone or
cross-formational leakage but open to CO, from oxidation of organic matter coupled with sulfate
reduction and other redox processes occurring within the aquifer. The computed mineral mass
transfers and modeled sulfur isotopic composition of Madison anhydrites are mapped throughout the
study area. Carbon 14 groundwater ages, adjusted for the modeled carbon mass transfer, range from
modern to about 23,000 years B.P. and indicate flow velocities of 7-87 ft/yr (2.1-26.5 m/yr). Most
horizontal hydraulic conductivities calculated from Darcy’s Law using the average ¢ flow velocities
are within a factor of 5 of those based on digital simulation. The calculated mineral mass transfer and
adjusted C groundwater ages permit determination of apparent rates of reaction in the aquifer. The
apparent rate of organic matter oxidation is typically 0.12 umol/L/yr. Sulfate and, to a lesser extent,
ferric iron, are the predominant electron acceptors. The (kinetic) biochemical fractionation of 343
between sulfate and hydrogen sulfide is approximately —44%o at 25°C, with a temperature variation of
—0.4%o per °C. The rates of precipitation of calcite and dissolution of dolomite and anhydrite typically

are 0.59, 0.24, and 0.95 umol/L/yr, respectively.

INTRODUCTION

This report describes some of the results of a modeling
study [Busby et al., 1990] to determine the geochemical
reactions controlling water chemistry in the Madison aquifer
underlying approximately 120,000 square miles of the north-
ern Great Plains in parts of Montana, South Dakota, and
Wyoming.

Several earlier studies [Hanshaw et al., 1978; Plummer
and Back, 1980; Back et al., 1983; Busby et al., 1983] have
recognized dedolomitization as the predominant reaction in
the Madison aquifer. Dedolomitization refers to the net
dissolution of dolomite and precipitation of calcite caused by
dissolution of anhydrite. Plummer and Back [1980] and Back
et al. [1983] evaluated reactions in the calcite-dolomite-
anhydrite system in a limited portion of the Madison aquifer
near the Black Hills in western South Dakota. Busby et al.
[1983] presented chemical and isotopic data collected in the
present study area.

Because of the diversity of the hydrochemical conditions,
the aquifer was divided into eight regional subsets of the flow
system, and several other reactions beyond the dedolomiti-
zation reaction were considered in order to interpret the
observed water chemistry. The original data base of Busby et
al. [1983] was supplemented with sulfur isotope data for
dissolved sulfide species, permitting quantification of sulfate
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reduction. These data combined with the chemical and °

carbon isotope data of Busby et al. [1983] have allowed
refinement of geochemical mass balance models [Plummer et
al., 1983] on a regional scale. The geochemical mass balance
models have been used to adjust the “C data, permitting
hydrochemical estimation of water age, apparent reaction
rates, regional flow velocities, and hydraulic conductivities,
the latter of which are compared with digital simulation
results of Downey [1984, 1986].

GEOHYDROLOGIC SETTING

"The geohydrology of the Madison aquifer is é,ummarized'

from reports by Grossman [1968], Smith [197@], Sando
[1976a, b], Peterson [1978, 1981], Thayer [1981],“th'ow4 et
al. [1984], MacCary et al. [1983], Downey [1984, 1986], and
Cooley et al. [1986]. '

The major physiographic features in the area include the
Big Horn Mountains, the Laramie Mountains, the Big
Snowy Mountains, the Hartville uplift, and the Black Hills
(Figure 1). These highland features are the principal recharge
areas to the Madison aquifer [Downey, 1984]. Extensive
undulating plains dissected by streams lie between the uplift
areas and the regional discharge area for the aquifer system
in eastern North and South Dakota.

The Madison aquifer in this report is composed of the
Madison Limestone or Group where divided or stratigraphic
equivalents. The Madison Group, from oldest to youngest,
consists of the Lodgepole Limestone, the Mission Canyon
Limestone, and the Charles Formation of Mississippian age.

The Lodgepole Limestone is a cyclic carbonate sequence -

consisting largely of fossiliferous to micritic dolomite and
limestone units that are argillaceous and thinly bedded in
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Fig. 1. Map showing location of major structural and physiographic features in the study area. Modified from
Peterson [1981]. :

most of the study area [Smith, 1972]. The thickness of the
unit ranges from 0 to more than 900 ft (274 m) in the study
area and averages about 300 (91.4 m).

The Mission Canyon Limestone grades from a coarsely
crystalline limestone at its base to finer crystalline limestone
with evaporite minerals near the top. The sequence contains
one evaporite cycle and shares a second with the lower part
of the overlying Charles Formation. Bedded evaporites are
absent in most of Wyoming and South Dakota but occur in
southeastern Montana. The evaporite deposits thicken in the
Central Montana trough (Figure 1), reaching their maximum
areal extent in the Williston basin to the north. The thickness
of the Mission Canyon Limestone ranges between 0 and
about 650 ft (198 m) and averages about 300 ft (91.4 m).

The Charles Formation is the uppermost unit of the
Madison Group. It is 2 marine evaporite sequence consisting
of anhydrite and halite with interbedded dolomite, lime-
stone, and argillaceous units. The thickness of the Charles
Formation ranges from 0 to more than 295 ft (89.9 m) with an
average thickness of about 98 ft (29.9 m) in the study area.
Pre-Jurassic erosion.has removed most of the Charles For-
mation in the western and southern parts of the study area.

The major minerals in the Madison Limestone are calcite,
dolomite, and anhydrite [Thayer, 1981; R. G. Deike, U.S.
Geological Survey, written communication, 1984]. Minor
quantities of geothite, hematite, and quartz also are com-
mon. Nodular anhydrite occurs throughout the Mission

Canyon Limestone. R. G. Deike (written communication,
1984) also reported the presence of talc, fluorite, and chal-
cedony in the Mission Canyon Limestone penetrated by well
HTH 1 (well 14 in Wyoming, Table 1) and amphibole in the
Charles Formation penetrated by the same well. Thayer"
[1981] reported one example of dedolomite (calcite pseudo-
morph after dolomite) in HTH 1. The most common clay
minerals in the system are kaolinite and illite, some of which
are mixed-layer illite-smectite. Smectites also occur but in
quantities subordinate to those of other clay minerals.

Because the sulfate and carbonate rocks of the Madison
Limestone are relatively soluble in water, the development
of karst (solution) features is common. Sando [1974] de-
scribes ancient karst features, including enlarged joints, sink
holes, caves, and solution breccias, that developed in the
Madison Limestone in north central Wyoming. He further
indicates that most of the openings were filled with sand and
residual products reworked by a transgressive sea during
Late Mississippian time. Large and extensive cave systems
in outcrop areas of the Madison Limestone in the Bighorn
Mountains and in the Black Hills are further evidence of the
importance of the dissolution process in the development of
secondary permeability in limestone units.

Overlying the Charles Formation in parts of Montana and
South Dakota are rocks of Late Mississippian age belonging
to the Big Snowy Group. The Big Snowy Group is composed
mainly of shales and sandstones with minor limestone beds
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and was considered a confining unit of the underlying
Madison aquifer [Downey, 1984]. _

The relationship of the Madison aquifer to other bedrock
aquifers in the northern Great Plains is illustrated in Figure
2. Downey [1984, 1986] developed a digital simulation model
of the hydrologic system with two major aquifers and two
confining units, as shown in Figure 2. Figure 3 shows the
predevelopment potentiometric surface in the Madison aqui-
fer given by Downey [1984] and locates wells studied in this
report. Well numbers are keyed to the tables.

Downey [1984] found that the Madison aquifer functioned
as a confined aquifer with recharge in the western highlands
and a general direction of flow toward the northeast (Figure
3). Major discharge areas for the aquifer are along the
subcrop of the Madison Limestone in east central South
Dakota and eastern North Dakota and in the saline lakes in
northern North Dakota and saline springs and seeps in the
Canadian province of Alberta [Grossman, 1968; Downey,
1984]. '

Recharge entering the groundwater flow system in the
Black Hills follows two general paths. One component flows
north along the front of the Black Hills and then to the east
in response to structural and hydrologic controls. The other
component flows south along the front of the Black Hills and
then to the east, also in response to structural and hydrologic
control. Very little water recharged from the Black Hills
enters the Madison aquifer in the Powder River basin of
Wyoming [Downey, 1984, 1986].

The same general situation occurs for recharge waters
entering the Madison aquifer from the Big Horn Mountains.
Waters entering the northern end of the Big Horn Mountains

scale, cross-formational leakage between the Madison and
Cambrian-Ordovician aquifers can be neglected.

Busby et al. [1983] observed relatively depleted sulfur
isotope values for dissolved SO, in waters from the Madison
aquifer in northeast Wyoming. Because of the similarity of
these isotope values to values expected for anhydrites from
the overlying evaporites in the Pennsylvanian Minnelusa
Formation, these authors concluded that lowered heads in
the Madison, due to oil field secondary recovery procedures,
have caused downward leakage into the Madison in north-
east Wyoming. However, this conclusion is not supported
by the data of Downey [1984, 1986], which show that the
vertical hydraulic conductivity is approximately 6-7 orders
of magnitude less than the horizontal hydraulic conductivity
within the Madison aquifer in northeast Wyoming. Using a
nonlinear regression groundwater modeling approach,
Cooley et al. [1986] found no evidence of vertical leakage in
the Madison aquifer within the uncertainties of the hydro-
logic data on which the modeling was based. A later section
of this study demonstrates that the relatively depleted sulfur
isotope values for dissolved SO4 in northeast Wyoming are
consistent with an observed regional pattern throughout the
study area, possibly representing variations in the Mississip-
pian depositional environment.

By use of the digital simulation results of Downey [1984,
198671 and the dissolved solids map (Figure 4), eight regional
subsets (flow paths) of the flow system were identified
(Figure 5). For each flow path an average recharge water
composition was defined on the basis of the chemistry of
waters near the beginning of the flow path. Waters that had
passed through the soil zone but had not interacted signifi-

flow to the east, whereas waters entering along the flanks of
the mountains are diverted to the north by structural features

" along the eastern front of the mountain range.

Little recharge to the groundwater flow system occurs
from the Laramie Mountains, and the recharge that does
enter the system in this region moves toward the center of
the Powder River Basin [Downey, 1984].

Figure 4 shows the regional distribution of dissolved solids
within the Madison aquifer and locations of wells studied in

this report. The area in east central Montana bounded by the

Cat Creek fault and Porcupine dome forms an area of
elevated dissolved-solids concentration, indicating a posSi-
ble retardation of flow by geologic structure near the Big
Snowy mountains. The large dissolved-solids concentration
also could result from greater abundance of soluble minerals
in the aquifer. In eastern Wyoming a set of anticlines and
minor faults along the western front of the Black Hills
diverts recharge north and south around the Black Hills and
away from the Powder River basin of Wyoming. In south-
eastern Wyoming the Casper Mountain fault and Casper
arch appear to retard flow north from the Laramie Range.
The possibility of substantial cross-formational leakage
into the Madison aquifer from underlying -Cambrian and
Ordovician strata was considered during formulation of the
geochemical models and rejected. This conclusion was
based on the hydrologic modeling results of Downey [1984,
1986], which show that vertical hydraulic conductivity be-
tween the Cambrian-Ordovician and Madison aquifers is less
than 1078 ft/d (0.3 x 10~® m/d) throughout the study area.
This compares to horizontal hydraulic conductivities within
the Madison aquifer ranging from approximately 1-10 ft/d
(0.3-3 m/d). This comparison indicates that on a regional

cantly with the rock matrix were used to define the chemis-
try of the recharg\e water.

Generally, recharge waters were selected from sprmgs and
wells located within the recharge area with temperatures less
than the mean annual air temperature of 15°C, sulfate
concentrations of less than 100 mg/L, unadjusted ."*C con-
tent of at least 50% modern, and tritium content greater than
10 tritium units (TU). Wells and springs were selected for
sampling on the basis of records of the U. S. Geological
Survey. Wells selected represented a point source of water
in some formation of the Madison Group and were free of
contamination or chemical pretreatment. Table 1 lists all
wells and springs sampled, their total depth, interval sam-
pled, lithologic unit, and recharge and flow path designation.
All wells and springs are located on Figures 3 and 4 and
identified by index numbers given in the tables.

HYDROCHEMISTRY

Samples were collected for measurement of major and
minor elements using the methods described by Brown et al.
[1970] and are reported by Busby et al. [1983]. Only the
subset of those data judged useful in the geochemical model
are presented in this repbrt Field determinations were made
for pH, alkalinity, temperature, and specific conductance,
following the methods of Wood [1976].

Samples were collected for the analysis of C, tritium,
s13C, 8D, and §'80 using methods described by Busby et al.
[1983]. The 8*S content of sulfate was determined for
BaSOQ, samples precipitated in the field. The 534S content of
hydrogen sulfide was determined for cadmium sulfide sam-
ples precipitated in the field from acidified (to pH 4) water
samples. See Busby et al. [1990] for additional details.
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TABLE 1. Wells and Springs Sampled

Total Interval Water
Well . . Depth, Sampled, Yielding
State Number Well Name ft ft Unit* .
MT 2 Gore Hill 755 679-699 1
MT 3 Great Falls High School 426 400426 1
MT 4 Bozeman Fish Hatchery 200 © 115-200 1
MT 5 Bough Ranch 1299 1266-1299 1
MT 6 McLeod Warm Spring - spring 1
MT - 7 Big Timber Fish Hatchery spring 1
MT 8 Hanover Flowing Well 751 2
MT 9 Vanek Warm Spring spring 2
MT 10 Lewistown Warm Spring spring 1
MT 11 Blue Water Spring spring 1
MT 12 Landusky Spring spring 2
MT 13 Lodgepole Warm Spring spring 2
MT i4 HTH 3’ 7175 43734422 2
MT 15 -3 Keg Coulee 64576516 2,3
MT 16 Texaco C115X 6768 6079-6768 2
MT 17 Sumatra : 6854 6152-6854 2,3, 4
MT 18 Sleeping Buffalo 3199 3130-3199 2
MT 19 Sarpy Mine
MT 20 Mysee Flowing Well - 5102 5039-5102 2
MT 21 Colstrip 9337 7795-8340 -2,3
MT 22 Moore F.W. e e 2
MT 23 Ranch Creek 7260 7169-7260 1 .
MT 24 Belle Creek 7190 6991-7190 1
MT 26 Gas City . 7598 7434-7598 2
MT 27 Buckhorn Exeter 6519 6174-6335 1
SD 1 Kosken ’ e 2661-2936 1
SD 2 McNenny - 220 144-220 1
SD 3 Provo ) 3845 1
SD 4 Rhoads Fork F.W. 1
SD 5 Spearfish 879 650-879 5
SD 6 Fuhs } 551 548-551 1
SD - 7 Delzer 1 4557 e -
SD 8 Delzer 2 5453 e
SD 9 Cascade Spring . . spring
SD 10 Evans Plunge ° spring 1
SD 11 . Kaiser 689-781 5
SD 12 Jones Spring spring
SD 13 Black Hills Cemetery ™~ ) 5.
SD 14 Streeter Ranch 938 928-938 5
SD 16 Cleghorn Spring spring 1
SD 17 Lein * 3921 5
SD 18 Elisworth AFB . 4436 e 5
SD 19 Philip 4009 37834009 2
SD 20 Dupree - 4501 e 3
SD 21 Hamilton - 3760 . 1
SD 22 Hilltop Ranch 3379-4101 1
SD 23 Eagle Butte 4324 1
SD 24 Midland 3320 3166-3320 1
SD 25 Murdo 3314 e 1
SD 26 Prince 2838 2700-2746 1
SD 27 Bean 3510 3199-3510 5
wY 1 Mock Ranch 1594 1.
wY 2 Denius 1 3
wY 3 Denius 2 . 9423143 3
WY 4 Denius 3 3
wY 5 Hole in the Wall 432 1-
wY 6 Story Fish Hatchery 764 1
wY 7 Mobil 1112 1
wYy 8 Conoco 44 2680-2880 1
wY 9 Shidler : 6155 5141-6155 1
wY . 10 MKM 7178 6391-7178 1
wYy 11 Conoco 175 8845-9154 1
wY 12 Barber Ranch Spring 1467 - o
wY 13 Devils Tower 479 450469 1
wY 14 HTH 1 4341 2431-2595 2
wY 15 Upton 3159 29003159 4
wY 16 Coronado 2 4521 _ 40854521 1
wY 17 Osage 3071 2684-3071 1
wY 18 JBJ 6880 . 64766880 1
wY 19 Seeley 2816 2716-2816 1
wY 20 Voss* 2738 2467-2738 1
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TABLE 1. (Continued)
Total Interval Water
Well Depth, Sampled, Yielding

State Number Well Name ft ft Unit*
wY 21 Newecastle 2637 2618-2637 1
WY 22 Self 3596 3169-3596 1
WY 23 Martens Madison 640-718 1
wY 24 Mallo Camp spring 1
wY 25 Ranch A 1

Three dots indicate that data are not available. One foot = 0.3048 m. The states are designated by MT, Montana; SD, South Dakota; WY,

Wyoming. F.W. indicates flowing well, total depth unknown.

*Water yielding units are (1) Madison Limestone, (2) Mission Canyon Limestone; (3) Lodgepole Limestone; (4) Charles Formation, (5)
Pahasapa Limestone (Madison Limestone equivalent in western South Dakota).

Saturation State

In order to investigate thermodynamic controls on the
water composition, equilibrium speciation calculations were
made using WATEQF [Plummer et al., 1976]. These calcu-
lations provide saturation indices (SI) of minerals that may
be reacting in the system. The SI of a particular mineral is
defined as

IAP

SI = log X N n
where IAP is the ion activity product of the mineral-water
reaction and Ky is the thermodynamic equilibrium constant
adjusted to the temperature of the given sample. Pertinent
thermodynamic data used in these calculations have been
revised from the original WATEQF [Plummer et al., 1976]
and are summarized in Table 2. The full water analyses for
major and minor elements are given elsewhere [Busby et al.,
1983] and were used to calculate the saturation indices given
in Table 3.

Calculated values of the saturation indices of gypsum,
calcite, and dolomite are shown as a function of dissolved-
sulfate concentration in Figure 6. As dissolved sulfate in-
creases, the waters approach gypsum saturation. Although
gypsum is not known to occur in the Madison Limestone,
the saturation calculation is made with respect to gypsum
because the temperature dependence of the gypsum equilib-
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Fig. 2. Relationship between geologic units and units in digitall
simulation of flow system used by Downey [1984]. )

rium constant is known more reliably than that of anhydrite.
For the temperature and salinity ranges of waters from the
Madison aquifer, waters in equilibrium with anhydrite would
appear slightly undersaturated with gypsum, as expected by
the small difference in Gibbs free energy between the two
phases. Therefore most waters from the Madison aquifer
with SO, contents of more than approximately 14 mmol/kg
H,0 probably are saturated with respect to anhydrite (Fig-
ure 6).

Slight oversaturation of many of the waters with respect to
calcite is expected under conditions of dedolomitization
necessary to cause precipitation of calcite. The degree of
oversaturation required for calcite precipitation in the Mad-
ison aquifer is not known, however. Thermodynamic calcu-
lations accounting for pressure effects on the calcite equilib-
rium constant using molar volume data of Millero [1982]
indicate that waters in equilibrium with calcite at a depth of
approximately 5000 ft (1524 m) would appear oversaturated
with calcite with a saturation index not greater than 0.16 if
rapidly brought to the surface. This is a maximum estimate
of the apparent oversaturation due to pressure differences
becanse it does not account for pressure effects on the
aqueous carbonate species [Aggarwal et al., 1990]. In addi-
tion, the calcite cements accompanying the dedolomitization
reaction may contain significant amounts of sulfate, which
can enhance solubility relative to pure calcite [Busenberg
and Plummer, 1985]). 1t is likely that all these processes
contribute to the observed oversaturation with respect to
pure stoichiometric calcite. Many of the waters are quite
warm, typically 50°-80°C. Because of the elevated tempera-
ture there is significant potential for CO, outgassing during
field measurement of pH. However, significant pH error is
discounted because the pH measurements were made in a

" closed flow cell to minimize the effects of CO, outgassing.

Most water samples were clear, indicating little evidence of
gas bubble formation.

Except for some waters with very low sulfate concentra-
tions, the Madison aquifer is near saturation with dolomite
(Figure 6), if we accept an uncertainty of =0.50 in the
saturation index. The WATEQF calculations also indicate
that celestite saturation is approached as sulfate exceeds 14
mmol/L. Because the high-sulfate waters are near saturation
with calcite, anhydrite, and celestite, an application of the
Gibbs phase rule to the CaCO;-CaS04-SrSO, system at
constant temperature and pressure indicates that these wa-
ters cannot also be in equilibrium with strontianite. At
calcite, anhydrite, and celestite equilibrium, the strontianite
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Fig. 3.

Predevelopment potentiometric surface of the Madison aquifer, showing location and identification of wells

and springs sampled. Identification numbers are keyed to the tables. Modified from Downey [1984].

saturation index is defined for a particular temperature and
pressure by

KcKcel
K AnK S

SIg = log )
where K denotes the equilibrium constant and the subscripts
C, Cel, An, and S refer to calcite, celestite, anhydrite, and
strontianite, respectively. Using thermodynamic data from
Table 2, Slg is expectéd to be near —1.4 (25°C) in waters
from the Madison aquifer, which compares well with the
observed SIg of —1.2 * 0.2 calculated by WATEQF and
data of Table 2. .

The WATEQF results show considerable variation for
barite and siderite saturations, partly reflecting larger uncer-
tainties in the analytical data for dissolved barium and iron.
The calculations indicate, however, that most waters of the
Madison aquifer probably are saturated or oversaturated
with barite and undersaturated with siderite. Most of the
waters are oversaturated with respect to quartz but either
saturated or slightly undersaturated with respect to chalee-
dony throughout the temperature range [Back et al., 1983;
Busby et al., 1983]. ' .

In addition to providing SI information, the equilibrium
speciation calculations yield information on other parame-
ters of use during the modeling process. These include Pco,,
the redox state (RS) of the water [Parkhurst et al., 1980], the
total concentration of inorganic carbon (molal units), and a

conversion of the total concentrations of the other analyzed
elements to molal units. The molal concentrations (or milli-
moles per kilogram of water) of the elements and redox state
are summarized in Table 4 for the average recharge water of
each fiow path and for each subsequent well on the flow
path.

Analysis of Trend

The thermodynamic calculations discussed above deter-
mine which minerals may react reversibly and which may
react irreversibly in the Madison aquifer. On the basis of
these calculatibns, it is likely that anhydrite dissolves irre-
versibly in most of the system, whereas the water remains at
or near saturation with calcite and dolomite. It is appropriate
then to choose dissolved sulfate as a reaction progress
variable in examining trends in the water quality data.

Changes in predominant cations and anions are depicted
(on a mole percent basis) on the trilinear diagram for each
flow path in Figure 7. No single flow path shows the entire
evolutionary trend, but combined, the eight flow paths
complete different segments of the overall set of reactions in
the aquifer. The evolutionary path for cations proceeds from
a predominance of calcium and magnesium to sodium pre-
dominance. The anions proceed from a predominance of
bicarbonate to sulfite to chloride. This is the commonly
observed ‘‘major-ion evolution sequence’. [Freeze and
Cherry, 1979, p. 241], which was first recognized by Che-
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botarev [1955]. In the Madison aquifer this trend indicates
that the major element chemistry is determined initially by

. dissolution of calcite and dolomite, followed by dissolution

of anhydrite and, along several flow paths, dissolution of
halite.

There are distinct differences in the extent of reaction
progress along each flow path (Figure 7). Flow paths 1, 4, 7,
and 8 begin as calcium-magnesium-bicarbonate-type waters
but are significantly affected by anhydrite dissolution. Flow
paths 2, 3, and 5 are affected significantly by halite dissolu-

tion. Flow path 6 is controlled predominantly by carbonate

mineral reactions. Flow path 4 represents a relatively mature
water in which dissolution of anhydrite dominates over
dissolution of the carbonate minerals. Although waters along
flow paths 2, 3, and 5 are dominated by halite dissolution,
these flow paths also show evidence of earlier evolution in
the calcite-dolomite-anhydrite reaction system. For exam-
ple, flow paths 3 and 5 begin with waters similar in compo-
sition to those at the end of flow paths 1 and 8; and the initial
well on flow path 2 is predominantly calcium-magnesium-
bicarbonate. It is expected that more samples from wells
along the beginnings of flow paths 2, 3, and 5 would show the
full reaction path from predominantly Ca > Mg : HCO; to
Ca > Mg : SO, > HCO; waters.

Although the trilinear diagram (Figure 7) indicates changes
in the relative proportions of cations and anions, more
reaction information may be gained by examining actual

changes in concentrations as a function of reaction progress
(sulfate concentration). Systematic increases in both calcium
and magnesium as sulfate increases are shown in Figure 8.
Accompanying the increase in dissolved sulfate as a de-
crease in pH and an increase in P, (Figure 9).

These trends are consequences of the dedolomitization
reaction, as discussed by Hanshaw et al. [1978] and Back et
al. [1983]. Beginning with recharge water near saturation
with calcite and dolomite, dissolution of anhydrite adds
calcium to the groundwater, causing precipitation of calcite.
Calcite precipitation causes the pH to decrease (Figure 9)
(due to H* released from HCO; during incorporation of
COZ#~ in calcite). The decrease in pH increases the propor-
tion of H,CO% (= H,CO; + CO,) in solution and thus
increases the Pco, (Figure 9). The decrease in CO#~ con-
centration with decreasing pH causes the water to be under-
saturated with respect to dolomite, which leads to dolomite
dissolution and an increase in dissolved magnesium (Figure
8). The mass of anhydrite and dolomite dissolved in this
dedolomitization process exceeds the mass of calcite precip-
itated, resulting in a net increase in dissolved calcium
(Figure 8). Although these trends in Ca, Mg, pH, and Pco,
with SO, are evident in the waters from the Madison aquifer
(Figures 8 and 9), there is considerable variation between
sampling points and flow paths. This variation is due to
several factors, including differences in recharge water com-
position on differing flow paths, temperature variations, and
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Fig. 5. Vector map of the Madison aquifer flow system from J. S. Downey (written communication, 1984) showing
location of wells and flow paths studied. Solid shapes denote location of all wells sampled in the Madison aquifer:
squares (Wyoming), circles (Montana), and triangles (South Dakota). Numbers 1-8 identify flow paths. Location of
representative discharge wells (Table 1) are given. Open circles (no vector) correspond to flow velocities of less than
2 ft/yr (0.6 m/yr), and the greatest fiow velocities range from 50 to 75 ft/yr (15.2 to 22.9 m/yr) [Downey, 1986].

the occurrence of other reactions in addition to the dedolo-
mitization reaction.

Two trends are evident in total alkalinity as a function of
dissolved sulfate (Figure 10). Most waters show a decrease
in alkalinity with increasing sulfate, except for waters asso-
ciated primarily with flow paths 2 and 3 which have some of
the largest alkalinity concentrations (>300 mg/L, as HCO;3")
with large concentrations of dissolved sulfate. The decrease
in alkalinity is to be expected for evolutionary paths follow-
ing the dedolomitization reaction, but increases in alkalinity
concentrations: (flow paths 2 and 3) indicate the occurrence
of other reactions. Some oil field waters have been shown to
contain large contribution of carboxylic acid anions to the
total alkalinity at temperatures in excess of 80°C [Carothers
and Kharaka, 1978; Surdam et al., 1989]. Most of the
Madison waters sampled have temperatures below 80°C and
are thought not to contain significant contributions of car-
boxylic acid anions in the alkalinity. Although dissolved
organic carbon (DOC) was not measured, significant contri-
butions of carboxylic acid anions to the alkalinity would
have resuited in excessively large indications of oversatura-
tion with respect to carbonate minerals, which was not
observed (Figure 6, Tables 3-4). Cation exchange could
contribute additional HCO; along flow paths 2 and 3, in
addition to the dedolomitization reaction. In this case the

uptake of Ca2" and Mg?* and release of Na* from exchange
sites on clay minerals causes dissolution of carbonate min-
erals. The additional CO5™ released from carbonate mineral
dissolution reacts with dissolved H,CO%, resulting in excess
HCOj ", which is balanced by Na* released from cation
exchange.

There are additional contributions of sodium (and potas-
sium) from chloride sources. Figure 11 shows the variation
in sodium, potassium, and chloride with sulfate. Generally, -
waters with large concentrations of sodium also have large
concentrations of potassium and chloride, indicating evapor-
ite sources for these ions. Sodium and chloride concentra-
tions are small and nearly independent of sulfate along flow
paths 1, 4, 6, 7, and 8. At sulfate concentrations larger than
about 8 mmol/kg H,O, flow paths 2, 3, and 5 have much
larger concentrations of sodium, potassium, and chloride
than elsewhere in the Madison aquifer (Figure 11). Because
the molal concentrations of sodium plus potassium are
similar to the concentration of chloride for flow path 5, it is
likely that evaporite minerals are the primary source for
these ions there. Figure 11 also shows that the concentra-
tions of sodium plus potassium significantly exceed that of
chloride for flow paths 2 and 3 at sulfate concentrations
greater than about 8 mmol. These are the same waters that
contain unusually large concentrations of bicarbonate (Figure



PLUMMER ET AL.: GEOCHEMICAL MODELING OF THE MADISON AQUIFER 1989

TABLE 2. Summary of Revised Thermodynamic Data

Reaction Mineral AH? log X Analytical Expression Reference
Species

Ca?t + HCO5 = CaHCO4 4.11 1.095 log Keancos™ = 1209.120 + 0.31294T — 34765.06/ 1
T — 478782 log T

Ca?* + COZ~ = CaCOf 3.556 3.224 log Kcacof = —1228.732 — 0.299444T + 1
35512.75/T + 485.818 log T

CO,(g) = CO,(aq) —4.776  —1.468 log Ky = 108.3865 + 0.01985076T — 6919.53/T — 1
40.45154 log T + 669365./T?

CO,(aq) + H,0 = H* + HCO5 2177 -6.352 log K| = —356.3094 — 0.06091964T + 21834.37/T 1
+ 126.8339 log T — 1684915./T?

HCO; = H™' + COZ~ 3.561 —10.329 log K, = —107.8871 — 0.032528497T + 5151.79/T 1
+ 38.92561 log T — 563713.9/T

Sr?* + HCO;~ = SrHCO4 6.05 118 log Kgmco,” = —3.248 + 0.014867T 2

Sr2* + CO%~ = SrCo¢ 5.22 2.81  log Kseof = —1.019 + 0.012826T 2

Sr?* + S04~ = SrS0¢ 1.6 2.55 3

Minerals
CaCO; = Ca?* + COZ- calcite —2.297 —8.480 log K¢ = —171.9065 — 0.0779937 + 2839.319/T + 1
) 71.595log T
CaCO; = Ca?* + CO$¥~ aragonite ~ —2.589  —8.336 log K = —171.9773 — 0.077993T + 2903.293/T + 1
' 71.595log T
CaMg(CO3), = Ca?* dolomite —9.436 —17.09 4
+ Mg?* £ 2C03~ : - .

SrCO; = Sr?* + CO2- strontionite  —0.40 —9.271 log Kgirom = 155.0305 ~ 7239.594/T 2
— 56.58638 log T

SrCO4 = Sr?* + SO}~ celestite 0.228 —6.578 log Kcejest = 73.415 — 3603.341/T ' 5
—29.811510g T

CaS0, - 2H,0 = Ca?* gypsum —0.028 —4.602 log Kgy, = 82.090 — 3853.936/T — 29.8115 log T 6

+ S0%™ + 2H,0

CaSO, = Ca?* + SOZ~ anhydrite ~ —4.3 ~4.384 7

FeCO3 = Fe?t + CO3~ siderite —6.14  —10.57 8

BaSO, = Ba?* + SO~ barite 6.141  —9.978 9

References are 1, Plummer and Busenberg [1982]; 2, Busenberg et al. [1984]; 3, Smith and Martell [1976]; 4, Robie et al. [1978]; 5,
calculated from the data of Gallo [1935] for SrSO, precipitated, as given by Seidell [1958] and consistent with SrSOZ data of Smith and
Martell [1976); 6, calculated from the data of Marshall and Slusher [1966] using the aqueous model of WATEQF; 7, log K of Harvie
and Weare [1980] adjusted for consistency with log Ky, and AH from Parker et al. [1971]; 8, log K of Smith [1918] recalculated using
aqueous model of WATEQF at 30°C and adjusted to 25°C using AH? from Parker et al. (19713; 9, Parker et al. [1971]. Three dots indicate
that the analytical expression is not available, and for these AH? is the standard enthalpy of reaction, in kilocalories per mole at 25°C. The
Van’t Hoff relation was used to define temperaturé dependence of equilibrium constants. :

10). Thus there is a tendency to form sodium bicarbonate
waters along flow paths 2 and 3. The sodium bicarbonate
waters are expected to evolve from several possible mecha-
nisms [Foster, 1950; Thorstenson et al., 1979; Chapelle and
Knobel, 1985; Chapelle et al., 1987; Lee and Strickland, 1988].
In the Madison aquifer it is likely that sodium bicarbonate
waters form from the dissolution of carbonate minerals accom-
panying the exchange of calcium and magnesium for sodium on
clay minerals in the presence of sulfate reduction.

Most of the waters downgradient from recharge areas
contain traces of hydrogen sulfide (H,S); and in some cases
such as along flow paths 2 and 3, H,S concentrations greater
than 100 mg/L have been observed. Therefore, in addition to
the dissolution and precipitation reactions discussed above,
the possibility of redox reactions, especially sulfate reduc-
tion, need to be considered. Sulfate reduction alone also
could contribute to the excess bicarbonate along flow paths
2 and 3 (Figure 10). The data will be examined more closely
with mass balance models in conjunction with the carbon
and sulfur isotopic data to determine the extents of ion
exchange and sulfate reduction. '

On the basis of the analysis of saturation state and
chemical trends, the reactions along each flow path can be
summarized as follows: Flow paths 1, 4, 7, and 8 are

primarily examples of the dedolomitization reaction caused
by irreversible dissolution of anhydrite at or near calcite-
dolomite saturation. Flow paths 2 and 3 combine the dedo-
lomitization reaction with dissolution of halite and a potas-
sium chloride source such as sylvite, sulfate reduction, and
ion exchange (Ca2?* and Mg?* for Na™). Flow path 5 shows
evidence for the dedolomitization reaction accompanied by
halite dissolution. Flow path 6 is controlled primarily by
CO,-carbonate mineral reactions, with only small quantities
of anhydrite dissolution,

Mass BALANCE REACTION MODELS

We now attempt to test the above reaction hypotheses by
constructing geochemical mass balance models for the
changes in water composition between the recharge water
and each downgradient well. In modeling the chemical
evolution of water and rock in the Madison system, use is
made of the fact that the correct reaction model will describe
both the observed chemical and isotopic composition of
aqueous and solid phases. Inclusion of isotopic data in
reaction modeling provides additional criteria for testing
reaction hypothesis. The modeling approach that follows is
similar to that of Plummer et al. [1983].
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TABLE 3. Results of Thermodynamic Speciation Calculations

Saturation Indices

Well .
Flow Num- Log Cal- Arago- Dolo- Gyp- Anhyd- Side- Stront- Celes-

Well Name Path - State- ber Pco, cite nite mite  sum Tite rite  --ianite tite  Barite
Lewistown Big Spring Rl MT 10 -240 001 -015 -027 -141 -1.80 -146 -1.37 -1.68
Hanover Flowing Well  F1 MT 8 ~-238 025 0.11 035 =133 -1.60 =175 =-1.03 -1.45
Vanek Warm Spring F1 MT 9 =217 014 -0.01 006 -0.96 -1.24 ~-1.58 -115 -1.09
Landusky Spring F1 MT 12 =201 0.15 0.00 020 -0.43 -0.70 -1.85 -1.18 -0.60
Lodgepole Warm F1 MT 13 -1.80 011 -0.03 022 -046 -0.61 ~1.98 -1.22 -—0.58

Spring
Sleeping Buffalo F1 MT 18 -1.81 0.18 0.04 020 -0.07 -~0.15 -0.81 -1.21 -0.22
Bozeman Fish R2 MT 4 -2.60 0.19 0.04 00t -2.26 -2.68 -0.74 -1.82 -3.17

Hatchery . :
Big Timber Fish R2 MT 7 =237 005 =011 -027 -220 =259 ~-186 -—1.53 —2.66

Hatchery .
Mcleod Warm Spring F2 MT 6 -—214 0.02 -0.13 -010 -1.52 -1.74 -1.72 -2.07 -
Sumatra F2 MT 17 -0.83 0.18 007 -016 -0.58 -0.48 -1.76 -0.88 —-0.37 0.09
Keg Coulee F2 MT 15 -0.88 0.05 —-0.07 -026 -042 -038 -—0.77 -1.14 -034 041
Texaco C115X F2 MT 16 -0.68 0.07 -0.04 -038 -0.38 -0.28 -1.64 -1.13 -030 -
Mock Ranch R3 WY 1 -220 -0.00 -0.16 -033 -2.68 -3.07 -1.65 -1.93 -349 -0.06
Denius 1 R3 WY 2 =232 -0.11 -0.26 -025 =239 -2.80 -098 -1.94 -3.12 -
Colstrip F3 MT 21 -0.89 0.12 0.02 -0.60 -041 -030 -0.68 -1.10 -036 -
Sarpy Mine F3 MT 19 -120 027 0.16 0.00 -0.28 -0.18 -0.41 -1.00 ~1.27 -0.60
Gas City F3 MT 26 -0.70  0.56 0.46 052 -031 -0.20 ° -0.94 -0.66 -0.25 0.32
Bluewater Sprin, F3 MT 1 -2.08 0.37 0.22 0.09 -0.04 -0.38 -248 -1.19 -047 1.70
Moore : F3 MT 22 -0.88 048 0.37 045 -030 -020 -1.71 -0.74 -024 0.39
Mysse Flowing Well F3 MT 20 -0.94  0.29 0.17 042 -0.15 -0.11 -1.93 -110 -0.28 0.92
Story Fish Hatchery R4 WY 6 -—206 -032 -048 -111 -3.08 -3.51 —2.64 —4.31
Mobil R4 WY 7 -214 -059 -0.75 -135 -2.88 -332 -139% -259 -3.78 -
Mock Ranch R4 WY 1 -220 -0.01 -0.16 -033 -2.68 -3.07 -1.65 -1.93 -3.49 -0.06
Denius 1 R4 2 -232 -0.11 -0.26 -025 -239 -2.80 -098 -1.94 -3.12 -
HTH 1 ¥4 WY 14 =157 0.18 0.05 025 -0.78 -0.82 0.79 -1.12 -0.84 0.88
Ranch Creek F4 MT 23 ~-1.47 0.23 0.10 033 -0.74 -—0.75 -1.63 -1.09 -—-0.80 -
Belle Creek F4 MT 24 -1.52 035 0.22 056 -0.70 -0.68 ~1.13 -1.01 -0.80 0.77
Delzer 1 F4 SD 7 =257 037 0.23 043 -0.08 -0.32 0.52 -0.89 - -0.17 126
Delzer 2 ¥4 SD 8 -141 025 0.13 027 -0.05 -0.04 0.38 ~1.21 -025 0.76
Hole in the Wall R5 WY 5 -—1.94 -0.48 -0.64 -092 -298 -341 -1.78 -248 -3.8 -
Barber Ranch Spring RS WY 12 -217 -0.02 -0.17 -029 -209 -241 -1.61 -1.72 -—2.65 -
Conoco 175 F5 WY 1 -1.74 007 -0.04 ~-0.04 -0.99 -0.94 054 -1.50 -130 0.28
Conoco 44 F5 WY 8 -18 021 0.07 026 -0.57 -0.72 -0.20 -1.29 -0.86 0.90
MKM F5 WY 10 -121  0.20 0.10 -022 -0.43 -0.32 0.65 -1.27 ~0.63 0.05
Shidler F5 WY 9 -190 0.18 0.05 005 -0.45 -—0.43 020 -137 -0.74 -
Mallo Camp R6 WY 24 —223 012 -0.04 -006 -3.33 -—3.76 . NS NS NS
Rhoads Fork R6 SD 4 -198 -0.09 -025 -0.60 -3.03 -3.50 ~2.49 -436 -
Seeley F6 WY 19 -191 -0.05 -0.20 -031 -234 -270 -173 -1.9 -3.12 -0.12
Coronado 2 F6 WY 16 -1.63 0.08 -0.05 033 =223 =231 -1.71 =279 ° -
Newcastle F6 WY 21 -176 -0.02 -0.16 -0.02 -1.96 -2.17 -1.81 -2.56
Osage F6 WY 17 -175 001 -0.13 -006 -1.8 -2.13 -1.80 -2.61
Upton ‘ F6 WY 15 -1.69 -0.03 -0.17 -002 =136 -1.57 -1.10 -1.24 -
Devils Tower F6 WY 13 -1.84 000 -0.15 -021 =117 -1.48 -1.68 NS NS 0.41
Rhoads Fork R7 SD 4 -198 -0.09 -~025 -0.60 -3.03 -3.50 - -2.49 ~-4.36 .
Voss F7 WY 20 -1.82 012 -0.02 027 -2.00 -2.21 -1.66 —2.59
Self F7 WY 22 -1.8 0.16 0.02 036 -1.67 -1.8 -1.39 -1.51 =214
JBI F7 WY 18 -1.58 -0.71 -0.84 -144 -1.32 -1.37 -1.46 -0.83
Evans Plunge EF7 SD 10 -1.55 -0.03 -0.17° —-034 -0.68 -—0.84 ~1.53 -0.97
Cascade Spring 7 SD 9 -161 010 -0.05 ~-030 -0.06 -0.33 ~-1.46 —0.46
Jones Spring R8 SD 12 -175 -0.06 -0.21 -—045 -2.77 -3.13 -232 -39 -
Kaiser R8 SD 11 =211 -0.15 -0.30 -051 -252 -2.8 -1.07 -1.94 -3.17 -0.18
Cleghorn Spring R8 SD 16 -219 -0.30 ~045 -0.79 ~2.33 -271 -2.40 -332 -
Lein F8 SD 17 -212 -0.19 -0.34. —-048 -2.53 -291 -2.03 -2.18 -341 -0.14
McNenney F8 SD ‘2 -1.8 -0.17 -0.32 -0.74 -1.50 -1.88 e -1.65 -1.86
Ellsworth AFB F8 SD 18 -1.57 0.03 -0.10 012 -1.27 -1.29 e -1.64 -1.69 e
Fuhs F8 SD 6 -1.79 -0.09 -0.25 -0.18 -1.28 ~-1.68 -222 -1.84 -1.92 058
Philip F8 - SD 19 -1.18 0.03 -0.09 -0.09 -0.57 -—0.51 -1.42 -0.76
Kosken F8 sD 1 -134 -0.05 -0.17 -036 ~0.53 ~—0.48 -1.52 -0.73
Midland F8 SD 24 =124 0.3 0.01 0.04 -—0.44 -0.36 e -1.34 -0.63
Murdo F8 SD 25 -1.32 0.01 -0.11 -017 -0.41 -038 -0.19 -—1.39 —0.56
Prince F8 SD 26 -1.40 -0.01 -0.13 -025 -0.23 -021 -0.88 -142 -038 0.96
Hilltop Ranch F8 Sb 22 -1.36 0.06 -0.05 -012 -026 -0.20 —0.44 -136 -0.42 -
Hamilton F8 SD 21 -132 0.05 -0.07 -010 -0.20 -0.17 0.03 -136 -0.36 -0.43
Eagle Butte E8 SD 23 -145 023 0.11 040 ~-0.24 -—0.24 024 -1.06 -0.29 . -
Dupree E8 SD 20 -1.47 0.17 0.04 018 -0.22 -0.20 -0.83 -1.10 -0.23

NS, no sample (missing cation data). Three dots indicate that cation concentration below detection. Detection limits are Fe < 10 ug/L;
Ba < 100 pg/L. The states are designated by MT, Montana; SD, South Dakota; WY, Wyoming.
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Fig. 6. Comparison of calcite, dolomite, and gypsum saturation
indices as a function of total dissolved sulfate content for wells and
springs in the Madison aquifer.

Equations

The chemical evolution of the water along a flow path is
constrained by relationships of conservation of mass and
electrons that are represented by the equations

P
E a,,b,,,;\.=AmT’k,[k=1,j (3)
p-1

P
> upa,=ARS @
p=1

Equation (3) relates the change in total moles of the kth
element in solution along the flow path Amg, (final water
minus initial water) to the sum of the net moles of that
element entering or leaving solution from dissolution, pre-
cipitation, biological degradation, gas transfer, and so forth
of P phases along the flow path, where the mass transfer
coefficient a/, is the number of moles of the pth mineral

2 R R Equilibrium ~ ~-]

1991

entering (positive) or leaving (negative) the solution, and b,
is the stoichiometric coefficient of the kth element in the pth
mineral. There are j equations of the form of (3), one for each
of the j elements (excluding hydrogen and oxygen) required
to define the composition of the P phases (minerals) consid-
ered in the model. Thus a reaction model is a particular
choice of phases that react to give the actual final water
composition.

Because the reactions include changes in oxidation state,
(4) provides an additional constraint. Equation (4) follows
from the fact that hydrated electrons do not exist in aqueous
solution. If electron transfer takes place (that is, there is a
redox reaction), the electrons transferred are conserved
among the dissolved species and the masses («),) of P phases ’
in the model. Equation (4) relates the sum of operational
valences of the constituents in the pth plausible phase (u,)
and the stoichiometric coefficient of the pth plausible phase
in the mass balance calculation to ARS (the difference in
redox state; final minus initial water). The operational va-
lence (v; for species and u, for phases) is defined by
Parkhurst et al. [1980] and Plummer et al. [1983] and in some
cases differs from the recognized oxidation state.

In (4) the change in the redox state of the solution ARS is
calculated from the analytical data, as is Amy, and includes
the (operational) valence v; of the ith species in solution. The
term ARS is defined as

I 1
ARS = RS(anay — RSnitial) = > ViMiginal) — 2 ViMigaitia)

i=1 i=1
(5)

where m; is the molality of the ith species in solution. (The
initial condition refers to the recharge area and final condi-
tion indicates the downgradient well.) The change in the
redox state is then set equal to the number of electrons
transferred among the P phases (equation ).

The mass transfers of sulfur-bearing phases (anhydrite and
pyrite) can be estimated accurately by a sulfur mass balance
equation and an isotope balance equation for 3*S. In the
form of (3) the sulfur isotope balance equation is

P
> apb, 5638, = Amyus; 6)
p=1

where

Amgus, = (m7,56**SD fnat — (M1,58**S Digitia ()

The term b, ¢ is the stoichiometric coefficient of sulfur in the
pth phase; 538 , is the sulfur isotopic composition, in per mil
of the pth phase; mrg and 53Sr denote the total molality of
sulfur in solution (sulfate plus sulfide species) and the
average isotopic composition, in per mil, of total dissolved
sulfur, respectively; and «,, is the mass transfer of the pth
phase in units of . )

The data required to solve a mass balance reaction model
are (1) the set of phases thought to be reacting along the flow
path, (2) the concentrations of the elements in the initial and
final waters that correspond to the composition of the chosen
phases, and (3) the isotopic composition of sulfur. The
analytical data and redox state used in mass balance model-
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TABLE 4. Concentrations of the Major Elements and Redox State Used in Mass Balance Models

Tem-
Well  per-
Flow Num- ature,

Well Name ~ Path State ber °C pH Ca Mg Na K C SO, HS C  Fe RS

Recharge 1 R1 10.6 7.58 1.87 1.5 0.0 0.02 0.05 146 -+ 331 0.0007 21.99
Hanover Flowing  F1 MT 8 204 7.63 210 1.19 0.2 0.03 0.04 .1.77 -+ 342 0.0002 24.29
Well ’ o
Vanek Warm F1 MT 9 19.6 7.40 325 1.65 0.16 0.03 0.07 3.44 - 353 .0.0005 34.77
Spring . :
Landusky Spring  F1 MT 12 204 724 650 4.08 1.79 0.24 054 10.11 -~ 3:81 0.0005 75.93
Lodgepole Warm  Fl1 MT 13 316 7.08 6.50 396 3.44 031 1.8 1032 --- 372 0.0004 76.83
Spring .
Sleeping Buffalo F1 MT 18 40.9 7.00 12.77 4.95 13.53 0.67 538 20.89 0.001 2.81 0.0079 136.58
Recharge 2 R2 97 7.74 126 068 022 004 005 026 - 3.8 0.0010 16.96
Mcleod Warm F2 MT 6 246 7.40 1.77 095 0.07 0.04 0.03 125 --- 335 0.0000 20.90
Spring )
Sumatra F2 MT 17 837 6.61 552 141 78.78 3.35 6527 12.57 1.358 6.31 0.0004 97.92
Keg Coulee F2 MT 15 61.7 650 8.78 219 65.63 3.09 56.74 13.61 1.682 6.78 0.0070 105.44
Texaco C115X 2 MT 16 847 6.40 8.03 215 74.42 3.80 59.61 14.67 3.898 6.37 0.0009 105.68
Recharge 3 R3 9.9 755 120 1.0 0.02 002 002 016 --- 430 0.0010 18.14
Colstrip E3 MT 21 975 652 550 115 6.10 1.72 271 7.72 0.118 3.58 0.0061  60.39
Sarpyk Mine F3 MT 19 83.0 6.70 8.00 210 2.09 126 0.59 10.01 0.085 2.99 0.000 71.86
Gas City " F3 MT 26 915 6.61 9.28 252 61.24 2.83 53.90 13.61 1.594 7.54 0.0018 108.62
Bluewater Spring  F3 MT 11 143 7.29 1326 2.76 3.10 0.07 0.07 15.65 -~ 3.97 0.0002 109.81
Moore F3 MT 22 86.9 6.67 9.54 2.8 74.44 3.35 68.14 1572 0.561 6.02 0.0004 117.26
Mysse Flowing F3 MT 20 63.0 6.61 11.28 4.54 31.89 2.54 17.85 19.86 0.259 6.87 0.0004 146.13
Well .
Recharge 4 R4 . 87 743 112 0.85 005 0.02 0.02 0.1 - 405 0.0012 16.86
HTH1 F4 WY 14 462 699 450 1.8t 157 019 152 479 -+ 3.99 0.1040 44.93
Ranch Creek F4 MT 23 527 694 475 1.8 1.65 020 1.58 5.00 -+ 4.05 0.0004 46.21
Belle Creek 4 MT 24 562 7.01 5.00 1.98 1.65 020 1.61 542 - 395 0.0009 48.30
Delzer 1 F4 SD 7 22.8 17.51 12:76 4.54 1.57 0.90 0.71 16.70 0.001 1.88 0.1418 107.99
Delzer 2 F4 SD 8 55.6 677 13.76 4.54 196 0.31 1.8 17.74 0.005 3.45 0.1023 120.46
Recharge 5 RS 12.0 7.36 114 1.05 022 0.04 0.08 021 --- 445 0.0004 19.07
Conoco 175 F5 WY 11 65.0 7.07 275 1.03 3.35 025 198 3.54 0.002 223 0.0430 30.24
Conoco 44 F5 WY 8 322 717 6.00 251 16.57 0.64 13.85 8.76 0.009 3.98 0.0156 68.54
MKM F5 WY 10 8.1 6.71 726 1.69 33.17 1.77 33.97 9.61 0.002 2.81 0.1240 69.13
Shidler F5 WY 9 560 7.08 7.50 2.02 21.37 0.90 17.53 10.12 0.004 2.00 0.0431 68.83
Recharge 6 R6 67 748 154 097 0.05 002 002 003 -- 546 0.0000 ' 21.99
Seeley F6 WY 19 130 730 165 111 006 003 002 0.18 - 551 0.0004 23.09
Coronado 2 F6 WY 16 398 7.16 140 111 0.08 0.04 0.02 029 -+ 513 22.28
Newecastle F6 WY 21 250 720 160 119 011 004 003 049 - 534 e 24.29
Osage F6 WY 17 234 720 175 111 0.09 0.04 0.02 052 -+ 554 25.27
Upton . F6 WY 15 25.7 7.2 220 1.69 041 006 002 177 - 525 31.63
Devils Tower . F6 WY 13 170 720 2.75 156 016 004 0.07 219 - 503 00005 33.23
Recharge 7 R7 57 735 165 095 0.04 0.02 001 0.03 -- 573 00000 23.11
Voss F7 WY 20 261 730 157 119 . 011 0.04 005 045 - 5.56 s 24.94
Self F71 WY 22 295 730 1.82 1.28 011 0.05 006 090 -+ 5.00 0.0004 25.39
JBJ F7 WY 18 451 670 1.82 091 048 0.12 021 2.08 - 220 21.28
Evans Plunge F7 SD 10 305 690 525 1.69 3.75 028 311 573 0.001 4.59 52.76
Cascade Spring E7 SD 9 20.0 6.89 13.51 342 118 0.13 0.88 15.65 -~  4.87 113:41
Recharge 8 R8 132 7.3¢ 133 0.81 023 0.05 0.06 0.5 0.001 4.67 0.0007 19.58
Lein 8 SD 17 -119 741 115 1.03 0.0 005 0.04 0.15 -~ 431 0.0002 18.11
McNenney 8 SD 2 115 7.18 2.17 0.99 0.09 0.04 0.02 1.04 - 496 26.07
Ellsworth AFB F8 SD 18 49.0 7.01 227 136 021 0.09 003 2.08 - 3.8 e 27.70
Fuhs E8 SD 6 107 721 220 259 025 0.09 011 2.08 0.002 6.41 0.0002 38.14
Philip F8 SD 19 68.0 6.65 550 239 0.78 019 0.62 6.67 0.000 3.57 54.28
Kosken E8 SD 1 63.5 6.68 6.00 1.98 118 0.28 1.13 7.09 0.004 2.83 53.82
Midland - F8 SD 24 71.0 6.69 6.75 2.72 1.09 025 0.79 8.34 0.001 3.26 63.06
Murdo 8 SD 25 59.1 6.68 7.50 2.68 2.00 033 172 897 0.004 3.24 0.0251 66.78
Prince F8 SD 26 57.0 6.67 1025 342 3.14 0.51 3.1 12.52 0.004 2.80 0.0075  86.30
Hilltop Ranch F8 sD 22 66.0 6.70 9.00 3.17 3.70 0.33 452 12,52 0.002 2.77 0.0154 86.21
Hamilton F8 SD 21 585 6.66 10.50 3.71 1.48 0.38 1.36 13.56 0.041 3.22 0.0538  94.27
Eagle Butte F8 SD 23 547 6.84 975 453 2.62 0.72 178 13.56 0.027 3.54 0.0538  95.60
Dupree F8 SD 20 565 6.82 9.75 3.88 4.80 1.26 3.39 14.61 0.029 3.17 0.0054 100.29

All concentrations are in millimoles per kilogram of water; C denotes total dissolved inorganic carbon. The redox state (RS) is in
milliequivalents per kilogram water. For the Madison waters, RS = 6SO4 — 2H,S + 4C + 2Fe, where SOy, H,S, C, and Fe are the
respective total concentrations in millimoles per kilogram water (see equation (5)). Missing values of H,S were not determined in the field
and are expected to be below detection (<0.001 mmol/kg H,0). Some laboratory values of HyS reported by Busby et al. [1983] were found
to be érronedus and are excluded: Missing Fe values aré below the détection of 10 ug/L. The letter in front of the flow path number indicates
recharge waters (R) or waters on the flow path. See Table 3 for individual wells or springs used to define the average recharge water
.compositions. The states are designated by MT, Montana; SD, South Dakoka; and WY, Wyoming.
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in the Madison aquifer.

ing of the Madison aquifer are summarized in Table 4, and
the sulfur isotope data are given in Table 5.

Although the sulfur isotopic composition of dissolved
sulfate is known for nearly all the wells or springs sampled in
the Madison aquifer, the sulfur isotopic composition of
dissolved sulfide was obtained for only 12 wells (Table 5). As
a result, it was necessary to use an estimation procedure to
calculate the anhydrite and pyrite mass transfers elsewhere
in the Madison aquifer, based on the parameter A [Pearson
and Rightmire, 1980]

A = 63850, — 6MSs ®

There are relatively few observations of 3*A from carbon-
ate aquifers reported in the literature for comparison with
34A values from the Madison aquifer. Rye et al. [1981] show
that for the Floridan aquifer system (Florida), MA ap-
proaches that expected for isotopic equilibrium (based on
experimental data of Ohmoto and Rye [1979] at 200°-350°C,
extrapolated to 25°C). Values of 3#A in the Edwards aquifer
(Cretaceous Edwards Limestone in Texas) (F. J. Pearson,
Jr., and P, L. Rettman, unpublished data, 1976) and Madison
aquifer probably result from kinetic fractionation during
biologically mediated sulfate reduction. The kinetic fraction-
ation in the Edwards and Madison aquifers appears to be a
linear function of temperature (Figure 12) and is approxi-
mated by

A = 54 — 0.40¢ ©)

where ¢ is temperature in degrees Celsius.

In calculating the anhydrite and pyrite mass transfers, all
measured values of §**Sgo, and §**Sy s for the groundwater
have been used where available (Table 5). For other wells,
Amqug, was estimated using (9) with the measured temper-
ature and 8**Sgo,. These estimates were used in the mass
balance models to calculate the anhydrite and pyrite mass
transfers elsewhere in the Madison aquifer, as described
below. .

As a test of the magnitude of potential uncertainties due to
the use of (9) (in lieu of actual data on the sulfur isotopic
composition of dissolved sulfide), the sulfur isotope mass
balance calculation of the anhydrite and pyrite mass trans-
fers was made using (3) and (6) for wells with 8¢S measure-
ments for both SO, and H,S (Table 5) and compared with
results using the approximation of (9).

The largest deviation of 834SH25 values obtained from (9)
relative to the measured values is +10%. (Dupree and Moore
wells, Table 5). This uncertainty in 8**Sy s translates to a
maximum uncertainty in the pyrite mass transfer of 37%.and
in the anhydrite mass transfer of less than 0.7%. Specifically,
for the Dupree well, the measured 8**Sy 5 is —4.77%o, Which
compares to the estimated (equation (9)) value of 8>Sy g of
—15.1%o. Using the measured 8**Sp s, apyrie is —0.127
mmol, which compares to —0.080 mmol using the estimated
value. The anhydrite mass transfer is 14.744 and 14.648 using
the measured and estimated value of 6348323, respectively.
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the Madison aquifer.

Plausible Phases

The most obvious phases to inclide in the mass balance
modeling, based on the analysis of the chemical trends,
calculated values of SI, and the mineralogy, are summarized
in Table 6. Even though we have chosen a likely set of
reactants and products for the Madison aquifer, and even
though the reaction models presented below are consistent
with all chemical and isotopic observations for the system,
the results should always be considered nonunique because
of the possibility of other reactants and products which are
not included in Table 6 [Plummer, 1984].

Organic matter (CH,0) is included as the most likely
electron donor for bacterially mediated sulfate reduction.
The formula CH, 0 denotes carbon of valence zero. Sulfate
reduction is known to occur because of the presence of
dissolved-sulfide species in many wells (Table 4) and the
occurrence of sulfate-reducing bacteria as facultative ther-
mophiles in one of the test wells drilled by the Madison
Limestone Project [Olson et al’, 1981; Blankennagel et al.,
1979]. If sufficient sources of dissolved iron are available for
precipitation of pyrite, sulfate reduction can occur in the
absence of large concentrations of dissolved sulfide species.
Therefore ferric hydroxide and pyrite have been inciuded in
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Fig. 11. Comparison of concentrations of sodium, potassium,
and chloride as a function of dissolved sulfate content for waters
from the Madison aquifer.

the mass balance models. Dolomite, calcite, and anhydrite
are included to quantify the dedolomitization reaction.
Dissolution of halite was indicated by the earlier analysis
of trends. Sylvite has not been reported in Madison evapor-
ites but is included in the plausible phases (Table 6) as a
proxy for an evaporite source of potassium, as suggested by
the covariance of sodium, potassium, and chloride (Figure
11). Sodium in excess of chloride (adjusted for potassium
sources) is attributed to sodium ion exchange with calcium
(and in some cases magnesium) aécording to the reaction

Nay(clay) +XyMg?* + (1 — Xyg)Ca?*

=[Caq - x> Mg, l(clay) + 2Na* (10)
where X, varies between 0 and 1 for pure Ca/Na and pure
Mg/Na cation exchange, respectively.

Carbon dioxide gas was included among the plausible
phases to provide an additional constraint on the modeling.
Near-zero values for the CO, gas mass transfer were ex-
pected for the deep, confined groundwater system. Although

1995

the aquifer system is expected to be closed to CO, gas mass
transfer, this does not preclude the possibility of reactions
producing or consuming CO, within the aquifer, such as
through oxidation of organic matter accompanying sulfate
reduction, methanogenesis, or carbonate mineral dissolution
or precipitation, all of which were considered. Calculated
nonzero values of the CO, gas mass transfer refer to implied
amounts of CO, that enter the aquifer from an external
source such as the soil zone or cross-formational leakage or
leave the aquifer, such as through outgassing. Deviations
from zero of several tenths of a millimole per kilogram H,0
in CO, gas mass transfer can be expected from uncertainties
in the analytical data, but larger deviations have been
attributed to uncertainties in the sulfur isotopic composition
of anhydrite or to uncertainties in total inorganic carbon in
recharge areas. The computed CO, gas mass transfer is
linked to the sulfur isotopic composition of anhydrite
through the sulfate reduction reaction, which affects the
carbon mass balance. As a criterion to the mass balance
modeling, the sulfur isotopic composition of anhydrite was

_treated as an adjustable parameter, which was varied to

bring the CO, gas mass transfer near zero.

Mass Balance Model

For the 10 plausible phases in Table 6, 10 equations of the
form of (3), (4), and (6) are needed to calculate the mass
transfer coefficients (ap). These equations are

(1) mass balance

@calcite + 20 dolomite T @®CH,0 + @co, = Amrc (1)
Qanhydrite T 2 pyrite = Amrs (12)
Ccalcite T Xdolomite T @anhydrite — (1 — XMg) @ exchange
=Amgca  (13)
& dolomite — XMg®cxchange = AT, Mg 14
@halite T 2@ exchange = AmT,Na 15
Csylvite = AMTK (16)
Chalite T Usylvite = AMT,Cl (17)
aFe00H T @pyrite = Amr,Fe (18)
where Xy, is the fraction of Mg/Na ion exchange,
(2) conservation of electrons
4o catcite + 8@ dolomite + 6@ anhydrite T 4“002
+ 3agoon = ARS  (19)

(note that terms for CH,0 and FeS, do not appear in (19)
because their operational valence is zero), and

(3) sulfur isotope balance

34 34 —
o anhydritea Sanhydrile + 2a pyritea S pyrite = A mr,ss,
(20)

where Amgug, is given by (7), St refers to total dissolved
sulfur (sulfate plus sulfide species), 634ST is the average
isotopic composition of dissolved sulfate and sulfide species
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TABLE 5. Isotopic Data

Flow Well  Tritium, 8%0, S50, MSws, 8BC,  MC, %
‘Well Name Path  State  Number TU %0 8D, %o Yo Yo %o modern
Lewistown Big Spring R1 MT 10 0.8 -18.25  -139.20 14.93 —4.97 35.80
Hanover Flowing Well F1 MT 8 0.0 —18.25 —140.45 17.48 - —5.32 25.40
Vanek Warm Spring F1 MT 9 53 —18.35 —139.65 17.78 -5.18 29.30
Landusky Spring F1 MT 12 21.9 -18.25  —138.75 21.33 —7.46
Lodgepole Warm Spring F1 MT 13 31.8 -17.80 —134.75 23.86 -7.04 28.00
Sleeping Buffalo F1 MT 18 e -18.40 -138.35 21.95 -3.22 4.20
Bozeman Fish Hatchery R2 MT 4 115.0 —-18.90 -143.70 3.34 —-8.98 84.10
Big Timber Fish Hatchery R2 MT 7 124.0 —18.60 —142.65 —4.46 -14.11  103.90
Mcleod Warm Spring F2 MT 6 45.5 -18.50 —140.70 17.95 . -7.57 52.50
Sumatra F2 MT 17 -16.90 -136.15 17.01 —2.60 -3.61 o
Keg Coulee F2 MT 15 -16.80 —136.40 17.75 .k —1.68 1.00
Texaco C115X F2 MT 16 - 18.69 -0.22
Mock Ranch R3 wY 1 354 -18.35 —138.00 . -7.10 57.70
Denius 1 R3 wY 2 19.8 ~18.50 —137.85 9.73 —6.88 8.40
Coistrip F3 MT 21 e -19.05 —146.05 14.67 - —2.67 -e-
Sarpy Mine F3 MT 19 —19.80 —151.40 13.79 -9.20 ~2.33 3.30
Gas City Fs MT 26 ase esa ene e e “ee cen
Bluewater Spring F3 MT 11 0.5 —-19.35 —146.90 -9.51
Moore F3 MT 22 e —-18.00 —141.75 17.06 -7.73 ~2.40 1.60
Mysse Flowing Well F3 MT 20 -18.25 —141.50 16.30 -22.09 -2.34 0.80
Story Fish Hatchery R4 WY 6 107.0 -18.35 -—138.95 - -7.82 88.80
Mobil R4 wY. 7 56.7 -17.45 —132.00 11.51 -9.75 62.20
Mock Ranch R4 wY 1 354 -18.35  ~138.00 o -7.10 57.70
Denius 1 R4 wY 2 19.8 -18.50 —137.85 9.73 —6.88 8.40
HTH 1 F4 WY 14 5.4 11.60 -6.63 12.70
Ranch Creek F4 MT 23 -18.10  —137.60 11.75° -6.17 10.00
Belle Creek F4 MT 24 —18.25  —137.90 11.71 —6.02 9.50
Delzer 1 F4 SD 7 0.0 —~19.66 15.20 —4.60 4.60
Delzer 2 F4 SD 8 0.0 -18.13 . - 14.67 -17.37 —2.61 2.80
Hole in The Wall R5 WY 5 0.5 —18.30 —139.10 —-10.77 87.40
Barber Ranch Spring R5 wY 12 53.0 —18.20 —137.65 7.75 -11.74 83.70
Conoco 175 F5 wY 11 0.8 -19.25  -145.50 8.23 ~6.23 13.90
Conoco 44 F5 wY 8 0.0 -20.10 —154.05 8.41 -5.14 1.80
MKM FS5 wY 10 0.2 -19.70 —152.05 8.52 ~4.66 2.60
Shidler F5 wY 9 1.2 —20.15 -153.65 8.64 6.20
Mallo Camp R6 WY 24 e —8.00 92.90
Rhoads Fork R6 SD 4 62.2 -17.22 -125.00 6.22 -11.00 92.90
Seeley F6 wY 19 0.8 - -133.50 9.94 -7.82 61.40
Coronado 2 F6 wY 16 0.0 —17.60 —133.30 -7.51 36.00
Newcastle F6 WY 21 0.1- -17.66  —130.00 9.84 -10.40 46.20
Osage F6 wY 17 0.5 —-18.15  -135.00 10.44 —10.00 54.70
Upton F6 wY 15 —18.18° —133.00 12.16 —8.20 14.70
Devils Tower F6 WY 13 1.5 ~17.85 11.68 -6.80 59.00
Rhoads Fork R7 SD 4 62.2 -17.22  -125.00 6.22 -11.00 92.90
Voss " F7 wY 20 2.3 -17.40 —130.65 10.09 -7.26 44.50
Self F7 WY 22 0.0 -17.60 —131.80 10.49 —6.60 31.20
JBJ F7 WY 18 0.3 -17.95 -130.65 11.68 —4.24 4.80
Evans Plunge F7 SD 10 ~16.71  ~121.00 11.62 -9.70 28.50
Cascade Spring F7 SD 9 -1548 -118.00 12.50 -9.10 19.40
Jones Spring R8 SD 12 276.0 -14.61 —110.00 6.67 -11.60 100.00
Kaiser R8 SD 11 21.7 -12.13 - 9.00 —8.36 81.10
Cleghorn Spring R8 SD 16 182.0 —13.23  -103.00 5.75 -9.60 91.60
. Lein F8 SD 17 16.6 —14.19 -3.20 —8.03 68.50
McNenney F8 SD 2 11.4 -17.43  -127.00 11.36 —-11.50 79.60
Ellsworth AFB F8 SD 18 e -14.13  -107.00 - -9.10 5.80
Fuhs F8 SD 6 65.6 —16.13 4.50 -9.96 53.80
Philip F8 SD 19 -17.55 —125.00 14.52 -7.20 2.80
Kosken F8 SD 1 0.1 -16.75 —126.60 12.93 -6.20 7.80
Midland F8 SD 24 - -17.62 —128.00 14.96 - —6.20 2.40
Murdo F8 SD 25 1.3 —-17.35 -—131.45 14.56 -19.12 -5.50 3.20
Prince F8 SD 26 . -17.87 - 15.58 - —-4.72 4.00
Hilltop Ranch F8 SD 22 0.0 -17.60 —132.40 12.96 —6.63 4.60
Hamilton F8 SD 21 e ~17.74 e 15.22 -12.22 -3.50 2.40
Eagle Butte F8 SD 23 0.6 —18.25 —137.10 15.99 -7.21 —2.40 2.20
Dupree F8 SD 20 10.2 —19.00 —143.65 16.31 —4.77 —2.05 2.80

TU, tritium units; one TU is one atom of tritium in 108 atoms of hydrogen. Per mil valnes of §80 and 6D are reported relative to
Vienna-SMOW. 83C and 83*S are in per mil relative to the PDB (peedee belemnite) and CDT (Canyon Diablo troilite) standards,
respectively. Carbon 14 is in percent modern of the National Bureau of Standards 1950 oxalic acid standard. Three dots indicate that data
are not available. Sulfur isotope data for dissolved SO4 and H,S were obtained for two additional waters from the Madison aquifer and used
in defining the correlation of Figure 12. These are Bough Ranch (MT, 5): 6345304 = 19.99%o, 834SHZS = —26.21%0; and Buckhorn Exeter
(MT, 27): 8%480, = 17.38%o, & 4Sﬁzs = —4.23%0. The letter in front of the flow path number indicates whether the well or spring was used
for recharge (R) or on the flow path (F). The states are designated by MT, Montana; SD, South Dakota; and WY, Wyoming.
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Fig. 12. Trend in 3A (= §%Sgo, — 8%*Sy,s) as a function of
groundwater temperature for sulfate and sulfide bearing waters of
the Floridian aquifer system [Rye et al., 1981] and Edwards (F.
J.Pearson, Jr., and P. L. Rettman, unpublished data, 1976) and
Madison aquifers. The waters from the Floridan- aguifer system
approach apparent isotopic equilibrium, while the sulfur isotopic
composition of waters from the Madison and Edwards aquifers are
probably influenced by kinetic biochemical fractionation. The error
bar shows the range of values observed in the Floridian aquifer
system [Rye et al., 1981].

in solution, and the subscripts initial and final refer to the
recharge and end point compositions along the flow path.
For an assumed value of X, and estimates of the sulfur
isotopic composition of anhydrite and pyrite, (11)-(20) pro-
vide the 10 independent equations required to solve for the
unknown mass transfer coefficients (e,). The algebraic so-
lutions to (11)-(20), which défine the mass transfers of
anhydrite, pyrite, KCI, NaCl, [Ca + Mg)/Na ion exchange,
dolomite, FeOOH, calcite, CO, gas, and CH,0, are

34
Amr,ug,— 8 SpyriteAmT,S

Oanhydrite = 6 Summe — o) 21
pyrite = (AMT,5 = Caghydrite)/2 (22)
agc = Amrx (23)

anacl = Amr,cl — akal (24)
Cexchange = (AMTNa — ONacD)/2 (25)

TABLE 6. Selected Phases for Mass Balance Reaction

Modeling
Phase Composition Redox State (up)
Calcite CaCO;4 4.0
Dolomite CaMg(CO,), 8.0
Anhydrite CaSOy 6.0
Organic matter CH,0 0.0
Carbon dioxide CO, 4.0
Ferric hydroxide FeOOH 3.0
Pyrite FeS, 0.0
Cation exchange (Ca + Mg)/Na 0.0
Halite NaCl 0.0
**Sylvite” KCl 0.0

Cdolomite = AT Mg T XMg& exchange (26)
ape00H = AMr,Fe — Cpyrite 27

Ccalcite = AmT,Ca +(1- XMg) Qexchange — Xanhydrite

— Qdolomite (28)

QCO,gas = (ARS ~ 3apeoon — 40calcite
— 8agolomite — 6aanhydrite)/4 (29)
QCH,0 = Amy,c— acogs ~ 2adolomite — Ccaleite  (30)

To facilitate the calculations, (11)-(20) were solved for each
pair of recharge-discharge water samples using the computer
program BALANCE [Parkhurst et al., 1982].

Criteria Used in Reaction Modeling

In preparing the mass transfer models the initial set of
plausible reactants and products was maintained (Table 6),
whereas the isotopic composition of dissolving anhydrite
was varied. The carbon isotopic composition of the final
water was modeled by solving the Rayleigh distillation
equations of Wigley et al. [1978, 1979] for the computed
mass transfer. Equilibrium fractionation factors for the car-
bonate system were from Vogel et al. [1970], Mook et al.
[1974], and Mook [1980]. The one input-one fractionating
output case was used to model 3C evolution of the dissolved
HCO; of the waters from the Madison aquifer, where the
3¢ content of incoming carbon was adjusted for the average
mass fraction of dolomite and organic matter entering solu-
tion. The modeled §'°C at the end point of the reaction is a
function of the initial and final total molalitites of dissolved
inorganic carbon, the initial value of §3C in the recharge
water, the fractionation between the precipitating calcite and
solution, the mass transfers of carbon, and the average
isotopic composition of incoming carbon from dolomite and
CH,O0.

Although the CO, gas term was minimized in the modeling
exercise (through adjustment of the sulfur isotopic compo-
sition of anhydrite), the final value was not always zero. For
cases requiring input of CO, gas, its mass transfer was added
to the total incoming carbon from CH,O and dolomite and
the average 813C of incoming carbon adjusted using the 6'*C
value of soil gas for the particular flow path. The §'3C value
of soil gas for the flow path was solved by an application of
carbon isotope mass balance to the reaction of rain (identical
with pure water) with soil CO,, calcite, dolomite, and
anhydrite to form the recharge water. The value of 813C of
soil gas is determined from the mass balance using the
measured 83C of the recharge water and the assumption of
zero values of 8'°C for calcite and dolomite in the recharge
waters. The modeled values of §3C for soil gas CO, on flow
paths 1-8 are —9.44, —20.49, —13.36, —14.64, —20.24,
—17.39, —19.90 and —17.16%o., respectively.

In cases where the mass balance model indicated outgas-
sing of CO,, the modeled 8 C of the final water was
calculated using the one input-two fractionating output Ray-
leigh distillation equation of Wigley et al. [1978, 1979].

The following requirements were met in preparing the
mass transfer models:

1. It was assumed that the sulfur isotopic composition of



1998

Madison Limestone anhydrites is variable within the study
area. Mississippian-age marine anhydrites show consider-
able variation in 6*S, decreasing through the Mississippian
from about 25%o in the early Mississippian to about 15%. in
late Mississippian [Claypool et al., 1980]. These values may
be further modified by diagenetic processes (see later dis-
cussion). Because of the large variation in 84S reported for
Mississippian-age marine anhydrites, initial local estimates
of 6**S of anhydrite were obtained from extrapolations to
zero sulfate content on plots of §°*S of dissolved SO, versus
dissolved SO,4 concentration for each flow path. These initial
estimates of §*S of anhydrite were generally lighter than
Mississippian marine anhydrites worldwide [Claypool et al.,
1980} and were 17.1, 14.7, 11.8, 10.3, 7.9, 9.5, 10.0, and
11.0%o0 for flow paths 1-8, respectively.

2. The value of 5**S anhydrite was always equal to or
less than the value of %S so, for each well or spring. That is,
in the absence of sulfate reductlon 88 so, for each well or
spring would be equal to 5S of anhydrite.

3. The initial value of 5**S of anhydrite was varied in
order to minimize, and decrease to zero if possible, the CO,
gas mass transfer. The final modeled estimates of 534S of
anhydrite tend to be larger than the 1mt1a1 estimates. CHZO
was maintained as a reactant.

4. Only wells or springs with measured values of 634850
were modeled. The value of §*Sy 5 used was either the
measured value or, if missing, calculated from (9) using the
measured temperature and 5*S S0,+

5. Pyrite was maintained as a product and FeOOH as a
reactant. For example, in some cases in order to decrease
the aco, term to zero it was necessary to increase the value
of 8% of anhydrite to the point that mass balance calcula-
tions showed pyrite as a reactant and FeOOH as a product.
In these cases the value of 5°*S anhydrite was decreased
until pyrite appeared as a product and FeOOH as a reactant.
Pyrite is a product because of the presence of H,S. In
laboratory studies of the reactions of H,S with goethite to
form pyrite at 22°-24°C, fine-grained pyrite was found to be
0.8%o lighter than the H,S source [Price and Shieh, 1979].
We have no data on the sulfur isotopic composition of pyrite
in the Madison, but because the fractionation between H,S
and pyrite is negligibly small, the sulfur isotopic content of
pyrite was assumed to be equal to that of dissolved H,S.

6. For wells or springs where the CO, gas and pyrite
mass transfers are not sensitive to 8¢S of anhydrite, the
selected criteria for 84S anhydrite was the agreement be-
tween the measured and calculated values of §'>C in the final
solution.

7. The value of §”Ccy,o was varied between —20 to
—25%o but usually chosen to be —25%o.

8. The value of 8'*C dolomite was varied between 0.0
and 4.0%. but usually chosen as 2.0%.. Twenty-one determi-
nations of §*C of Madison dolomites from eight cores in the
Madison Limestone from NE Wyoming and Montana range
between 1.0 and 5.0%0 and average 3.1 + 1.2%o. These values
of 813C of Madison dolomites are within the range of values
reported by Budai et al. [1987] for dolomites of the Madison
Group in the Wyoming-Utah Overthrust Belt, west of the
study area. In the modeling exercise the value of §3C of
dolomite was adjusted to obtain agreement between ob-
served 83C in the final water and the modeled value. The
reaction model was not rejected if the estimated §*C of
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dolomite was within the observed range for Madison dolo-
mites.

9. Ionexchange is an important reaction along flow paths
2 and 3, based on the analysis of the chemical trends. A
variable (Ca®t + Mg?")/Na* jon exchange reaction was
considered in which the fraction of magnesium exchange,
Xpg, Was adjusted in the range 0.0 < X, =< 1.0. Values of
Xy > 0.0 were necessary to model many of the observed
heavy 813C values for wells along flow paths 2 and 3. Cases
of extensive Mg?*/Na* ion exchange are indicative of
formation of magnesium-enriched minerals such as sepiolite
or stevensite but were not explicitly modeled as such.

10. In a few cases the magnitude of the ion exchange
term was not sufficient to increase the calculated value of
813C to a value similar to the measured value; and for these
the possibilities of methanogenesis and carbon isotope ex-
change were considered. Within the uncertainty of the
available chemical and isotopic data it is not possible to
completely exclude carbon isotope exchange with calcite
and dolomite as a reaction in accounting for some of the
heavier PC contents in waters from the Madison aquifer
(Table 5) near —2%o 63C. But because there is a close
correspondence in modeled and observed 8C for most of
the waters from the Madison aquifer, consistent with rea-
sonable, known carbon isotopic contents of Madison dolo-
mites and organic matter, isotopic exchange is probably not
occurring to a great extent in the Madison aquifer. If the
waters from the Madison aquifer were influenced by exten-
sive carbon isotope exchange with the average dolomite
(8BC = 3.1 £ 1.2%0), the 1*C values of dissolved inorganic
carbon would approach 2%., which is not observed.

Although the sulfur isotope data were included in the mass
balance equations, in cases where the calculated aco, is
zero, identical mass transfer results would be obtained by
excluding CO, gas and solving the mass balance and electron
balance equations. For example, the algebraic solution to (3)
and (4) for the plausible phases (excluding CO, gas) defines
the anhydrite mass transfer as

=1[3Amzg — 6Amrpe + 2ARS — 8Amy g

@ anhydrite

- =8Amr,ca —4Amryna — Ampa+ Amrx)] (1)
which is numerically identical to (21) when the aquifer is
closed to external sources or sinks of CO, gas (acg, = 0). If
CO, gas is excluded in the modeling, the sulfur isotopic
composition of Madison Limestone anhydrites could be
found by solving (21) using the measured sulfur isotopic
compos1t1on of the d1ssolved sulfur species, the assumption
that &3 Spyme = 8 SH2S= and the mass balance results
obtained from (31).

Subtle differences between the two approaches of either
defining aco, to be zero or minimizing aco, via the sulfur
isotope data enter into the modeling when likely uncertain-
ties in the analytical data are considered. This is particularly
true for the uncertainties resulting from selecting an appro-
priate recharge water composition for.a given flow path. The
data of Table 4 show a range of total inorganic carbon
concentrations of 3.31-5.73 (mmol/kg H,O) for the defined
recharge waters for the eight Madison flow paths. From
inspection of (21)~(30), erroneous values for the analytical
data, such as for Amrc, canlead to substantial uncertainties
in the calculated mineral mass transfer. In the case aco, = 0,
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TABLE 7a. Summary of Modeling Alternatives Applied to the Mysse Flowing Well (Well 20 in
Montana): Modeling Parameters

Proportion 813C, %o
Ton of Carbon Methane
Exchange Dioxide in Fractionation, § Organic
Case 848,* %o Xyt Gast %o Matter Dolomite
1 11.8 0.0 1.0 ~25.0 +2.0
2 11.8 1.0 1.0 —25.0 +2.0
3 11.8 0.0 0.8 -60. —-25.0 +2.0
4 11.8 1.0 0.8 -60. -25.0 +2.0
5 15.5 0.0 1.0 -25.0 +2.0
6 15.5 0.0 1.0 —-25.0 +4.0

Parts per thousand, %..

*Dissolving anhydrite.

XM is the fraction of magnesium/sodium ion exchange: 0.0 is pure calcium/sodium ion exchange
and 1.0 is pure magnesium/sodium ion exchange.

#Proportion of carbon dioxide gas in a carbon dioxide methane mixture: 1.0 is pure carbon dioxide
gas and 0.0 is pure methane gas. :

§Modeled carbon isotopic fractionation of methane relative to the carbon isotopic composition of
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the dissolved inorganic carbon.

analytical error may result in violating some of the modeling
criteria. For example, if aco, is forced to be identically equal
to zero, pyrite may become a reactant; a thermodynamically
impossible situation in hydrogen sulfide-bearing waters of
the Madison aquifer.

As discussed earlier, the CO, gas mass transfer is ex-
pected to be near zero, and the magnitude of this term has
been used as a criterion in refining the mass balance models.
The results below show that for most of the waters modeled
the CO, gas mass transfer is 0.0 + 0.5 mmol/kg H,O which,
taking into account the modeling assumptions, reasonably
supports the conclusion of a closed system.

Example

As an example of the modeling exercise, several modeling
alternatives to the Mysee Flowing Well (well 20, flow path 3
in Montana) were examined. The data in Table 7 show that
for the initial modeling conditions of Ca?*/Na™ exchange,
no methanogenesis, an initial assumed value of +11.8%. for
53 anhydrite, 5"C dolomite equal to 2.0%, and §"Ccy,0
equal to —25.0%o, the calculated value of 513(=9.39%0) is
substantially lighter than the measured value (—2.34%o), and
a significant quantity of CO, outgassing (1.97 mmol/kg H,O)
is indicated (case 1, Table 7). :

Before adjusting 8°*S anhydrite, several other modeling
alternatives were considered. By providing a sink for mag-
nesium as, for example, a pure Mg?*/Na™* exchange reac-

tion in place of pure Ca?*/Na™* exchange, the dolomite and
calcite mass transfers are almost tripled (Table 7), but there
is no change in the large calculated quantity of CO, out-
gassed. Although the calculated value of §"C (~4.31%) in
this simulation is closer to the measured value (—2.34%o), the
added magnesium sink leads to a calculated 14C value less
than the measured value (case 2, Table 7), which is not
possible and therefore invalidates this model.

Another modeling alternative is the possibility of metha-
nogenesis. Biological fractionation of *C accompanies meth-
anogenesis, resulting in the formation of isotopically light CH,,
(typically 40 = 20%o lighter in 3C than the CH,O from which
it was derived). Methane as light as —80%, is not uncommon
[Hoefs, 1973]. The CO,-CH, equilibrium fractionation factoris
about 70%. at 25°C and decreases to 50%. at about 90°C
[Bottinga, 1969].

Only traces of dissolved CH, were found in the dissolved
gases of 12 wells completed in the Madison aquifer [Busby et
al., 1983]. The maximum concentrations (0.45-0.87 mg/L)
were in water from wells along flow paths 2 and 3. The
modeling of the mass transfer along flow paths 2 and 3
indicates that this concentration of methane is insufficient to
significantly affect the calculated value of §'*C. Larger
concentrations of CH, are required to increase the calcu-
lated value of §'C, which-would necessitate a system open
to both CO, and CH, outgassing.

Returning to the modeling example of the Mysse Flowing

TABLE 7b. Summary of Modeling Alternatives Applied to the Mysse Flowing Well: Calculated
Results

Mass Transfer, mmol/kg

Organic  Dioxide

Case Dolomite Calcite Anhydrite Matter

Carbon 813C, %o 14¢C, % Modern

Gas Calculated Measured Adjusted* Measured

1 3.54 -7.53 22.35 5.00
2 11.82 —24.09 22.35 5.00
3 3.54 -7.53 22.35 6.31
4 11.82 —24.09 22.35 - 6.31
5 3.54 -1.53 20.15 0.87
6 3.54 -17.53 20.15 0.87

-1.97 —9.39 —2.34 5.79 0.80
-1.97 —4.31 -2.34 0.28 0.80
—3.28 -7.90 —2.34 4.56 0.80
-3.28 —3.78 -2.34 0.22 0.80
—0.04 —3.57 -2.34 12.30 0.80
—0.04 ~2.20 -2.34 12.30 0.80

*Carbon 14 content of the Mysse Flowing Well adjusted for reaction effects but not radioactive

decay.
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TABLE 8. Summary of Mass Transfer Results
. Well i Ion
. . Flow Num- Dolo- Cal-  Anhy- Ex- CO,
Well Name Path  State  ber mite - - cite drite  CH,O0 FeOOH ' Pyrite change NaCl KCl gas

Hanover Flowing - F1 MT 8 0.04 -0.20 0.40  0.16 0.04 —0.04 0.02 -0.02 0.01 0.06

Well '
Vanek Warm F1 MT 9 049 —1.20 2,10 0.23 0.06 ~0.06 0.02 0.01 0.01 0.21

Spring .
Landusky Spring - F1 MT 12 293 -7.36 9.76  2.07 0.55 -0.55 0.70 0.27 021 -0.07
Lodgepole Warm  F1 MT 13 280 -7.41 10.13 2.36 0.63 -0.63 0.89 1.56 0.28 -0.14

Spring
Sleeping Buffalo F1 MT 18 380 -—-826 19.73 0.56 0.15 -0.15 4.37 4.68 0.64 —0.40
Mcleod Warm F2 MT 6 0.27 -0.95 112 0.25 0.07 -0.07 -0.07 -0.02 -0.01 -0.33

Spring .
Sumatra F2 MT 17 572 -12.10 13.97 3.29 0.15 -0.15 832 61.92 330 -0.17
Keg Coulee F2 MT 15 7.39 -14.95 15.08. 3.46 0.03 -0.03 5.88 53.65 3.04 -036
Texaco C115X F2 MT 16 1070 —-22.52 18.59  8.34 0.14 -0.15 9.23 5574 3.82 -4.70
Colstrip F3 MT 21 2.68 -6.35 797 0.78 0.15 -0.15 2.54 1.00 1.69 —0.52
Sarpy Mine F3 MT 19 2.18 =535 10.23 0.72 0.16 ~0.15 1.36 —0.66 1.23 -1.06
Moore F3 MT 22 6.61 -16.07 17.81 4.28 0.84 ~-0.84 481 64.80 3.32 0.29
Mysse Flowing F3 MT 20 354 -533 20.15 0.87 0.09 -0.09 8.28 1531 252 -0.04

Well
HTH 1 F4 wY 14 096 -236 4.87 0.36 019  -0.09 0.09 1.33 0.17 0.01
Ranch Creek F4 MT 23 1.04 -2.33 5.03 0.25 0.07 -0.07 0.12 1.37 0.18 -0.01
Belle Creek F4 MT. 24 112 -2.61 5.46 0.27 0.07 -0.07 0.10 1.40 0.18 -0.02
Delzer 1 F4 SD 7 3.68 -—-8.81 17.62 1.97 0.66 -0.52 0.86 ~0.20 0.88 -2.70
Delzer 2 F4 SD 8 3.68 -—9:14 18.26 1.19 0.41 -0.31 0.16 1.58 029 -0.02
Conoco 175 F5 WY 11 070 -2.47 3.38 0.09 0.06 -0.02 0.72 1.69 0.21 - -1.26
MKM F5 wY 10 0.64 —3.85 9.73 0.65 0.29 —-0.16 0.40 32.16 1.73 0.26
Shidler F5 wY 9 097 -—2.48 10.16 047 0.16 -0.12 228  16.60 0.86 ~2.38
Conoco 44 F5 wY 8 147 =359 8.58 0.05 0.02 -0.01 1.59 13.17 0.60 0.14
Seeley F6 wY 19 0.14 -0.18 0.15 0.01 0.00 —0.00 0.01 -0.01 0.010  -0.07
Newcastle F6 wY 21 0.23 -0.60 0.47  0.01 0.00 -0.00 0.04 -0.01 0.03 0.01
Osage F6 wY 17 0.14 -0.41 0.51 0.02 0.01 -0.01 0.03 -0.02 0.02 0.17
Upton F6 wY 15 072 -1.87 1.86  0.22 0.06 -0.06 0.05 -0.04 0.04 0.00
Devils Tower F6 wY 13 0.60 -1.62 2.27 020 0.05 -0.05 0.04 0.03 0.02 -0.21
Voss F7 wY 20 025 -0.71 0.42  0.01 0.00 -0.00 0.03 0.01 0.03 0.04
Self ) F7 wY ‘22 033 -1.00 0.88 0.02 0.01 -0.01 0.03 0.01 0.04 -0.41
JBJ F7 wY 18 -0.04 -1.77 2.16 0.20 0.05 -0.05 0.17 0.10 0.11 -1.88
Evans Plunge K7 SDh 10 0.74 -2.64 5.93 0:44 0.12 -0.12 0.44 2.83 027 -0.42
Cascade Spring F7 SD 9 248 ~-733 16.91 2.42 0.65 -0.65 0.19 0.75 0.12 -0.90
McNenney F8 SD 2 0.18 -0.31 0.91 0.03 0.01 -0.00 -0.06 -—0.03 -0.02 0.20
Kosken F8 SD 1 117 -3.55 7.10 0.30 0.08 —0.08 0.05 0.84 0.23 -0.93
Philip F8 SD 19 1.58 —4.34 6.98 0.86 0.23 -0.23 0.06 0.43 0.13 -0.79
Midland F8 Sb 24 191 -5.00 8.66 0.88 0.23 —0.24 0.16 0.54 0.19 -1.12
Murdo F8 SD 25 1.87 —4.70 9.19 0.71 0.21 -0.19 0.19 1.38 028 -1.18
Hilltop Ranch F8 SD 22 236 =775 12.70 0.63 0.18 -0.17 -0.36 4.18 0.28 0.49
Prince F8 SD 26 2.61 ~6.47 12.94 1.07 0.29 -0.28 0.16 2.59 046 -1.70
Hamilton F8 Sb - 21 290 -7.15 1356 0.30 0.11 -0.06 0.14 0.97 0.33 ~—0.40
Eagle Butte F8 SD 23 372 -822 13.58 0.33 0.12 -0.07 0.66 1.06 0.66 —0.69
Dupree F8 SD 20 3.07 -8.17 1474 0.53 0.13 -0.13 1.22 2.13 1.20 0.00

All mineral and gas mass transfers are in millimoles per kilogram of water. Negative for precipitation, positive for dissolution. The states
are designated by MT, Montana; SD, South Dakota; and WY, Wyoming.

Well, the mass transfer to this well was calculated assuming
the formation of a gas containing 20% CH, and 80% CO,
(Table 7, cases 3 and 4). The CH, produced was assumed to
be 60% lighter than the §C of the aqueous solution. The
remainder of the modeling parameters were as before: Ca2*/
Na* exchange (case 3) or pure Mg?*/Na™ exchange (case
4), with %S of anhydrite equal to 11.8% and 8" Ccy 0 and
8 C gotomite Of —25.0 and 2.0%v, respectively.

Inclusion of methanogenesis significantly increases the
calculated quantity of outgassing. As expected, the quantity
of organic matter oxidized is increased, and there is only
minor improvement in the calculated value of 8*3C. The
combined effect of pure Mg?*/Na* exchange and methano-
genesis (case 4, Table 7) differs little from that of Mg?*/Na*
exchange alone (case 2). Substantial methanogenesis is not

known to occur in the presence of dissolved sulfate [Clay-
pool and Kaplan, 1974; Fenchel and Blackburn, 1979; Lov-
ley and Klug, 1986; Grossman et al. , 1989]. Because many of
the waters are almost saturated with respect to anhydrite,
methanogenesis is not expected to be an important process
in the Madison aquifer.

The data in Table 7 show that for the Mysse Flowing Well
(case 5) the calculated CO, outgassing is near 0.0 mmol/kg of
water if 8°*S of anhydrite is increased to 15.5%. Using this
heavier value of §2*S of anhydrite, the CH,O mass transfer
is decreased from 5.00 to 0.87 mmol/kg of water, and the
calculated value of 8C is only 1.23%o lighter than the
measured value.

Minor variations in many of the other modeling parame-
ters can lead to almost identical calculated and measured
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TABLE 9. Summary of Model Parameters and Carbon Isotope Results

838, 813C, %o Ion 813C, %o 14C, 9% modern
Well %60 — Ex-
Flow Num-  Anhy- Organic Dolo- change Calcu- Mea- Ad- Meas- Apparent
Well Name Path  State ber drite  Matter  mite XM lated sured justed ured Age, Years

Hanover Flowing F1 MT 8 17.10  —-25.00  2.00 0.0 ~5.84 -5.32 49.09  25.40 5446.

Well
Vanek Warm F1 MT 9 17.10  —25.00 1.00 0.0 -5.19 -5.18 37.38  29.30 2013.

Spring
Landusky Spring F1 MT 12 17.10  —25.00 0.00 0.0 -7.33 —7.46 5.66
Lodgepole Warm F1 MT 13 20.00 —25.00 2.00 0.0 -7.05 -7.04 5.45  28.00 modern

Spring i
Sleeping Buffalo F1 MT 18 21.90 —25.00 0.00 0.0 -3.22 -3.22 3.63 4.20 modern
Mcleod Warm F2 MT 6 17.00 -—25.00 2.00 0.0 -—10.15 -7.57 4529  52.50 modern

Spring
Sumatra F2 MT 17 15.00 —20.00 4.00 0.6 -3.72 —3.61 2.92
Keg Coulee F2 MT 15 14.70 —20.00  5.00 1.0 -1.85 —1.68 1.66 1.00 4185.
Texaco C115X F2 MT 16 1470 —20.00  5.00 1.0 -3.19 0.15 i
Colstrip F3 MT 21 14.000 —20.00 4.00 1.0 —2.64 —2.67 10.97
Sarpy Mine F3 MT 19 13.00 -—20.00 4.00 0.8 —2.41 -2.33 12.75 3.30 11173.
Moore F3 MT 22 14.00 —20.00 6.70 1.0 -2.47 -2.40 2.43 1.60 3448.
Mysse Flowing F3 MT 20 1550 -—25.00 4.00 0.0 -2.21 -2.34 12.30 0.80 22588.

Well
HTH 1 F4 wY 14 10.30 —25.00 1.20 0.0 —6.66 -6.63 30.59 12.70 7266.
Ranch Creek F4 MT 23 10.90 =25.00 0.9 0.0 —6.18 —-6.17 30.61 10.00 9247,
Belle Creek F4 MT 24 10.90 -25.00 1.00 0.0 -6.01 -6.02 28.72 9.50 9147.
Delzer 1 F4 SD 7 12.60 —27.00  0.00 0.0 —4.58 —4.60 1.99 4.60 modern
Delzer 2 F4 SD 8 13.60 —22.00 4,00 0.0 -2.60 —2.61 5.49 2.80 5560.
Conoco 175 Fs5 wY 11 7.90 -—25.00 2.50 0.0 -6.29 —6.23 34.84 13.90 7597.
MEKML( F5 wY 10 7.90 -20.00 2.00 0.0 -—11.59 —4.66 33.08 2.60 21026.
Shidler F5 wYy 9 7.90 -—25.00 2.00 0.0 —4.69 s 25.32 6.20 11631.
Conoco 44 F5 wY 8 - 830 -2500 4.00 0.0 -5.10 -5.14 27.79 1.80 22624.
Seeley F6 wYy 19 9.50 —25.00 2.00 0.0 —8.86 —~7.82 51.80  61.40 modern
Newcastle F6 wY 19 9.50 -—25.00 2.00 0.0 -8.77 -—10.40 50.14 46,20 677.
Osage F6 wY 17 9.50 -—25.00 2.00 0.0 -9.33 -10.00 51.68 54,70 modern
Upton Fé6 wY 15 9.50 -—25.00 0.50 0.0 —8.19 -8.20 40.09 14.70 8294,
Devils Tower Fé6 wY 13 9.50 -—25.00 2.00 0.0 -7.79 —6.80 41.85  59.00 modern
Voss F7 wYy 20 10.00 -25.00 2.00 0.0 -10.17 -7.26 50.62  44.50 1065.
Self F7 wY 22 10.00 —=25.00 2.00 0.0 —9.28 —6.60 48.68  31.20 3677.
JBJ F7 wY 18 10.00 —25.00 2.00 0.0 -9.92 —-4.24 53.57 4.80 19942,
Evans Plunge F7 SD 10 10.00 —25.00 0.00 0.0 -9.67 -9.70 38.04  28.50 2386.
Cascade Spring F7 SD 9 9.00 -—25.00 1.00 0.0 -9.08 -9.10 13.72 19.40 modern
McNenney 78 SD 2 11.00 -—-25.00 2.00 0.0 -9.51 —11.50- 53.02 79.60 modern
Kosken F8 SD 1 12.40 -25.00 2.00 0.0 —6.14 —6.20 28.01 7.80 10568.
Philip F8 SD 19 12.90 -25.00 2.00 0.0 -7.20 -7.20 21.49 2.80 16847.
Midland F8 SD 24 13.70 —25.00 2.00 0.0 —6.18 —6.20 17.31 2.40 16332,
Murdo F8 SD 25 13.30 -25.00  2.00 0.0 -5.52 —5.50 18.40 3.20 14461.
Hilltop Ranch F8 SD 22 12.30  —25.00 2.00 0.0 -6.72 —~6.63 15.35 4.60 9960.
Prince F8 SD 26 . 1430 —25.00 2.00 0.0 —4.73 —4,72 10.26 4,00 7784.
Hamilton F8 SD 21 15.00 =25.00 2.00 0.0 -3.59 -3.50 12.01 2.40 13310.
Eagle Butte F8 SD 23 15.80 —25.00 2.00 0.0 -2.35 —2.40 8.53 2.20 11203.
Dupree F8 SD 20 16.00 —25.00 4.90 0.0 =2.07 —2.05 10.29 2.80 10763.

Parts per thousand, %o. Adjusted 140 assumes no radioactive decay. The states are designated by MT, Montana; SD, South Dakota; and

WY, Wyoming.

values of 83C. For example, if 8'3C of the dissolving
dolomite is about 4.0%. rather than 2.0%o (case 6, Table 7),
the calculated 8§°C value at the Mysse Flowing Well is
similar to the measured value. Other factors, which sepa-
rately or combined would result in similar calculated and
measured values of 8°3C, are (1) lighter 8*Sys, (2) varia-
tion in 8Cyyomite, (3) variation in 83Cep 0, (4) (Ca®* +
Mg2*)/Na™ ion exchange, and (5) minor uncertainties in the
analytical data. It is apparent that an almost unlimited
number of minor variations in reaction parameters can lead
to close agreement in calculated and measured values of
§13C. Clearly then, the modeling results are not unique. But,
through all of these changes, the overall mass transfer results

are changed only slightly and are similar to those of case 5
(Table 7).

Of the three modeling alternatives investigated (Mg
Nat ion exchange, methanogenesis, and variation in 58
anhydrite), only varying the value of 58 anhydrite mini-
mizes the calculated CO, outgassing, indicating the expected
closed system. In so doing, the calculated §C value is
heavier and similar to the measured values; and the calcu-
Jated C activity, corrected for reaction affects, is signifi-
cantly larger than the measured value, which results in more
reasonable age estimates.

On the basis of this analysis of modeling alternatives, the
single most significant factor contributing to error in model-

2+]1
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Fig. 13. Map showing modeled sulfur isotopic composition of Madison Limestone anhydrites (contours) compared

with average values for anhydrites from Madig

ing results is uncertainty in the sulfur isotopic composition of
dissolving anhydrite. Insufficient data are available to define
the sulfur isotopic composition of anhydrite throughout the
study area. Substantially more data are available on the
sulfur isotopic composition of dissolved sulfate than for
anhydrites in the Madison Limestone. Therefore the mass
transfer models as described above have been solved and
tested by comparing predicted values of &**S of anhydrite

on Limestone cores (solid circles). See Table 10.

with th_e limited sulfur isotopic data for Madison anhydrites
determined in this study.

Mass Transfer Results

The mass transfers of dolomite, calcite, anhydrite, CHZO-,
FeOOH, pyrite, ion exchange, NaCl, KCl, and CO, gas, in
millimoles per kilogram of water, are listed in Table 8 for 42

TABLE 10. Summary of Sulfur Isotope Data for Anhydrites in the Madison Limestone

Average 1

Total 548 Standard Number
Depth, Interval Anhydrite, Deviation, of

Well State Location Elevation* ft Sampled %o %0 Samples
S803 wY S57°N 78°W 11 NWSE 4165. 12215. 10991.-11160. - 13.3 1.6 12
Cs581 wY 49°N 72°W 3 NWSE " 4653. 10532, 10497.-10505. 12.7 0.4 2
HTHI1 wY 47°N 65°W 15 NESE 3618. 6718. 2480.-2805. 10.2 4.4 6
HTH2 MT 1°N 54°E 18 SESE 2809. 10709. 6521.~7404. 17.2 3.1 6
B991 MT 1°N 17°E 22 NWSE 4632. 8580. 6752.-6807. 14.0 2.1 7
HTH3 MT 2°N 27°E 35 NWSE 3039.8 8462.8 4374,-5315.5 16.7 1.7 11
B983 MT 15°N 33°E 12 .3335. 8133. 6675.—6687. 22.4 2.5 5
C384 MT 25°N 1°W 30 SESESE 3585. 4161. 3120.-3165. 27.1 1.8 2
B925 MT 16°N 54°E 17 SWNW 2532. 9990. 7765. 24.5 1
C249 MT 28°N 51°E 14 NWNW 2167. 6248. 5746.-5752. 20.3 0.9 4
B717 ND 134°N 87°W 16 NESESE 2273. 9470. 6030.-6071. 24.4 2.0 9

*Elevation of Kelly Bushing, in feet. One foot WY,

Wyoming.

= 0.3048 m. The states are designated by MT, ‘Montana; ND, North Dakota; and
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Fig. 14, Contours showing calculated amounts of anhydriﬁe dissolved per kilogram H,O in the Madison aquifer. .

wells or springs in the Madison aquifer. The carbon and
sulfur isotopic values used and the nature of the ion ex-
change reaction considered are summarized in Table 9. The
calculated and measured 82C values are also compared in
Table 9. The few examples of dissimilarity between calcu-
lated and measured values of 6'3C such as the Voss well
(well 20 in Wyoming) usually correspond to wells near
recharge areas where modeling is particularly sensitive to
uncertainties in the starting 8*C conditions.

REGIONAL PATTERN IN SULFUR IsoTOPIC
CONTENT OF ANHYDRITE

The best estimates of the sulfur isotopic composition of
dissolving anhydrite in the Madison aquifer are given in
Table 9. The lightest values (about 8%0) are calculated in
northeast Wyoming and eastward through the Black Hills
(9-10%o). As shown in Figure 13, these model-derived values
of 88 of anhydrite (contours) increase progressively to
heavier values northward through east central Montana and
to the northeast through western South Dakota. The lighter
sulfur isotopic values for dissolved sulfate in northeastern
Wyoming have previously been interpreted as indicating
leakage of waters from overlying Pennsylvanian and Per-
mian rocks in response to extensive pumpage from the
Madison aquifer [Busby et al., 1983]. This study suggests
that the values in northeast Wyoming (Figure 13) are not

necessarily anomalous but are, instead, part of a regional
pattern in the Madison rocks.

As a means of testing the validity of the computed mass
transfer models, the modeled sulfur isotopic composition of
anhydrite was compared with measured values from all
available cores from the Madison Limestone from Wyoming
and Montana (10 cores) in the U.S. Geological Survey core
library, Arvada, Colorado. No cores were available from
South Dakota, however, one core was sampled from south-
west North Dakota. A total of 65 samples of anhydrite from
11 Madison cores were analyzed for 6°*S of anhydrite and
summarized in Table 10, showing the average value, stan-
dard deviation, and number of samples for each core. Many
of the measurements of 6°*S of Madison anhydrites are
within the range of marine Mississippian anhydrites [Clay-
pool et al., 1980], but some values as light as 10%0 were
observed in northeast Wyoming and southeast Montana
(Table 10). For example, the sulfur isotopic composition of
12 Madison anhydrite samples from core S803 in northeast
Wyoming vary between 10.5 and 15.4%o over an interval of
170 £t (51.8 m). In contrast, two Madison anhydrite samples
from northwest Montana (core C384) have sulfur isotopic
compositions of 28.4 and 25.8%o at depths of 3120. and 3165
ft (951.0 and 964.7 m), respectively. The average measured
rock values of 8*S anhydrite are plotted on Figure 13 for
comparison with the model-predicted sulfur isotopic content
of anhydrite (contours). Although the agreement is not



»N
[=3

1
Flow Paths

kS
LI B BNL B B B B L m |

O BTSN N TSN S BTSN VSN N AR AN B

Precipitated Calcite (mmol/kg Hy0)
5]

O
A
\
r L
-
@
o |
.
al
.
=L
3_
=
a
.
a
N
N

Dissolved Dolomite {mmol/kg H,0)

3
0@’$’T°l1l.l.ol.lnl.l.l.l

0 2 4 8 8 10 12 % 1B 18 20 2
Dissolved Anhydrite (mmol/kg H,0)

Fig. 15. Comparison of the calcite and dolomite mass transfers
as a function of the amount of anhydrite dissolved, Two trends are
evident primarily due to dedolomitization alone and dedolomitiza-
tion combined with cation exchange reactions along flow path 2.

perfect, the measured values strongly support the modeled
. results. The broad pattern of light values of §34S of anhydrite
in northeastern Wyoming increasing northeast, north, and
northwest is also observed for the anhydrite samples. Most
of the contours are within several per mil or better of the
average measured anhydrite values. This comparison of
modeled and measured sulfur isotopic content of anhydrite
strongly supports the mass transfer models of Tables 8 and 9.

Several explanations can be offered for the differences in
the observed sulfur isotope pattern in Madison rocks relative
to established marine evaporite isotopic data [Claypool et
al., 1980]. The marine values may be modified by a terrige-
nous source of sulfur in northeast Wyoming and southwest
South Dakota. According to Sando [1976b], land masses
associated with the Transcontinental arch were emergent in
southeast Wyoming and northeast Nebraska throughout the
Mississippian and could have contributed light sulfur (pre-
sumably from pyrite) to deposits in northeastern Wyoming
and southwestern South Dakota. The inferred trend to
heavier sulfur isotopic composition of anhydrite northward
through western South Dakota and through east central
Montana may correspond to a decrease in deposition of
terrigenous sulfur and more influence of a marine evaporite
environment,

Alternatively, the observed pattern in sulfur isotopic con-
tent of anhydrite may be related to the primary deposition of
organic matter in Madison sediment. Areas of greater depo-
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sition of organic matter would promote more extensive
sulfate reduction and formation of isotopically lighter pyrite.
Subsequent oxidation of pyrite in the sediment and evapo-
rative precipitation of gypsum from mixed sulfur sources
could lead to a direct correlation of isotopically lighter
gypsum and organic matter, .

Although the processes responsible for the sulfur isotopic
pattern in the Madison anhydrites are unknown, the ob-
served geographic distribution of '§**S Anhydrite 1S similar to
the modeled values. We may therefore examine the mass
transfer results (Table 8) with some confidence.

SuMMARY OF CHEMICAL REACTIONS
IN THE MADISON AQUIFER

The data in Table 8 indicate that dedolomitization, that is,
dissolution of anhydrite and dolomite accompanied by pre-
cipitation of calcite, is the predominant process throughout
the entire Madison aquifer. The extent to which this process
proceeds appears to be a function of both distance of flow
(age) and availability of anhydrite for reaction. The anhy-
drite mass transfer reaches about 20 mmol dissolved per
kilogram of water along flow paths 1, 2, 3, and 4. Along flow
path 8 the quantity of anhydrite dissolved increases north-
ward normal to the eastward direction of flow, indicating

. that the increased availability of anhydrite northward toward

the Williston basin is a more dominant cause of mass transfer
than distance down the flow path. Other waters show little or
no anhydrite dissolution (flow path 6), indicating low abun-
dance of the mineral there and/or more rapid flow velocities.
The importance of mineral availability for reaction is further
demonstrated by the fact that some of the largest quantities
of .anhydrite dissolution are found in some of the youngest
(flow paths 1 and 7) and oldest (flow paths 2 and 3) waters.

There are systematic variations in the regional pattern of
anhydrite dissolution in the Madison aquifer, based on mass
transfer calculations (Figure 14). The quantity of anhydrite
dissolved is affected by distance from recharge areas; pro-
gressive increases in anhydrite dissolution occur with dis-
tance downgradient. This is most noticeable in the Madison
aquifer surrounding the Black Hills. As expected for dedo-
lomitization, the dolomite and calcite mass transfers are
related to the anhydrite mass transfer. The data in Figure 15
indicate nearly linear relations between the mass transfers of
anhydrite and dolomite and between anhydrite and calcite.
The slopes of points in Figure 15 indicate that for flow paths
1-8, about 0.2 mmol/kg of water of dolomite dissolves for
every millimole per kilogram of water of anhydrite dis-
solved, causing the precipitation of approximately 0.5 mmol/
kg of water of calcite. These mass transfers are similar to
those calculated from thermodynamic simulations of hypo-
thetical dedolomitization using the geochemical mass trans-
fer program PHREEQE [Parkhurst et al., 1980].

The only significant exceptions to these determinations in
the calcite and dolomite mass transfers are several wells
along flow path 2 where substantial ion exchange was
indicated. Here the dissolved-dolomite and precipitated-
calcite mass transfers were larger than the trend shown for
the rest of the Madison aquifer (Figure 15).

Regionally, the dolomite mass transfer (Figure 16) is
similar to the anhydrite dissolution pattern (Figure 14). The
quantity of dolomite dissolved also is found to increase
normal to the direction of flow along flow path 8, in response
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to the irreversible -dissolution of anhydrite. Similar varia-
tions exist for the calcite mass transfer.

Occurring with the dedolomitization reaction is some
organic matter oxidation, dissolution of ferric hydroxide,
and pyrite authigenesis. Several flow paths, notably 5, 6, and
7, show little or no evidence of sulfate reduction, whereas
water from wells in the Central Montana trough (flow paths
2 and 3) and points along flow paths 4 and 8 indicate greater
sulfate reduction. For example, in water from wells in the
Central Montana trough, the model indicates that as much as
4-8 mmol of organic matter are oxidized per kilogram of
water. Elsewhere in the Madison aquifer most values for
organic matter oxidation are less than 0.5 mmol/kg of water.

Accompanying the relatively substantial sulfate reduction
along flow path 2 is small amounts of pyrite precipitation and
dissolution of FeOOH. This probably reflects lesser quanti-
ties of detrital FeOOH deposited in the Central Montana
trough. Here most of the reduced sulfur species remain in
solution. Elsewhere in the Madison aquifer, sulfate reduc-
tion accompanies proportionately larger quantities of
FeOOH and greater pyrite mass transfer.

Halite dissolution and cation exchange are significant only
in limited parts of Montana and Wyoming, presumably influ-
enced by the availability of halite and clay minerals there.

Cation exchange occurs along flow paths 1, 2, 3, 5, and 8
but is significant only along flow paths 2 and 3. There are
systematic variations in the degree of cation exchange,

increasing significantly northeastward from central Mon-
tana. Dissolution of halite is very important along flow paths
2, 3, and 5 and minor to absent throughout the rest of the
Madison aquifer. Halite dissolution contributes about 1 mmol
chloride per kilogram of water or less to most of the waters of
the Madison aquifer, except in east central Montana, where;
very abruptly, water from most wells has more than 50 mmol of
NaCl dissolved per kilogram of water. The addition of a
potassium chloride phase always accompanies halite dissolu-
tion but at mass transfer levels of only 5% that of halite.

As discussed earlier, the CO, gas mass transfer is ex-
pected to be near zero, and the magnitude of this term has
been used as a criterion in refining the mass balance models.
For most of the wells modeled the CO, gas mass transfer is
0.0 = 0.5 mmol/kg of water, which, taking into account the
modeling assumptions, reasonably supports the conclusion
of a closed system. Other wells show larger CO, gas mass
transfers that are attributed to uncertainties in the composi-
tion of recharge waters or ‘other errors in the modeling
parameters.

CARBON 14 AGE OF GROUNDWATER
IN THE MADISON AQUIFER

On the basis of the reaction models of Tables 8 and 9,
adjusted C ages for many of the waters from the Madison
aquifer have been computed. The primary concerns in the
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TABLE 11. Comparison of Calculated Prenuclear Detonation #C Values, Ag for Recharge
Waters from the Madison Aquifer (Percent Modern)
Modified
Flow Tamers Ingerson- Fontes-
Path This Work' Tamers Pearson Garnier Eichinger
1 52.9 53.1 34.7 16.1 32.7
2 56.4 52.3 63.3 74.8 59.5
3 52.3 53.5 43.4 33.3 40.7
4 54.1 54.6 47.4 39.9 44.0
5 55.5 55.0 62.0 69.1 57.3
6 54.6 54.3 54.4 54.6 50.6
7 55.2 55.7 60.9 66.6 56.3
8 57.4 55.1 55.9 56.8 51.7

Fractionation factors are those of the or1gmal sources (see text for references), Water chermstry and
isotope data for the recharge waters are given in Tables 4 and 5. Calculation of A, assumes §'3 Cco,

= —20%o, 8 Ccarbonates = 3%‘7:
reaction adjustments to Aq in deﬁmng A,,d

¢ dating analysis are (1) rehablhty of the estimated prenu-
clear detonation #C content in the recharge areas, A, and
(2) the accuracy of the derived mass transfer and reaction
corrections in adjusting the estimated recharge value for
reaction effects along the flow path to the final well. This
latter correction defines A4, the '“C content expected at the
final well if no radioactive decay occurred.

Calculation of Ay and A,

The prenuclear detonation C content of the recharge
waters was estimated using a modified Tamers calculation
[Tamers, 1967, 1975; Tamers and Scharpenseel, 1970] which
included a chemical mass balance for calcite, dolomite,
anhydrite, and CO, gas in the recharge water, and assumed
a 100% modern source of CO, gas and 0% modern carbonate
mineral sources. The modeled *C contents of the recharge
waters (prenuclear detonation), A, for flow paths 1-8 are
52.68, 56.37, 52.34, 53.88, 55.63, 55.64, 55.29, and 57.39%
modern, respectively. These values were further adjusted
for the modeled mass transfer to the final well in a calcula-
tion based on the equations of Wigley et al. [1978, 1979],
similar to equations used to estimate §3C in the final water.
The 'C values, adjusted for reaction but not radioactive
decay, A,,, were used with the measured '“C content of the
final water, A, in estimating water age, according to the
radioactive decay equation

5730 /A,
Ap=—""p (2
In2 A

where At is the travel time, in years, since the groundwater
became isolated from the soil '4C reservoir [Wigley et al.,
1978; Wigley and Muller, 1981]. Values of A,; and A (in
- percent modern) are given in Table 9 along with the calcu-
lated travel time. For nine of the waters, 4,, was smaller
than the measured “C content (Table 9), indicating possibly
mixed waters containing a modern component mixed with
older water and/or uncertainties in estimating A4,,. Estima-
tion of A, is carried out in two steps: (1) estimation of 4, in
the recharge waters, and (2) adjustment of A, for reaction
effects along the flow path to the final well, which defines
Ang.
In estimating Ay we have assumed a closed system evo-
lution of soil-derived CO, (100% modern) reacting with

(32)

Cco = 100%, and “C yrbonates = 0%. See Tables 8 and 9 for further

4C.depleted limestones and dolostones in the recharge
areas. A modified Tamers model correcting dissolved Ca for
(minor) anhydrite sources in the recharge areas was used. As
such, Ag is systematically 50-55% modern for the eight
recharge areas considered. Deines et al. [1974] demonstrated
closed system evolution for carbonate waters in Pennsylva-
nia. Reardon et al. [1980] found open system conditions in
shallow sandy calcareous soil (=2 m), but for unsaturated
zone depths greater than 5 m some degree of closed system
isotopic evolution was evident. Several other models have
been proposed for estimating A, [Ingerson and Pearson,
1964; Tamers, 1967, 1975); Tamers and Scharpenseel, 1970;
Mook, 1972, 1976, 1980; Fontes and Garnier, 1979; Eich-
inger, 1983], all requiring various assumptions about the
physical nature of the recharge process. The reader is
referred to Fontes and Garnier [1979] and the original
sources for explanation of the various models considered
here for estimating A,. Table 11 summarizes values of 4,
estimated for the recharge waters for each flow path based
on the models of Tamers [1967, 19751, Ingerson and Pearson
[1964], Fontes and Garnier [1979], and Eichinger [1983] and
compared with the modified Tamers modél used in this
study In the calculations of Table 11, 813Cc0 = —20%o,
8 Cearbonates = 3%o, “Cco, = 100% modern, and
4Ccarbonates = 0% modern. Fractionation factors were those
used in the original sources. Values of A, based on the
model of Mook [1980] are not included in Table 11 because
they vary widely and are unrealistic, reflecting, at least in
part, lack of appropriate chemical and isotopic data in the
unsaturated zone of the recharge areas. For the remaining
models the results of Table 11 show some degree of consis-
tency, supporting values of A, in the recharge waters near
50% modern. The range of uncertainty in estimated A,
values leads to uncertainties of several thousand years in C
ages. Further uncertainties in estimating the “C age of
Madison waters depend on the validity of the reaction
corrections applied to Ag in estimating A4,,4.

The maximum error in “C age dating of waters from the
Madison aquifer follows from uncertainty in Ay and is
considered to be approximately one half-life (5730 years).
That is, if the waters evolved under open system conditions,
the Ay value of the recharge water at the point on the flow
path where the water became isolated from the soil “C
reservoir would be approximately 102% modern (see, for
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example, Mook [1980]) rather than the closed system case
considered here. Recharge waters partially open to the e
reservoir would have intermediate A, values, between ap-
proximately 50 and 102% modern, and uncertainties in age
relative to the closed system model of 0-5700 years.

We are unable to determine whether the waters from the
Madison aquifer actually evolved primarily as open or closed
systems at the time of recharge, but for consistency in
comparing results, all waters have been treated similarly
using the modified Tamers model. As a result, Madison
waters could be consistently as much as 5700 years older
than reported in Table 9 if recharge waters formed under
open system conditions.

Regarding uncertainties in the mass transfer and reaction
corrections, the 14 ages in Table 9 may be used with
varying degrees of confidence. The most reliable ages were
determined for waters that have undergone only the dedolo-
mitization reaction. The tritium data (Table 5) indicate that
some waters, particularly those near recharge areas, may be
partially contaminated with modern Hc,

As discussed earlier, the mass transfer and resulting.

adjusted '4C ages are particularly sensitive to the sulfur
isotopic composition of dissolving anhydrite and to the
extent to which a magnesium sink, such as Mg?*/Na*
exchange, is present. Through the modeling process, lighter
values of §>*S of anhydrite cause calculation of more sulfate
reduction and thus oxidation of more (!#C-depleted) organic
matter. This additional dilution of the *C leads to smaller
calculated (reaction-corrected) 14¢ values and younger ad-
justed ages. Similarly, an additional sink for magnesium
causes calculation of more extensive dissolution of '#C
depleted dolomite, which again results in younger adjusted
ages. Consequently, some of the more uncertain 14¢ ages
are those along flow paths 2 and 3 where extensive sulfate
reduction and Mg?"/Na™ exchange have been included in
the reaction models. ’ ‘

The importance of the reaction model corrections to 4c
dating of the waters, however, cannot be overlooked. The
variation in the measured 'C content of all wells and springs
along flow paths 1-8, as a function of the computed anhy-
drite mass transfer, is shown in Figure 17. An abrupt and
systematic decrease is seen in the 14 content as anhydrite
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dissolves. This decrease is, in part, due to radioactive decay
because the older waters generally have greater concentra-
tions of dissolved anhydrite. However, the measured e
values are further decreased by dilution from dissolution of
dolomite and oxidation of CH,O as well as incorporation of
140 in secondary calcite precipitated via the dedolomitiza-
tion reaction.

Examples

Taking the well at Sleeping Buffalo (well 18 in Montana) as
an example, the measured '“C content of 4.20% modern is
equivalent to an age of 26,000 years if no corrections for
reaction are made; that is, the unadjusted age is equal to
(5730/In 2) In (100/measured percent modern). Correcting for
an assumed congruent dissolution of carbonate minerals to
the final well, the model of Ingerson and Pearson [1964] (see
also Pearson and White [1967]) results in an age for water
from the Sleeping Buffalo well of about 17,000-20,000 years
(assuming 8'3C of CO, gas is —9.44%o and 8”C of dolomite

is 0 and 3.1%., respectively; see above for mass balance

estimates of 3C values of soil gas CO,). When the data are .
corrected for incongruent dissolution of carbonate minerals
and sulfate reduction using the Rayleigh distillation equa-
tions of Wigley et al. [1978, 1979] and the final calculated
mass transfer (Table 8), the water at Sleeping Buffalo is
found to be approximately modern (probably less than 5000
years old). On the basis of the proximity of the Sleeping
Buffalo well to the recharge area and the digital simulation
results of Downey [1984] a young age is expected. Clearly,
large errors in C age dating can result if adjustments are
applied indiscriminately to 140 data without proper evalua-
tion of chemical reaction effects.

" Not all examples are as extreme as the water from the
Sleeping Buffalo well. For example, the Mysse well (well 20
in Montana) has an unadjusted 4 age of 40,000 years. By
correcting for an assumed congruent reaction (applying the
model of Ingerson and Pearson [1964] and Pearson and
White [1967] to the Mysse water) the C age is decreased to
30,800 years (8™ Cgotomite = 3-1%o, 8>Cco, = —13.36%o, see
above for mass balance estimates of soil gas 13¢), which
compares with 22,500 years (Table 9), based on the incon-
gruent mass transfer (Table 8) and equations of Wigley et al.
[1978, 19791. ,

In an earlier publication [Back et al., 1983], several waters
from the Madison aquifer in the vicinity of the Black Hills
were '4C dated by correcting for incongruent dissolution
only (the dedolomitization reaction). This led to a ¥C age at
the Philip well (well 19 in South Dakota), for example, of
20,000 years. When both the dedolomitization reactions and
sulfate reduction were evaluated, the water from the Philip
well was found to be about 3000 years younger, with an
adjusted age of about 16,800 years (Table 9).

The curve in Figure 17 shows the adjusted 'C content,
A,,, along a hypothetical reaction path to the Dupree well
(well 20 in South Dakota). The adjusted "C content was
calculated using the computed mass transfer to the Dupree
well, assuming constant relative rates of reaction in propor-
tion to the computed mass transfer. Although the curve in
Figure 17 is based on the mass transfer to the Dupree well,
similar variation is expected for other waters that are af-
fected predominantly by the dedolomitization reaction.
Modern waters will have measured '*C contents similar to
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Fig. 18. Variation in 8180 of waters from the Madlson aquifer as a function of adjusted “C age. The upper and
lower shaded zones show two parallel trends to lighter §'80 values with increasing age for waters on flow path 8. Waters
from the upper shaded zone originate primarily along the northern and northwestern flanks of the Black Hills, and those
in the lower shaded zone were recharged primarily along the south and southwest portions of the Black Hills (see text).
The horizontal dashed lines indicate expected older ages for waters from the Madison aquifer at McNenny and Dupree,’
if corrected for contamination by modern wateré as suggested by the measured tritium content (TU). The dotted curves

show observed trends to isotopically lighter &

those along the curve, as a function of anhydrite dissolution.
Older waters have “C values that plot below the curve. The
ratio of the adjusted and measured “C at the Dupree well
results in an estimated age of about 10,800 .years. This is a
minimum estimate of water age because, in this case, the
Dupree water is contaminated with tritium (10.8 TU), indi-
cating a mixed water. Judging from its relation in the flow
system to other wells in'the Madison aquifer, the Madison
aquifer at Dupree is possibly some 5000 years older than the
adjusted age indicates. Waters with large anhydrite mass
transfers and relatively large values of measured C such as
Cascade Spring and the Evans Plunge Spring are interpreted
to be either virtually modern or possibly mixtures of older
waters which have been contaminated in part with soil gas
containing modern CO,. Unfortunately, no tritium data are
available for these two waters to check for contamination.
Waters from Lodgepole Warm Spring and McNenney are
contaminated with tritium (31.8 and 11.4 TU, respectively,
Table 5), indicating a modern water or mixtures of older
waters and modern sources.

Variations in 880 With Adjusted ¥C Age

Several flow paths suggest trends to lighter stable isotopic
composmons of water with increasing adjusted C age, as
seen in the 680 content (Figure 18). The average value of
8180 of the recharge water for each flow path (zero age) is
shown on Figure 18, and except for the well at McNenney
(flow path 8), waters that appear to be modern after adjust-
ment of *C for reaction effects are. omitted. Wells contain-
ing a portion of tritiated water (>1 TU) are identified on
Figure 18. The portion of these tntlated waters from the

O values of waters on flow paths 5 and 6.

Madison aquifer is expected to be shifted to greater age, as
the arrows indicate for the wells at McNenney and Dupree
(Figure 18).

Water on flow path 5 which flows into the Powder River
Basin in NE Wyoming shows a decrease of about 2%.in 820
over the past 11,000 years (Figure 18). Water along flow path
6, originating on the west flank of the Black Hills and flowing
north and northeast and joining flow path 4, shows a de-

crease of about 1% in 8'80 over approximately the past 8000

years (Figure 18).

Back et al. [1983] noted that recharge waters on the
eastern flank of the Black Hills were isotopicaily heavier
than those on the western side of the Black Hills. Ihcy
attributed this difference (of nearly 4%o) to differences in
storm tracks, the eastern flank of the Black Hills receiving a
greater proportion of isotopically heavier water originating
in the Gulf of Mexico. If waters on flow path 8 are recharged
primarily along the eastern flank of the Black Hills, the older
Madison waters in western South Dakota are shifted some
—4%, in 8'80 relative to modern recharge. However, as the
fiow vector map (Figure 5) suggests, waters on flow path 8'in
western South Dakota originate from three sources. Water
recharged on the western side of the Black Hills diverts to
the north and south before flowing eastward into western
South Dakota, where it mixes with water recharged on the
eastern side of the Black Hills.

Two parallel trends are evident in the 5'30 data for the
waters sampled on flow path '8 in western South Dakota
(Figure 18). The four southernmost wells on flow path 8
(Kosken, Murdo, Ph1hp, and Midland) are probably a mix-
ture of water orlgmatmg on the eastern and south-
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southwestern sides of the Black Hills. Waters from the four
northern wells on flow path 8 in western South Dakota
(Prince, Hilltop Ranch, Eagle Butte, and Dupree) probably
contain a greater proportion of water originating on the
west-northwest side of the Black Hills and portions of water
on flow path 4 (Figure 5). As a result, two separate but
parallel groupings of wells in western South Dakota suggest
trends to lighter 8’80 values with increasing adjusted ages of
8000-16,000 years (Figure 18). Water from the well at
Hamilton (well 21, MT, flow path 8) plots midway between
these two groups (Figure 18) and probably represents a
mixture of all three waters.

Although several flow paths of the Madison aquifer sug-
gest (presumably paleoclimatic) trends in the stable isotopic
composition of recharge water with age, no trends in 80
are evident for the relatively younger waters on flow paths 1,
4, and 7. The water at Keg Coulee is actually some 2%o
heavier in 680 than modern recharge on flow path 2,
possibly due to uncertainty in identification of recharge area
for flow path 2 (Figure 5). Water between Moore (3500 years)
and Sarpy Mine (11,000 years) on flow path 3 shows a
decrease of nearly 2%o in 8§80 consistent with similar trends
observed on flow paths 5 and 8, however, this-trend is not
observed consistently throughout flow path 3. Further inter-
pretation of the stable isotopic data is not possible without
more details on the nature of the flow system, identification
of recharge areas, and effects of mixing due to, for example,
fracture flow conditions.

ESTIMATION OF REGIONAL HyprauLric CONDUCTIVITY

The regional hydraulic conductivity (Kuc), in feet per
second, was estimated from the adjusted 14 ages. The flow
lines used i in this analysis were selected to be orthogonal to
the potentiometric surface, with the exception of those in
southern Wyoming where the flow lines were selected to
follow the dissolved-solids gradient.

The calculation of regional hydraulic conductivity (Kuc),
based on the work of Hanshaw et al. [1964], uses the Darcy
equation in the form

Ve
~ AWIAL

where K is the hydraulic conductivity, in feet per second; V
is the average linear flow velocity, in feet per second; © is
the effective porosity, dimensionless; Ak is the change in
hydraulic head, in feet; and AL is the length of the flow path,
in feet (1 foot = 0.3048 m).

Most of the available measurements of hydraulic proper-
ties of the Madison-aquifer are summarized by Cooley et al.
[1986]. Reported horizontal hydraulic conductivities, based
on measured hydraulic properties, range from 1.0 X 1074 ft/s
in the Newcastle area of Wyoming to 2.8 X 1077 ft/s in
southeast Montana and 8.7 X 1076 ft/s in east central
Wyoming, though another reported value in southeast Mon-
tana is 7.1 X 1073 ft/s [Cooley et al., 1986]. For comparison
with the regional hydraulic conductivity values, based on the
adjusted *C data Kuc, the regional hydraulic conductivity
Kpnyq Was calculated by dividing the transmissivity obtained
from either aqulfer tests or model simulation by the aquifer
thickness, using data from Downey [1984, Figure 30]. Both
the thickness and transmissivities were distance weighted
averages along the length of the flow path.

(33)

Substituting into (33) for the average 14C velocity,
Kuec=— (34)

where ¢ is water age in seconds. The values for hydraulic
conductivities (Kuc) derived from (34) assume an average
effective porosity of 3% [Busby et al., 1990] and are com-
pared to the horizontal hydraulic conductivities (Kpya) de-
rived from analysis of the transmissivity maps described by
Downey [1984] in Table 12. Uncertamtles in the evaluation of
hydraulic conductivities from #C water ages along hydro-
logic flow paths were considered by Konikow [1985], Back et
al. [1985], and Busby et al. [1990). Konikow [1985] concluded
that the average effective porosity in the Madison aquifer
probably lies between 3.5 and 7.5%. Miller [1976] reports
laboratory measurements of porosity for the Madison Lime-
stone in a well in southeast Montana that vary from about 1
to 20%, with many values in the vicinity of 5-6%. A doubling
of the estimated effective porosity for the Madison Lime-
stone would double the calculated hydraulic conductivities
(Kuc) and slightly improve the agreement with hydraulic
conductivities, based on digital simulation (Figure 19).

The values of hydraulic conductivity derived from digital
simulation and "C ages of groundwater are within the range
of values typical of carbonate aquifer systems and show a
consistency between the two sets of data, with the worst
case being within a factor of 8. The Ku¢ values range from
1.1 X 1076 ft/s to 29.9 x 1076 ft/s, a factor of about 27 and

reasonable for carbonate aquifers. The larger values at

Dupree, Eagle Butte, Kosken, and Prince wells in South
Dakota along flow path 8 are near a zone of greater perme-
ability postulated by Downey [1986]. The smallest values of
regional hydraulic conductivity (Kuc), calculated on the
basis of 4C age, are found along flow path 5 in Wyoming, an
area expected to have received detrital material from the
Transcontinental arch during deposition [Sando, 1976b].

Sources of error in hydraulic conductivity values derived
from “C data include uncertainties in hydraulic head
change, length of flow path, effective porosity, and water
age. Inspection of (34) shows that on a relative basis, errors
in the length of flow path will be squared in comparison to
uncertainties in the other parameters. If, for example, we
assign uncertainties of 20% to length of flow path, hydraulic
head change, and water age-and an uncertainty of 70% to
effective porosity, (34) indicates a maximum range of Kuc
values that could be larger by a factor of 4 or smaller by a
factor of 8. This range of uncertainties is similar to the range
of differences observed between Kyyq and Kuc, as shown in
the histogram of Figure 19.

APPARENT REACTION RATES

The calculated mineral mass transfer (Table 8) may be
combined with the adjusted 4C ages (Table 9) to determine
apparent rates of reaction. The rates calculated from these
data are termed “‘apparent’® because they have not been
normalized to unit surface area and are averaged over long
flow paths. Such rates do not account for the likely hetero-
geneity in mineral abundance and mineral surface area in
contact with the groundwater over the length of the flow
path. Some of the uncertainties associated with correcting
field-derived apparent rates of reaction to umt surface area
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TABLE 12. Comparison of Horizontal Hydraulic Conductivity Values Calculated From Groundwater Velocities on the Basis of
Adjusted Carbon 14 Ages With Values Calculated From Digital Simulation [Downey, 1984]

Hydraulic
Conductivity Values
Carbon Carbon
Horizontal 14 Age Carbon 14 Age Digital
Change in Flow Hydraulic X 14 X Simulation
: Well Flow Hydraulic Length, Gradient 1073, Velocity, = 1078, X 1078,

Well Number State  Path Head, ft mi x 1073 years ft/yr ft/s ft/s
Keg Coulee 15 MT 2. 3002 143 3.98 23.0 32.8 7.85 6.07
Sarpy Mine 19 MT 3 3002 174 3.27 11.2 82.0 23.86 3.29
Mysse Well 20 MT - 3 3097 99 592 22.5 23.2 3.73 3.48
HTH 1 14 WY 4 1260 40 5.97 7.3 28.9 4,61 7.81
Ranch Creek 23 MT 4 1260 68 3.51 9.2 39.0 10.58 7.09
Belle Creek 24 MT 4 . 1260 68 3.51 9.1 39.4 10.69 7.45
Delzer 2 8 Sh 4 1499 28 10.14 5.6 26.4 2.48 6.96
Conoco 175 11 WY 5 1631 43 7.02 7.6 29.9 4.05 7.14
MKM 10 WY 5 1001 62 3.06 21.0 15.6 - 4.85 4.26
S_hidler 9 WY 5 1001 50 3.79 11.6 22.8 5.71 4.36
Conoco 44 8 WY 5 - 1001 31 6.12 22.6 7.2 1.12 4.69
Upton 15 wY 6 . 1125 25 8.52 8.3 15.9 1.78 6.20
Evans Plunge 10 SD 7 1499 31 9.16 2.4 68.2 7.08 7.15
Kosken 1 SD 8 2539 174 2.76 10.6 86.7 29.87- 5.45
Philip 19 SD 8 2241 106 4,00 16.8 33.3 7.92 3.54
Midland 24 SD 8 2342 124 3.58 16.3 40.2 10.67 6.23
Murdo 25 SD 8 2500 130 3.64 14.5 47.3 12.38 4.56
Hilltop Ranch 22 SD 8 2500 106 4.47 10.0 56.0 11.91 5.18
Prince 26 SD 8 2552 124 3.90 7.8 83.9 20.47 4.26
Hamilton 21 SD 8 2434 106 4.35 13.3 4.1 9.20 3.54
Eagle Butte 23 SD 8 2500 149 3.18 11.2 70.2 21.0 5.74
Dupree 20 SD 8 2402 124 3.67 10.8 60.6 15.71 4.00

A porosity of 3% is assumed. One foot = 0.3048 m. One mile = 1.609 km. The states are designated by MT, Montana; SD, South Dakota;

and WY, Wyoming. :

were considered by Paces [1973, 1983]. The apparent rates
used here are expressed as micromoles reacted per liter of
ground water per year (,umol/L/yr) and serve as the basis for
preliminary comparisons of apparent rates of geochemical
reactions throughout the Madison aquifer. These rates po-
tentially have transfer value to other aquifer systems of
similar physical and chemical characteristics. Examined
here are the apparent rates of the dedolomitization reaction
and of bacterial oxidation of organic matter.

Percent frequency

10
..
1>

Log (Kpig /Ke—14)

Fig. 19. Histogram showing comparison of horizontal hydraulic
conductivities, based on digital simulation [Downey, 1984] and
calculated from application of Darcy’s law to adjusted “C ages of
waters from the Madison aquifer.

Dedolomitization

As discussed earlier, the predominant reaction throughout
the Madison aquifer is dedolomitization. Figure 15 shows
that the actual mass transfers of dolomite and calcite are
related by a factor of approximately 2 throughout most of the
Madison aquifer where reactions other than dedolomitiza-
tions are not particularly significant. Such a relation is
expected from the overall stoichiometry of the dedolomiti-
zation reaction

CaMg(COs3); + CaSO4 — 2CaCOj; + MgSOy(aq)
(35)

that is, in a groundwater system at equilibrium with calcite,
dolomite, and anhydrite, 2 mol of calcite are precipitated and
1 mol of dolomite dissolved for every mole of CaSO,
irreversibly added to solution. In most of the Madison
aquifer the waters appear to be saturated with calcite and
dolomite but are undersaturated with anhydrite (Figure 6).
Thus the anhydrite mass transfer will increase out of pro-
portion to the dolomite and calcite mass transfers (Figure
15). The occurrence of other reactions such as cation ex-

- change and organic matter oxidation also cause deviations

from the overall stoichiometry of reaction (35).

In determining the apparent rates of reactions the mass
transfers of calcite, dolomite, and anhydrite are divided by
water age, therefore we can expect a similar relationship .in
rate as that observed for the mass transfer. Excluding results
for the Moore well which yields apparent rates tenfold those
found elsewhere in the Madison aquifer, the remaining 28
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wells for which we have adjusted '#C ages (Table 9) indicate
that the average rate of calcite precipitation is 0.59 umol/
L/yr, which is slightly more than twofold the average dolo-
mite dissolution rate, 0.24 umol/L/yr. The reaction rates for
all wells span several orders of magnitude for calcite precip-
itation and dolomite dissolution: 0.037-4.67 umol calcite
precipitated per liter per year and 0.007-1.92 umol dolomite
dissolved per liter per year. The rate of anhydrite dissolution
averages 0.95 umol/L/yr and varies from 0.073 to 5.17
pmol/L/yr.

Although the dolomite and calcite mass transfers are
dependent on the anhydrite mass transfer, we are justified in
using the variation in the anhydrite mass transfer and disso-
lution rate to interpret differences in abundance (availability)
of anhydrite along different flow paths in the Madison
aquifer. Some of the fastest apparent rates of anhydrite
dissolution are found on flow paths 2 and 3 in the Central
Montana trough (3.6 umol/L/yr at Keg Coulee, flow path 2,
and 5.2 umol/L/yr at Moore, flow path 3) and at the ends of
flow paths 4 and 7 at Delzer 2 (3.3 umol/L/yr) and Evans
Plunge (2.5 umol/L/yr), which are located north and south of
the Black Hills, respectively. Some of the slower apparent
rates of anhydrite dissolution occur in the immediate vicinity
of the Black Hills where most of the anhydrite has been
removed by dissolution. Further evidence of the influence of
mineral availability on the .apparent rates of anhydrite dis-
solution is found for the eight wells at the end of flow path 8
in western South Dakota. Here the rates of anhydrite disso-
lution approximately double in water moving from south to
north toward the Williston Basin in a direction normal to the
(present) direction of flow.

Organic Matter Oxidation

There is strong evidence that CH,O oxidation in sedi-
ments at low temperatures requires the enzymatic catalysis
of bacteria [Loviey, 1987; Chapelle et al., 1988]. As such,
rates of CH,O oxidation are a broad measure of bacterial
activity. Representing the oxidation of organic matter as

CH,0 + Hy0 = CO, + 4H™ + 4de” (36)

makes no assumptions as to the ultimate electron-accepting
processes, which may be a combination of fermentation,
iron reduction, sulfate reduction, and methanogenesis. The
mass transfer data for CH,O given in Table 8 define the
extent of (36) in the Madison aquifer and are regarded as an
overall estimate of bacterial activity. The mass balance
calculations indicate that the predominant electron acceptor
is sulfate and to a lesser extent ferric iron in the Madison
aquifer; a result that is strongly supported by the observed
carbon and sulfur isotopic data.

Estimated rates of bacterial activity using data of Tables 8
and 9 range from 0.002 pmol CH,O/L/yr (Conoco 44) to 1. 24
umol CH,O/L/yr (Moore well) and average 0.12 pmol
CH,O/L/yr. These estimates are of similar magnitude to
bacterial CO, production rates of 0.01~1.0 umol CH,O/L/yr
estimated from aquifers of Cretaceous age of the northern
Atlantic Coastal Plain [Chapelle et al., 1987] but are much
less than estimates of 10 umol CH,O/L/yr for the Hawthorn
aquifer in the Miocene Hawthorn Formation in the south-
eastern Atlantic Coastal Plain [Chapelle et al., 1988]. In the
Madison aquifer the amount of organic matter oxidized tends
to increase with increasing dissolved sulfate content, but the

rate of organic matter oxidation is probably independent of
sulfate concentration. The fastest rates of organic matter
oxidation are found in the Central Montana trough.

The average rate of organic matter oxidation in the Mad-
ison aquifer is three to four orders of magnitude smaller than
rates observed in modern organic-rich sediments (see, for
example, Goldhaber et al. [1977] and Kharaka et al. [1984]).
The slower rates of organic matter oxidation in the Madison
aquifer are a consequence of the relatively low abundance of
organic matter remaining in the Madison rocks and of the
relatively low reactivity of the remaining organic matter
compared to that found in recent organic-rich sediments
[Westrich and Berner, 1984].

SumMMARY AND CONCLUSION

In developing the geochemical mass balance models of
Tables 8 and 9 we have made extensive use of carbon and
sulfur isotope data in conjunction with the water chemistry
and thermodynamic speciation calculations. The stable iso-
tope data were particularly useful because they provided
additional criteria linking water chemistry with mineral mass
transfer. The sulfur isotope data permitted definition of the
extent of sulfate reduction. Through use of the sulfur isotope
data, both CO, and organic matter were included in the mass
balance. This permitted estimation of a regional pattern in

the sulfur isotopic content of anhydrite consistent with the

assumption of a groundwater system closed to CO, gas.
Sulfur isotope analyses of 65 anhydrite samples from 11

cores in the Madison Limestone in the study area strongly

support the calculated sulfur isotope pattern for Madison
anhydrites and therefore the mass transfer models. The mass
transfer and carbon isotope data for the groundwater indi-
cate the dissolution of relatively heavy dolomites, generally
0-5%o in 63C, which is similar to the measured range of §"°C
values for Madison dolomites. The modeled results of Tables
8 and 9 account for observed changes in water chemistry and
are supported by measured stable isotopic content of carbon
and sulfur in the water and rock. The major conclusions of
the models are as follows:

1. The predominant groundwater reaction in the Madi-
son aquifer is dedolomitization (calcite precipitation accom-
panying dolomite dissolution), which is driven by the xrre-
versible dissolution of anhydrite. Suifate reduction, [Ca®*
Mg?*)/Na*t

eled mineral mass transfer can be mapped regionally

throughout the study area.

2. The sulfur isotopic composition of dissolving anhy-
drite in northeastern Wyoming and southwestern South
Dakota, estimated through the modeling process and ob-
served in cores from the Madison Limestone, is significantly
lighter than expected for Mississippian marine evaporites,
indicating diagenetic processes or possibly contributions of
sulfur from a terrigenous source. The lighter sulfur isotopic
values in northeast Wyoming are thought to be part of a
regional depositional pattern.

3. The carbon isotope data, coupled with the mass
balance calculations, indicate that incorporation of magne-
sium in clay minerals through cation exchange or formation
of authigenic magnesium-silicate minerals may be important
in parts of central Montana and northeast Wyoming. The
loss of magnesium causes additional dissolution of dolomite,

cation exchange, and halite dissolution are-
important locally, particularly in central Montana. The mod- -
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which may account for the measured heavy §1°C values of
some waters from the Madison aquifer (about —2.0%o).

4. Groundwater ages adjusted for the modeled mass
transfer vary from virtually modern to about 23,000 years for
the sampled well locations. These “C ages indicate flow
velocities of 7-87 ft/yr (2.1-26.5 m/yr).

5. Hydraulic conductivities calculated from Darcy’s law
using the average C flow velocities vary from 1.1 x 10~ to
29.9 x 1076 ft/s (0.3 X 107 to 9.1 X 107¢ m/s) and are
similar to those based on digital simulation of the flow
system.

6. The measured sulfur isotopic composition of dis-
solved sulfate and hydrogen sulfide demonstrated a (kinetic)
biochemical fractionation of 34S between dissolved sulfate
and hydrogen sulfide of approximately —44%o at 25°C, with a
temperature variation of —0.4%. per °C.

7. The average apparent rates of calcite precipitation,
dolomite dissolution, anhydrite dissolution, and organic mat-
ter oxidation are 0.59, 0.24, 0.95, and 0.12 wmol/L/yr,
- respectively.
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