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FOREWORD

The Regional Aquifer-System Analysis (RASA) program was started in 1978 
after a congressional mandate to develop quantitative appraisals of the major 
ground-water systems of the United States. The RASA program represents a 
systematic effort to study a number of the Nation's most important aquifer 
systems, which, in aggregate, underlie much of the country and which represent 
important components of the Nation's total water supply. In general, the boun­ 
daries of these studies are identified by the hydrologic extent of each system, and 
accordingly transcend the political subdivisions to which investigations have 
often arbitrarily been limited in the past. The broad objectives for each study are 
to assemble geologic, hydrologic, and geochemical information; to analyze and 
develop an understanding of the system; and to develop predictive capabilities 
that will contribute to the effective management of the system. Computer 
simulation is an important element of the RASA studies, both to develop an 
understanding of the natural, undisturbed hydrologic system, and any changes 
brought about by human activities, as well as to provide a means of predicting 
the regional effects of future pumping or other stresses.

The final interpretive results of the RASA program are presented in a series 
of U.S. Geological Survey Professional Papers that describe the geology, 
hydrology, and geochemistry of each regional aquifer system. Each study within 
the RASA Program is assigned a single Professional Paper number, and where 
the volume of interpretive material warrants, separate topical chapters that con­ 
sider the principal elements of the investigation may be published. The series of 
RASA interpretive reports begins with Professional Paper 1400 and thereafter 
will continue in numerical sequence as the interpretive products of subsequent 
studies become available.

Dallas Peck 
Director
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REGIONAL AQUIFER-SYSTEM ANALYSIS

GEOCHEMISTRY OF GROUND-WATER IN TWO
SANDSTONE AQUIFER SYSTEMS IN THE 

NORTHERN GREAT PLAINS IN PARTS OF MONTANA AND WYOMING

By THOMAS HENDERSON

ABSTRACT

The Kootenai Formation in the Judith Basin, Montana, and the 
Lance Formation and Fox Hills Sandstone in the Powder River Basin, 
Wyoming, constitute two important sandstone aquifer systems in the 
Northern Great Plains region. Ground waters in each of these 
systems evolve from low dissolved-solids concentration, near-neutral 
pH, predominantly calcium and magnesium bicarbonate types in 
their recharge areas, to high dissolved-solids concentration, high pH, 
predominantly sodium-bicarbonate types in the basins. Oxidation 
potentials decrease as the waters flow downgradient under confined 
conditions. Calculation of the saturation states of aquifer minerals 
suggests several groups of mineral phases that could control ground- 
water chemistry. Mass transfer modeling indicates, however, that the 
observed behavior of major and minor dissolved species in both 
systems can satisfactorily be explained only by equilibration with cal- 
cite, dolomite, or calcite and dolomite. The geochemistry of these 
systems is probably controlled by the incongruent dissolution of dolo­ 
mite to form calcite. This reaction appears to be driven by cation ex­ 
change and the dissolution of carbon dioxide. Plausible carbon diox­ 
ide sources include organic carbon oxidation and lignite coalification. 
Aluminosilicates influence major element chemistry primarily as sub- 
trates for cation exchange, which, in combination with carbonate 
equilibria, buffer ground water pH at values of 8.5 to 8.9. Dissolved- 
iron concentrations are controlled by equilibration with amorphous 
ferric oxyhydroxides in oxidizing waters, with amorphous ferric 
oxyhydroxides and siderite in moderately reducing waters, and with 
siderite and amorphous ferrous sulfide in strongly reducing waters. 
Measured variations in dissolved carbonate isotopic composition 
compare favorably with carbon isotopic evolution, calculated by 
assuming dedolomitization.

Recharge areas of the two systems are characterized by ground 
waters with high tritium and carbon-14 activities and relatively low 
dissolved-solids concentrations, with calcium and magnesium as the 
predominant cations. Recharge temperatures, calculated from 
dissolved-argon concentrations and 5 18O and 6D isotopic measure­ 
ments, indicate that recharge is derived primarily from spring snow- 
melt rather than late spring and summer storms. Ground-water flow 
directions are generally parallel to trends of increasing dissolved 
solids concentrations and decreasing divalent to monovalent cation 
concentration ratios. However, these trends are sometimes obscured 
in areas of leakage or mixing. Further indication of leakage between 
aquifers is provided by abrupt changes in major element and isotopic 
chemistry, which are not characteristic of normally observed geo- 
chemical evolution. Ground-water flow rates, calculated by adjusting 
measured carbon-14 activities for carbonate mass transfer, are com­ 
parable to values calculated from aquifer tests and potentiometric 
data These carbon-14 flow rates average 1.6 meters per year for the 
Second Cat Creek sandstone of the Kootenai Formation, and 1.3 
meters per year for the Lance-Fox Hills aquifer.

INTRODUCTION

The accurate simulation of aqueous geochemistry 
through the use of computer models can serve as an in­ 
valuable aid in characterizing water quality and avail­ 
ability and in determining mineralogic controls on 
natural water chemistry. If the controlling influences 
for a particular aquifer system can be determined, the 
effects of man-made pertubations to that aquifer 
system can be evaluated, and plans to minimize dele­ 
terious effects can be considered.

This investigation of two confined sandstone aquifer 
systems of the Northern Great Plains region was ini­ 
tiated in order to: (1) Characterize the geochemical 
controls on ground-water chemistry; and (2) use ground- 
water chemistry as a hydrologic tool to locate areas of 
recharge, discharge, and leakage from adjacent 
aquifers, and also to determine ground-water ages and 
rates of flow.

Areas of the Judith Basin, Montana, and the Powder 
River Basin, Wyoming, were chosen for detailed study 
because of anticipated population growth in these re­ 
gions and the need for greater supplies of water in the 
near future. The Kootenai Formation and Fox Hills 
Sandstone-Lance Formation were selected as study 
aquifers on the basis of aquifer geology and hydrology, 
as well as the availability and distribution of suitable 
existing water wells.

Available computer models have been used to 
calculate the status of gas-solution-mineral equilibria in­ 
volving major- and trace-element species in ground 
water, and to simulate observed chemical and isotopic 
variations in the two flow systems, as a means of deter­ 
mining the influence of mineralogic controls on ground- 
water chemistry. The computer program WATEQ2 
(Ball and others, 1979; 1980) was used to calculate aque­ 
ous speciation of major and trace elements from de­ 
tailed analyses of water samples collected during this 
study from existing domestic, stock, municipal, and in­ 
dustrial wells. WATEQ2 also computes the degree of 
saturation of a ground water with respect to minerals

Ci



C2 REGIONAL AQUIFER-SYSTEM ANALYSIS

present or likely to be present within the aquifer. In ad­ 
dition, a major emphasis was also placed on activity dia­ 
grams, which may serve to distinguish between stable 
and unstable phases that otherwise appear to be in equi­ 
librium with a given ground water.

Simulation of expected changes in the solution chem­ 
istry, assuming water quality is controlled by reactions 
with different mineral phases, was accomplished by the 
use of the computer program PHREEQE (Parkhurst 
and others, 1980). Calculation of the resulting isotopic 
compositions associated with computed mass transfer, 
particularly in the carbon and sulfur systems, places an 
additional constraint on a proposed model, in that both 
chemical and isotopic compositions must be correctly 
predicted for the model to be considered valid. A U.S. 
Geological Survey computer program that incorporates 
the carbon isotopic evolution equations of Wigley and 
others (1978) was used to calculate the isotopic evolu­ 
tion associated with proposed mass transfer models, as 
well as to adjust apparent carbon-14 ages for carbonate 
dilution and precipitation effects. Thus, through the use 
of geochemical models, many pertinent chemical reac­ 
tions can be simulated, and their relative effects on 
solution chemistry can be evaluated and compared to 
observed ground-water chemistries.

Previous investigations by Plummer (1977) and Thor- 
stenson and others (1979) have used geochemical mass 
transfer and isotopic evolution models as a means of 
characterizing chemical reactions responsible for meas­ 
ured changes in dissolved constituents along hydrologic 
flow paths. Ground-water geochemistry of the lime­ 
stone Floridan aquifer was determined by Plummer 
(1977) to be controlled by equilibration with calcite, 
dolomite, and gypsum, in addition to the oxidation of 
organic carbon by sulfate reduction. In the Fox Hills- 
basal Hell Creek aquifer of North Dakota, Thorstenson 
and others (1979) concluded that equilibration with 
calcite and dolomite, oxidation of organic carbon by 
sulfate reduction, and cation exchange by clays control 
ground-water chemistry. Computed mass transfer be­ 
tween aqueous and solid phases, in combination with 
measured carbon isotopic data, was then used to calcu­ 
late ground-water ages and flow rates.

The present investigation uses many of the tech­ 
niques developed during these previous studies, apply­ 
ing them to two sandstone aquifers in the Judith and 
Powder River Basins of the Northern Great Plains 
region. The geochemical data collected are also used for 
information regarding the hydrologic characteristics of 
the two flow systems.

A list of chemical reactions pertinent to the discus­ 
sion of ground-water geochemistry is presented in table 
1. In addition, the reader is directed to the supplemental 
data section for an analysis of the chemical theory used 
in this report.

The reference surface to which relief features and alti­ 
tude data of the conterminous United States and 
Alaska are related is the National Geodetic Vertical 
Datum of 1929 (NGVD of 1929), formerly called mean 
sea level. The NGVD of 1929 is referred to as sea level in 
this report.
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SAMPLE COLLECTION AND ANALYSIS 

SELECTION AND PREPARATION OF WELLS

Knowledge of the depth of a well and the position of 
screened and cased intervals is critical in determining 
which aquifer is being sampled. Therefore, wells to be 
sampled were chosen on the basis of available drillers' 
logs or other reliable information regarding well con­ 
struction. This knowledge is especially important in the 
study of interbedded systems, where numerous sand­ 
stone aquifers are isolated by shale aquitards.

Prior to sampling, the selected wells were pumped or 
allowed to flow for periods of roughly 30 minutes to 1 
hour, until temperature, specific conductance, and pH 
measurements taken at approximately 10 minute inter­ 
vals, had stabilized. This initial pumping period serves 
to remove waters influenced by contact with the metal 
well casing from the well bore and adjacent aquifer and 
allows for the collection of samples that are representa­ 
tive of waters present in the aquifer.

FIELD PARAMETERS

Several parameters, including temperature, specific 
conductance, pH, alkalinity, and dissolved oxygen were 
measured in the field to insure accurate determination.
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TABLE 1 .   Pertinent chemical reactions

Oxidation-reduction

02(g) + CH20 = C02(g) + H20

4NO ~ + 5CH2O + 4H + = 2N2(g) + 5CO2(?) + 7H9O

NO" + 2CH2O + 2H + = NH + + 2CO2(g) + H.O

4F<0H)s(am , + CH2° + 8H + - 4Fe + ' + C°2< g) + ! 1H2°

2MnO9 + CH2O + 4H + = 2Mn + 2 + CO } + 3H2O

S04~ - + 2CH 2O + H + = HS + 2CO V) + 2H,O

CH.jCOOH = CH4(?) + C02(g)

CO,^ + 4H2(?) = CH^ + 2H2O

FeS J, + 7/20" (g) + H20 = Fe + 2 + 2SO; 2 + 2H +
(pyritc)

FeS + 14Fe + '! + 8H2O= 15Fe +2 + 2SO; 2 + 16H +
(pynte)

CH4< g, + 202, g)= H2CO" + H20

Eh redox couples

O,(g) + 4H + + 4e - = 2H2O ; E° = 1 .229 volts

F<0H)3(a m , = Fe + 3 + 30H - ; pKFe(OH ,.!( im) = 37~^

FeCOS(c) = Fe + 2 + CO - 2 ; PKFeCOj =To.22

Fe +s + e' =Fe + 2 ; E(l = 0.771 volts
SO4~ 2 + 10H + + 8e ~ = H2S° + 4H2O ; E° = 0.301 volts

Dissolved carbonate equilibria

C02(i;) + H20 = H2CO;>

H2CO'^ = HCOS +H +

HCO,[ = CO - ~ + H +

Mineral dissolution and weathering

CaSO4 -2H,,O(0 = Ca + 2 + SO4' 2 + 2H,,O

CaCO.,(( , + H + = Ca + 2 + HCO -
(tdltltf)

CaMg(CO,,)Q(t) + 2H + = Ca + 2 + Mg f 2 + 2HCO.-
(doloin.tr)

CaM^COj)^) + 2H + = CaCO^(() + Mg + 2 + HCO~
(dolomite) (calcite)

(illiU-)

1.15Al,JSi2Or,(OH)4(c) + 0.6K + + 0.25Mg + ' + 1.2H4SiO4'
(kddmite)

3Na( , ,,A1, ,,Si, 670 K1(OH)2(c) + H + + ll.SH.O =
(Na-montmonllonile)

3.5Al.,Si,O5(OH)4(() + Na + + 4H4SiO(4
(kaolmitc)

3KAl2Si,,O ]()(OH),(0 + 3H2O + 2H + = 3Al2 Si9O5(OH)4(O + 3K +

(muscovite) (kdolinite)

NaAlSisO8(0 + 6.1H2O+ 1.1H + =
(dlblU.-)

,..J[Al(OH) ;]o7l S,Oj]n;( ., ; ,, ) + Na^2.6H4SiO';

Reaction 
number

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Reaction
number

(12)

(13)

(14)

(15)
(16)

Reaction
number

(17)

(18)

(19)

Reaction
number

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

TABLE 1. Pertinent chemical reactions Continued

Ion exchange

Ca + 2 + Na,7 EX = 2Na + + CaEX* 
Mg + 2 + Na0EX = 2Na + 2 + MgEX*

Nuclear transmutation

14N + n = 12C + 3 H

Radioactive decay

Reaction 
number

(28) 
(29)

Reaction 
number

(30) 
(31)

Reaction 
number

14C = 14N + )3- (32)

EX-Ion exchange site

The methods and equipment used to evaluate these 
parameters are listed in table 2.

MAJOR AND MINOR ELEMENTS

Major and minor element samples were filtered 
through 124-mm (millimeter) diameter, 0.45-/mi (mi­ 
crometer) membrane filters using a GeoFilter variable 
speed peristaltic pump and backflush filter plate. Trace 
element samples were filtered through 124-mm diam­ 
eter, 0.10-/mi membrane filters in order to decrease the 
amount of suspended matter in the sample (Kennedy 
and others, 1974; Jones and others, 1974). These 
samples for major, minor, and trace element analyses 
were then preserved and stored for later analysis by the 
U.S. Geological Survey National Water Quality Labo­ 
ratory in Arvada, Colorado, in accordance with standard 
U.S. Geological Survey procedures outlined by Brown 
and others (1970) and Skougstad and others (1978). 
Precisions for these analyses at the 95 percent con­ 
fidence level are 1.96 standard deviations (a) or the de­ 
tection limit (table 3), whichever is greater.

DISSOLVED GASES

Dissolved-gas samples were collected at selected 
wells, using evacuated glass flasks of the type described 
by Hobba and others (1977). The samples were collected 
at the well discharge point by connecting the sample 
flask to the well head with plastic tubing and allowing 
several volumes of water to flow through the sample 
container to remove adsorbed gases. Stopcocks on the 
container were then closed to the flowing water and
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TABLE 2.   Field analytical methods (modified from Wood, 1976)
[All measurements made at the well site in non-flowing water, unless otherwise noted]

Parameter Analytical method

pH Orion Research Model 399A lonanalyzer with an 
Orion Model 91-09 combination pH electrode. 
Apparatus calibrated with NBS primary stand­ 
ard buffers (pH 4.01, 6.86, 7.41, and 9.18 at
25°C, corrected for temperature effects) using 
two buffers with pH's bracketing measured pH.

Temperature Mercury thermometer, calibrated from - 1° to 
(T], in degrees 51 °C in 0.1 °C increments. Measured in flowing 
Celsius ( L'C ) water at well head.

Specific conductance Yellow Springs Instruments Model 33 salinity- 
(SpC), in micro- conductivity-temperature meter. 
Siemens per centi­ 
meter (/xS/cm at 
25 °C)

Dissolved oxygen Yellow Springs Instruments Model 57 oxygen 
(DO), in milligrams meter. Calibrated in air at temperature of sample 
per liter (mg/L) water and in aliquot of sample water with 5 mL 

Na,,SO^ saturated solution. Measurement made 
with probe submerged in flowing sample water at 
well discharge point.

Alkalinity Potentiometric titration with 0.01639yV H^SO.. 
(bicarbonate, Sample filtered through 0.45 -micro meter mem- 
carbonate), in milli- brane filter. Endpoints determined with inflec- 
grams per liter tion points in first derivative of titration curve. 
(mg/L)

1>\ the I' S C.-olnijKal SU.ACV

opened to the evacuated sidearm. Argon, helium, nitro­ 
gen, oxygen, carbon dioxide, and methane were later 
determined, using a gas-chromatographic procedure.

STABLE AND RADIOACTIVE ISOTOPES

Samples were also collected for the determination of 
the stable isotopic ratios of carbon, oxygen, hydrogen, 
and sulfur, as well as for the radioactive isotopes, 
carbon-14 and tritium. The following procedures, out­ 
lined by J. F. Busby and others (U.S. Geological Survey, 
written commun., 1981), were used in collecting these 
isotope samples: 

1. Carbon-13 (<5 13C): The reagent used to precipitate 
dissolved carbonate species from the sample was 
prepared in the following manner: 454 g of strontium 
chloride hexahydrate (SrCl2 -6H2O) were dissolved in 2 L 
(liters) of reagent-grade ammonium hydroxide. Dis­ 
solved carbon dioxide precipitates and settles out of 
solution as SrCO3 , allowing the supernatant to be de­ 
canted and stored for later use at the sampling site.

TABLE 3.   Standard or relative deviations and detection limits of analyses performed by 
the U. S. Geological Survey National Water Quality Laboratory

[Data from Skougstad and others, 1978; fig/L, micrograms per liter; mg/L, milligrams per liter]

Standard 
deviation1 Relative Detection 

Parameter (X = parameter deviation limit Units 
concentration) (percent)

Aluminum      0.073X + 14.97   10 /ig/L

Barium        0.069X + 69.1   100 /xg/L
Boron        0.079X+17.1   20 /ig/L

Cadmium      0.192X + 0.09   1.0 /ig/L

Calcium       0.057X + 0.34    .1 mg/L
Chloride       0.057X + 0.25 16 .1 mg/L
Chromium      0.173X + 2.44    10 /ig/L
Copper           23 1.0 /ig/L
Fluoride       0.109X+ 0.01    .1 mg/L 
Iodide            88 .01 mg/L
Iron          0.056X + 23.90   10 /xg/L
Lead         0.097X + 1.45   1.0 /ig/L

Lithium        0.048X + 4.84   10 /xg/L
Magnesium     0.043X + 0.13    .1 mg/L
Manganese 0.049X+ 9.59 10 /ig/L 
Molybdenum    0.072X+ 0.45    10 /ig/L
Nitrate          22 0.1 mg/L

Nitrate + Nitrite   0.080X+ 0.01    .01 mg/L
Phosphate          12 .01 mg/L 
Potassium       0.092X + 0.11    .1 mg/L

Selenium       0.275X- 0.13    1.0 /ig/L 
Silica 0.031X+ 0.60 .1 mg/L

Sodium 0.039X+ 0.45 .1 mg/L 
Strontium 0.104X+15.4 10 /ig/L

Sulfate        0.001X+ 2.92   5 mg/L
Sulfide               .1 mg/L

Vanadium      0.069X+ 0.422    1.0 /ig/L
Zinc          0.034X+16.6   10 /ig/L

Standard deviations calculated Irom above expressions and parameter concentration, in units 

specified

Samples were collected in 1-L polyethylene sample 
bottles; these bottles were rinsed twice with raw sample 
water, then filled to the brim. Approximately 50 mL 
(milliliters) of the sample was poured out and replaced 
with the strontium chloride reagent, so that the bottle 
was again filled to the brim. Caps were tightened twice 
and sealed with electrical tape at the sampling site. 
Later the same day, the caps of the bottles were re- 
tightened and dipped in melted paraffin to prevent 
evaporation and exchange of CO2 with the atmosphere. 

2. Oxygen-18 (<5 L8O), deuterium (6D), and tritium (3H): 
Raw-water samples were collected in 120-mL glass bot­ 
tles for oxygen- 18 and deuterium determinations, and in 
1000-mL glass bottles for tritium. The bottles were 
rinsed twice with raw sample water, filled to the brim,
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and capped, taking care to exclude any air bubbles. The 
caps were tightened twice and sealed with electrical 
tape. Later, the caps were retightened and dipped in 
melted paraffin to avoid any evaporation or atmos­ 
pheric exchange.

3. Sulfur-34 (634S__2 , 634So_ 2): Samples for determina-
bO4 S

tion of sulfur isotopic ratios in dissolved sulfate and 
sulfide were collected in the Judith Basin, but a lack of 
appropriate equipment prevented similar sampling in 
the Powder River Basin. Where samples were collected, 
a 4- to 6-L raw-water sample was obtained and dissolved 
sulfide was precipitated by the addition of zinc acetate 
and sodium hydroxide. The suspension was filtered 
under nitrogen pressure through 0.10-/<im membrane 
filters, and both filtrate and precipitate were saved for 
later analysis of sulfate and sulfide isotopic ratios. Un­ 
fortunately, insufficient sulfide was present in Judith 
Basin waters for the determination of isotopic ratios.

4. Carbon-14 ( 14C): Two reagents were prepared for 
the collection and preservation of carbon-14 samples: 
(1) Carbon dioxide-free sodium-hydroxide solution was 
prepared by dissolving 150 g of sodium hydroxide 
(NaOH) in 600-mL distilled water. Fifteen milliliters of 
strontium-chloride solution were added to precipitate 
any dissolved carbonate. The precipitate was allowed to 
settle and the supernatant was decanted and stored in 
500-mL airtight bottles; (2) carbon dioxide-free 
strontium-chloride solution was prepared by dissolving 
454 g of strontium chloride hexahydrate (SrCl2 -6H2O) 
in 1-L water. One milliliter of sodium hydroxide solu­ 
tion was added to precipitate any dissolved carbonate. 
After settling, the supernatant was decanted and stored 
in airtight 500-mL bottles.

The preparation of a carbon-14 ( 14C) sample consists of 
precipitating and collecting all dissolved inorganic car­ 
bonate species present in a 100-L raw-water sample. 
This was done by carefully filling a 100-L capacity 
separatory funnel-like device with raw-sample water 
delivered through a garden hose, taking care to avoid 
any splashing that might result in exchange with at­ 
mospheric CO2. During filling, the top of the funnel was 
capped by a plastic cover to minimize exchange of CO2 
with the atmosphere. When the funnel was nearly full, 
500 mL of the CO2-free NaOH solution was added, 
followed by the addition of 500-mL of the CO2-free SrCl2 
solution. Several grams of ferrous ammonium sulfate 
[Fe(NH4)2(SO4 ) 2 -6H2O] were added as a flocculant and 
the hose removed when the funnel was filled to capacity. 
A 2-L wide-mouth plastic bottle was rinsed twice and 
filled with raw-sample water, then screwed onto a closed 
flap valve on the bottom of the funnel. The flap valve 
was opened at this point, allowing the precipitate to set­ 
tle into the jar. Settling of the precipitate was generally 
complete within one or two hours, although occasionally

the first bottle had to be removed and replaced with a 
second bottle to collect all the precipitate. The sample 
bottles were removed, capped, tightened several times, 
and sealed with electrical tape to prevent atmospheric 
contamination.

MINERALOGIC ANALYSIS

Drill core and outcrop samples of the Fox Hills Sand­ 
stone were disaggregated by gently pulverizing in a por­ 
celain mortar and pestle, and sulfide nodules present 
were removed by hand from the bulk sample. Fractions 
for clay mineral identification were isolated from the 
bulk sample by a Stokes Law gravity settling method 
using water, yielding particles of less than 2 pm in 
diameter. Bromoform liquid (specific gravity of 2.8) was 
used for the separation of heavy minerals.

Clay separates were mounted directly on glass slides, 
while whole rock, heavy mineral, and sulfide fractions 
were first pulverized in an agate mortar, sieved to 
remove particles greater than silt size, and then 
mounted in aluminum sample holders or on glass slides, 
depending on sample size. These fractions were subse­ 
quently examined by X-ray diffraction on a Phillips 
recording diffractometer employing nickel-filtered cop­ 
per radiation. Interpretations of diffraction patterns 
were based on the file card data of the American Society 
for Testing and Materials (Joint Committee on Powder 
Diffraction Standards, 1981). Using these procedures, 
well crystalized minerals occurring in abundances of 
greater than about five percent were identifiable.

JUDITH BASIN STUDY AREA 

PHYSIOGRAPHY

The Judith Basin of central Montana is a topographic 
depression within an unglaciated section at the western 
margin of the Northern Great Plains. Locations of ma­ 
jor physiographic features in the Judith Basin are pre­ 
sented in figure 1.

TOPOGRAPHY

Rolling, grass-covered plains at elevations of 1,050 to 
1,350 m comprise the greater part of the basin, and con­ 
sist of gently sloping, gravel-covered terraces, dissected 
by steep-sided stream valleys. Gently dipping sedi­ 
mentary strata form a belt of foothills separating the 
basin from the main flanks of the surrounding moun­ 
tains. The Kootenai Formation outcrops in this belt,
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FIGURE 1. Index map of the Judith Basin area, Montana, showing the outcrop of the Kootenai Formation and the locations of wells sampled.

with a resistant basal sandstone forming the outermost 
of two persistent, pine-covered strike ridges that en­ 
circle the uplifts. The wooded Highwood, Little Belt, 
Big Snowy, Judith, and North and South Moccasin 
Mountains rise above the plains to elevations of 1,800 to 
2,750 m, effectively surrounding the basin on all sides 
but the north (Vine, 1956).

DRAINAGE

Runoff in the study area is characterized by high flow 
periods in the late winter and spring in response to rains 
and snowmelt from the nearby mountains. The Judith 
River and Arrow Creek, tributaries of the Missouri 
River, drain the Judith Basin. The main perennial 
streams in the eastern Judith Basin, Big Spring and 
Warm Spring Creeks, exhibit relatively constant flows; 
Big Spring Creek averaged 5.55 m3/s (cubic meters per 
second) and Spring Creek averaged 4.15 m3/s, during the 
1968 water year (Feltis, 1973). Other tributaries contrib­ 
ute considerable seasonal flow, but are commonly dry 
for extended periods.

CLIMATE

The climate of the Judith Basin is a modified conti­ 
nental or semiarid type. More than half of the seasonal 
precipitation falls during the months of May, June, and 
July, with annual averages of 40.8 cm (centimeters) at 
Lewistown and 39.2 cm at Hobson. Relative humidity is 
low except in the mountains, which also receive greater 
precipitation. The average annual temperature at 
Lewiston is 6°C (degrees Celsius), although extremes 
above 40 °C and below   40 °C are not uncommon (Vine, 
1956).

GEOLOGY

STRUCTURE

The structural Judith Basin is a large, northward- 
plunging syncline bordered by anticlinal folds, which 
form the Big Snowy, Little Belt, Judith, and Moccasin 
Mountains. The Highwood Mountains, consisting of a
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FIGURE 2. Mapped faults in the eastern Judith Basin, Montana.

highly dissected mass of Tertiary breccia, tuff, lava 
flows, and related intrusives, border the syncline to the 
northwest. Emplacement of these rocks did not greatly 
influence the regional synclinal structure; however, 
small faults and domes create local structural modifica­ 
tions (Zimmerrnan, 1966).

Major structural features within the study area are 
the Big Snowy, Judith, and North and South Moccasin 
Mountains. The Big Snowy Uplift is an east-west- 
trending asymmetric anticline, flanked by steeply dip­ 
ping sedimentary strata to the south and gently in­

clined beds to the north. Dips in Cretaceous strata on 
the north flank range from 8 degrees to 10 degrees, 
becoming horizontal within 10 to 13 km (kilometers) of 
the mountains. The anticline plunges steeply to the 
northwest and southeast, disappearing a short distance 
outside the study area (Reeves, 1931).

The Judith and North and South Moccasin Uplifts 
consist of a complex series of domes, tilted and faulted 
sedimentary formations, and masses of intrusive rocks. 
Figure 2 shows the locations of major faults in the area 
Cretaceous strata outcrop along the flanks of the Judith
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FIGURE 3. Generalized geologic section of the eastern Judith Basin, Montana, through line A-A' in 
figures 1 and 6. Faults in the vicinity of the south Moccasin Mountains have been omitted.

and Moccasin Mountains, generally dipping basinward 
at angles of 20 degrees to 60 degrees, but are over­ 
turned in some areas. A geologic section through the 
study area demonstrates the relationships between Cre­ 
taceous strata and pertinent uplifts (fig. 3).

Structure contours and outcrop patterns in the Lewis- 
town area indicate the presence of a northwest-trending 
synclinal structure on the north flank of the Big Snowy 
Uplift, perpendicular to the trend of the anticline (Gard­ 
ner, 1959). This syncline parallels, and generally under­ 
lies, Big Spring Creek in the Lewistown area (fig. 4). Un­ 
fortunately, a lack of data near the South Moccasin 
Mountains prevents following this trend north and west 
of Lewistown; however, it seems probable that the posi­ 
tion of Big Spring Creek is controlled by this structure.

STRATIGRAPHY

The sequence of sedimentary rocks exposed in the Big 
Snowy Uplift consists of approximately 3,350 m of 
strata, ranging in age from Precambrian to Holocene. 
The Upper Jurassic Morrison Formation was deposited 
in a fluvial or lacustrine environment, and is comprised 
of 75 to 130 m of variegated siltstones and mudstones 
interbedded with lenticular yellowish-gray to brown 
sandstones and minor freshwater limestones (Suttner, 
1969). At or near the top of the Morrison is the Great 
Falls coal bed discussed by Calvert (1909), which was 
locally exploited at one time. Calvert (1909) reported 
that the Great Falls coal beds, unlike younger Montana 
coals, contain up to 5 or 6 percent pyrite. Overlying an 
erosional unconformity at the top of the Morrison is the 
Kootenai Formation, a Lower Cretaceous fluvial and 
lacustrine sequence of crossbedded sandstones, silt- 
stones, shales, and freshwater limestones, totaling 110 
to 170 m in thickness (Suttner, 1969). At the base of the

Kootenai is a 6- to 30-m-thick bed of crossbedded, gray 
or orange to white sandstone. Another relatively thick 
sequence of red to gray lenticular sandstones occur near 
the middle of the Kootenai. These two persistent sands 
are commonly referred to as the Third and Second Cat 
Creek sandstones. The remainder of the Kootenai is 
composed of red, purple, and gray shales, siltstones, and 
thinner interbedded sandstones and limestones. In­ 
dividual sandstone beds vary greatly in thickness, and 
may thin and disappear over a short distance (Gardner, 
1959), making determination of Second and Third Cat 
Creek sandstones difficult in some instances.

Conformably overlying the red beds of the upper part 
of the Kootenai Formation are the dark gray to black 
marine sediments of the Colorado Shale. These shales 
are Early to Late Cretaceous in age and crop out at or 
near the surface over much of the basin. Where the en­ 
tire section is present, the thickness ranges from 450 to 
600 m (Feltis, 1973). Several sandstone beds are present 
among the shales, the most important of which is the 
First Cat Creek sandstone of the Colorado Shale, which 
lies directly above the Kootenai Formation. This brown 
to black sand ranges from 6 to 25 m in thickness, and is 
interbedded with thin layers of fissile black shale (Gard­ 
ner, 1959).

MINERALOGY OF THE KOOTENAI FORMATION

Drill cores of the Kootenai Formation from central 
Montana were unavailable at the time of this study, so 
no analyses of aquifer or confining bed mineralogy were 
performed. Instead, stratigraphic descriptions and min- 
eralogic studies in the Judith Basin and southwest 
Montana were used to determine the mineral phases 
present within the aquifer system. A listing of these 
minerals is given in table 4.
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FIGURE 4. Structure contours on Mississippian Madison Group showing the relationship between Big Spring Creek and 
an underlying synclinal structure, eastern Judith Basin, Montana [1 foot (in contour interval)=0.305 meter].

A stratigraphic description by Miller (1959) of the 
Kootenai Formation in the South Moccasin Mountains 
indicates that the sandstones are composed of light- 
colored detrital quartz and dark-brown to black chert 
with minor siderite fragments. Many of the sands are 
described as calcareous or limonitic, suggesting the 
presence of calcite and ferric oxyhydroxides, such as 
amorphous ferric hydroxide, goethite, and hematite. In 
addition, lacustrine dolomites and dark-gray to black 
carbonaceous shales were reported as minor occurrences 
interbedded with the sands and shales. Vine (1956)

described a similar mineralogy in a section of Kootenai 
Formation exposed at Skull Butte Dome near Stanford, 
but also mentions sandstones and conglomerates con­ 
taining limestone pebbles.

Ballard (1966) has studied the petrography of basal 
Kootenai sandstones found at the north flank of the Lit­ 
tle Belt Mountains. He classified the Third Cat Creek 
sandstone in the lower part of the Kootenai as moderate 
to coarse-grained, moderate to well-sorted, ortho- 
quartzites or quartz arenites. The terrigenous material 
is almost entirely quartz and chert with quartz cement.
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TABLE 4. Minerals and other phases present in the Kootenm Formation, central Montana
| From Ballard. 1966, Miller, 1954, Suttncr, 1968, 1969, Vine, 1956]

Mineral Idealized chemical formula

Quartz      

Siderite        
Dolomite     - 
Hematite      
jllite _________
Kaolinite       
Zircon        

Tourmaline group 
Garnet group    
Leucoxene      

Organic matter  

SiO9
CaCO3
FeCO3
CaMg(CO.,),,

ZrSi

Secondary Ti oxides

Minor amounts of sandstone fragments and illite, and 
traces of hematite and organic material are also present. 
Heavy mineral separations show the presence of trace 
amounts of tourmaline, zircon, rutile, garnet, and leu- 
coxene (mixed titanium oxides).

In southwest Montana, the mineralogy of the 
Kootenai and Morrison Formations was investigated by 
Suttner (1968; 1969) using petrographic and X-ray tech­ 
niques. For the basal Kootenai sandstones, Suttner ob­ 
served petrographies similar to those found by Ballard 
(1966) in the Little Belt Mountains. Calcite cement 
becomes common in the middle sandstones, and trace 
quantities of well-preserved sodic plagioclase and 
potassium feldspar crystals also become evident. The 
dominant clay minerals observed in Kootenai Forma­ 
tion shales are illite and kaolinite. Minor amounts of 
montmorillonite, chlorite, and mixed layer clays are also 
present, but only illite and kaolinite are present in sam­ 
ples taken nearest the Judith Basin.

HYDROLOGY

The surface- and ground-water resources of the Judith 
Basin have been previously evaluated by Zimmerman 
(1966) and Feltis (1973, 1977). J. F. Levings (U.S. Geo­ 
logical Survey, written commun., 1981) was investi­ 
gated ground-water flow in the Kootenai Formation 
during the present study using hydrologic computer 
models.

The sandstone beds of the Kootenai Formation con­ 
stitute the most widely used aquifers south of Big 
Spring Creek. The Second and Third Cat Creek sand­ 
stones constitute the main aquifers, supplying water of 
good quality and sufficient quantity for domestic and 
stock use. Isolated sandstone beds also provide water to

wells in the area. These bedrock aquifers are recharged 
by precipitation and infiltration through unconsolidated 
stream deposits on the outcrop. In the outcrop area the 
aquifers are unconfined, but the siltstones and shales of 
the Kootenai and Morrison Formations form confining 
layers within a short distance downdip. Wells located 
downdip from the aquifer outcrop commonly flow at the 
surface.

As indicated by the potentiometric contours plotted 
in figure 5 (J. F. Levings, U.S. Geological Survey, writ­ 
ten commun., 1981), the inferred flow direction is gen­ 
erally northward from recharge areas on the flanks of 
the Big Snowy and Judith Mountains. Feltis (1973) 
reported that ground-water discharges from seeps in the 
Kootenai outcrop along the channel of Big Spring Creek 
near Hanover, although the magnitude of this discharge 
is uncertain. The perturbation of the potentiometric 
surface along Big Spring Creek may be explained by 
discharge into the creek, drawdown due to extensive 
utilization of the aquifer in the vicinity of Lewistown, or 
both. The elongation of the associated cone of depres­ 
sion suggests a zone of high permeability along the 
stream valley. Such a high permeability zone would be 
expected if fracturing accompanied the deformation 
that formed the synclinal structure underlying the 
valley.

Zimmerman (1966) reported transmissivity values (T) 
for the Kootenai Formation in the western and southern 
Judith Basin, ranging from 2.4X10~5 to 2.7X10"4 m2/s. 
Feltis (1977) measured an intermediate transmissivity 
value of 1.2X10-4 m2/s for a well (J25) located within the 
study area (fig. 5) drawing from the Second and Third 
Cat Creek sandstones and having a saturated thickness 
(b) of 71 m. Assuming no leakage, constant thickness, 
and constant effective porosity, Darcy's Law may be 
used to calculate ground-water flow rates (v) for flow 
paths perpendicular to the potentiometric contours:

where:

0=effective porosity (assume 0.20); 
dhldl=hydraulic gradient, determined from poten­ 

tiometric contours.

Flow rates calculated in this manner using Feltis's in­ 
termediate transmissivity value are listed in table 5, 
and average 2.0 m/yr (meters per year), which is consist­ 
ent with values given by Freeze and Cherry (1979) for 
confined sandstone aquifers.

According to Feltis (1973; 1977), wells completed in 
the sandstones of the Colorado Shale or the Morrison 
Formation sometimes yield water of suitable quantity
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FIGURE 5. Potentiometric contours and inferred flow paths for the Kootenai Formation, eastern Judith Basin, Montana
[1 foot (in contour interval)=0.305 meter].
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and quality for domestic or stock use. The First Cat 
Creek sandstone of the Colorado Shale often provides 
moderate amounts of water, as do the isolated sand­ 
stone, limestone, or coal beds of the Morrison Forma­ 
tion. Water from the Morrison is commonly high in 
dissolved sulfate, presumably due to oxidation of the 
abundant pyrite found in the formation.

Two deeper Mississippian aquifers, the Madison 
Group and the Kibbey Formation of the Big Snowy
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Group, exhibit the highest hydrostatic pressures in the 
basin, and appear to discharge as numerous springs in 
the study area. Feltis (1973) concluded that faulting and 
fracturing have contributed to the localization of dis­ 
charge from these aquifers, resulting in large springs, 
such as Big Spring, which is the source of the creek of 
the same name.

DATA PRESENTATION AND INTERPRETATION

MAJOR AND MINOR ELEMENTS

Analyses of the 21 well waters used to chemically 
characterize the Kootenai aquifer within the Judith 
Basin are presented in tables 6 and 7. The locations of

Aluminum, 

A]

Bromide,

Barium, Br Cadmium, Chrom mm, Copper 

Ba (mg/L) Cd Cr Cu

Dissolved
oxygen, Fluoridc. 

O, F

(mg/L) (mg/L)

Iodide. 

I

(mg/L)

Lead. 

Pb

«l
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these sampled wells are plotted in figure 1. Waters from 
16 wells (J2-J17) were sampled and analyzed as part of 
this study; the remaining five (J20-J24) were obtained 
from previous investigations (Feltis, 1973; 1977). Corre­ 
lation of ground-water chemistry with available driller's 
logs and well depths revealed significant vertical varia­ 
tions between samples from the Second and Third Cat 
Creek sandstones, despite the many similarities in the 
major element chemistry, mineral saturation indices, 
Eh and pH of these waters. The variability resulting 
from considering the whole formation as a uniform 
aquifer is much greater than if the two sandstones are 
treated as individual systems, suggesting that although 
similar geochemical processes are acting to control 
water chemistries in both aquifers, subtle differences in 
the stratigraphy, mineralogy, and permeability of the 
two systems result in the observed variability in the 
two chemistries. As such, geochemical modeling and de­ 
tailed discussion of the evolution of ground-water geo­ 
chemistry with time was restricted to the Second Cat 
Creek sandstone in the eastern Judith Basin, where the 
availability of analyses allows such a treatment. Loca­ 
tions of these twelve wells, determined to be perforated 
in the Second Cat Creek sandstone, are plotted in figure 
6. Analyses derived from the literature do not include 
accurate field pH and alkalinity determinations re­ 
quired for geochemical investigations, and were there­ 
fore used primarily as an aid to mapping major element 
variations.

Maps showing the chemical properties of ground 
waters in the Second Cat Creek sandstone reveal sys­ 
tematic variations in the concentrations of major 
elements. The dissolved solids distribution, plotted in 
figure 7, reveals a gradual increase from recharge areas 
in the Big Snowy and Judith Mountains north and 
westward into the basin, as would be expected if mineral

dissolution or leakage of highly mineralized waters was 
occurring along the flow path. The increase in dissolved 
solids is greater to the north of Big Spring Creek than to 
the south, suggesting that different mechanisms may 
control dissolved solids concentrations on either side of 
the creek. In addition, where the aquifer outcrops on the 
flanks of the South Moccasin Mountains, recharge 
would be expected, but low dissolved solids waters of 
the type sampled in the recharge areas to the south and 
east are not evident. The absence of low dissolved solids 
waters suggests that net recharge to the aquifer may be 
negligible near the South Moccasin Mountains.

Separating the dissolved solids data into its major ele­ 
ment components, the relative contributions of major 
cations and anions to the general increase can be ob­ 
served. Area! variations in major element concentra­ 
tions are plotted in figure 8 in the form of Stiff diagrams 
(Stiff, 1951), which portray cationic and anionic concen­ 
trations on three horizontal axes extending to either 
side of a vertical zero axis. The Stiff diagrams show 
gradual, uniform increases in sodium plus potassium, 
chloride, and bicarbonate plus carbonate along the flow 
path. Calcium and magnesium decrease in concentra­ 
tion basinward. Only sulfate displays significantly dif­ 
ferent behavior on either side of Big Spring Creek, ac­ 
counting for the high in dissolved solids near the South 
Moccasin Mountains. South of the creek, sulfate con­ 
centrations increase gradually but remain at low levels, 
whereas north of the creek, they increase dramatically 
over a short distance. A trilinear plot of major element 
concentrations (fig. 9) clearly shows the divergence of 
compositions between flow paths along the north and 
south sides of Big Spring Creek.

Uniform increases in sodium with concurrent de­ 
creases in calcium and magnesium concentrations are 
almost certainly indicative of ion-exchange phenomena.
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FIGURE 6. Index map of eastern Judith Basin study area, Montana, showing locations of wells sampled in the Second Cat 
Creek sandstone of the Kootenai Formation and line A-A' of geologic section in figure 3.

The log ratio of the molalities of exchangeable divalent 
and monovalent cations (log/ ([Ca]+[Mg])/[Na]2), an opera­ 
tional parameter plotted in figure 10, demonstrate the 
progressive nature of the exchange reacions (table 1, 
reactions 28 and 29) in the aquifer. The progression from 
positive to negative log ([Ca]+[Mg])/[Na]2 values serves 
to identify areas of recharge and directions of flow in the 
system.

Either illite or kaolinite may serve as the ion- 
exchange medium. Because the cation-exchange ca­

pacity is several times greater in illite (10-40 meq/100 g 
(milliequivalents per 100 grams)) than kaolinite 
(3-15 meq/100 g), illite is probably the dominant ex­ 
changer, adsorbing a much greater reservoir of 
exchangeable sodium than kaolinite. Ferric oxyhydrox- 
ides, which are abundant in the Kootenai, have a pHzpc 
of approximately 6.7 to 8.5, or close to the ground-water 
pH, indicating that the surfaces of these particles are 
nearly neutral, and should have minimal exchange 
capacities.
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FIGURE 7. Dissolved solids concentration in waters from the Second Cat Creek sandstone of the Kootenai Formation,
eastern Judith Basin, Montana.

Subtle increases in chloride concentration are prob­ 
ably due to leaching of confining layers or leakage from 
adjacent aquifers. Chloride minerals, such as halite 
(NaCl) and sylvite (KC1), are commonly associated with 
sedimentary rocks, but the absence of any marine 
evaporite sequences in the Kootenai preclude the use of 
these minerals as a significant chloride source. High 
chloride waters are commonly associated with shales, 
and leaching of shale confining beds could readily sup­ 
ply the required amounts of chloride (Johns and Huang,

1967; Billings and Williams, 1967). Similarly, upward 
leakage of high chloride waters through faults and frac­ 
tures could transport chloride into the aquifer. Slightly 
larger increases in chloride concentrations north of Big 
Spring Creek may reflect differences in controlling 
mechanisms.

As shown in figure 11, sulfate concentrations also be­ 
have differently on either side of Big Spring Creek, sug­ 
gesting some type of structural controls on ground- 
water chemistry. The most likely sources of sulfate
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FIGURE 8. Stiff diagrams for major element concentrations in waters from the Second Cat Creek sandstone of the
Kootenai Formation, eastern Judith Basin, Montana

within the aquifer would be the dissolution of trace 
amounts of gypsum (reaction 20) or the oxidation of 
pyrite (reactions 9 and 10), which can proceed in either 
the presence or absence of molecular oxygen. Either or 
both of these mechanisms could explain the gradual in­ 
creases in sulfate observed to the south of Big Spring 
Creek, as both gypsum and pyrite are commonly found 
disseminated in shales, but the highly disparate sulfate 
concentrations on either side of the creek implies the in­ 
fluence of different controls to the north. The occurrence

of numerous faults and fractures in the area of the 
Judith and South Moccasin Mountains (as shown in fig. 
2), suggests the possibility of upward migration of high 
sulfate waters from underlying formations. Analytical 
data for Morrison and Madison Formation waters typ­ 
ical of the Judith Basin, (presented in table 8) indicate 
sulfate concentrations several times higher than those 
measured in waters from the overlying Kootenai Forma­ 
tion. Feltis (1973) commented on the importance of frac­ 
tures in the Big Snowy, Judith, and North and South
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FIGURE 9. Trilinear diagram showing divergence in composition between water samples taken north and 
south of Big Spring Creek from the Second Cat Creek sandstone of the Kootenai Formation, eabtern 
Judith Basin, Montana.

Moccasin Mountains region in localizing discharge from 
these lower formations as springs. This type of fracture- 
controlled discharge could also serve as hidden recharge 
to the Kootenai Formation, and would explain the 
presence of high sulfate waters in the fractured areas. 
Chloride concentrations are also higher in the underly­ 
ing aquifers, so leakage would also explain slightly 
higher chloride concentrations north of the creek. 
Waters of the Kootenai Formation to the north and 
south of Big Spring Creek might be isolated from each 
other by the synclinal structure observed in outcrop and 
subsurface. Hinge faults and fractures would allow 
Kootenai Formation ground water to move upward and 
discharge into the stream bed alluvium, creating 
distinct flow systems on either side of the creek.

Significant increases in pH are also evident along the 
flow paths, as shown by the transect along line A-A' in 
figure 12. Two reactive mineral groups, carbonates 
(reactions 21-23) and aluminosilicates (reactions 24-27)

could interact with ground waters of the Kootenai and 
increase the pH. Assuming that the dissolution of these 
minerals is driven by the dissolution of CO2 and the sub­ 
sequent dissociation of H 2CO3°, the hydrolysis of 
aluminosilicates will result in an increase in pH but no 
increase in CT beyond that contribution supplied by the 
addition of CO2 . However, when driven by the same 
mechanism, both congruent and incongruent dissolu­ 
tion of carbonates will result in an increase in pH accom­ 
panied by an increase in CT above and beyond that sup­ 
plied by the addition of CO2 , thus serving to distinguish 
between these two groups of dissolution reactions.

Because the relative concentrations of H 2CO3°, HCO~, 
and CO~ 2 are dependent on the pH of the solution (reac­ 
tions 17-19) apparent increases in HCO~ and CO~ 2 may 
be due to increases in pH accompanied by dissociation of 
H2CO3°, rather than to actual increases in dissolved car­ 
bonate species. Calculation of total inorganic carbon (CT) 
clarifies this point, in that CT data reveal whether or not
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FIGURE 10. Log molar ratios of calcium plus magnesium to sodium concentrations in waters from the Second Cat Creek 
sandstone of the Kootenai Formation, eastern Judith Basin, Montana.

an increase in alkalinity is solely the effect of an increase 
in pH. The aqueous speciation model of WATEQ2 (Ball 
and others, 1980) was utilized to calculate the distribu­ 
tion of carbonate species from major element, pH, 
alkalinity, and temperature data. All of the carbonate 
species were then summed to determine CT. A transect 
along line A-A' in figure 13 demonstrates that CT 
generally increases downflow, although a small decrease 
may be noted north of Big Spring Creek. The observed

increases in CT reflect the presence of carbon sources in 
the aquifer. Carbon may enter the aqueous system 
through the oxidation of organic matter during the 
reduction of oxygen (reaction 1), nitrate (reactions 2 and 
3), and (or) sulfate (reaction 6), or during the fermentation 
of organic matter (reaction 7). Dissolution of carbonate 
minerals (reactions 21-23) and the migration of 
gaseous CO2 (reaction 17) or CH4 (reaction 11) may also 
increase -"r
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FIGURE 11. Sulfate concentrations in waters from the Second Cat Creek sandstone of the Kootenai Formation, eastern
Judith Basin, Montana.

Acetate fermentation is not a viable mechanism, 
because the Eh of the system is far too high for this 
reaction to proceed. The oxidation of organic carbon 
provides a more feasible carbonate source. Reduction of 
O2 and NO~ supplies significant quantities of CO2 
(>0.54 mmol/L) to oxygenated waters, but the rapid 
consumption of these oxidants and the absence of H2S 
in the Second Cat Creek sandstone suggests that the ox­ 
idation of organic carbon by O2, NO~, or SO~2 does not 
generate significant quantities of CO2 far beyond the

outcrop area. Sulfate reduction or the coalification of 
lignite may produce high CO2 partial pressures (PC02) in 
Morrison or Kootenai strata adjacent to'the Second Cat 
Creek sandstone. The uncharged nature of CO2(aq) and 
H2CO° would allow these species to diffuse through 
microfractures and between clay particles of the shale 
confining beds into aquifers with lower CO2 partial 
pressures, whereas the bulk of any H2S produced by 
sulfate reduction would be precipitated in situ as fer­ 
rous sulfides. Well J16 appears to be screened in the
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TABLE 8. Chemical compositions of ground water from aquifers underlying the Kootenai Formation, Judith Basin area, Montana
[Units in milligrams per liter unless otherwise noted, °C, degrees Celsius]

Formation

Calcium, 

Ca

Magnesium, 

Mg

Sodium

Na

i, Potassium, 

K

Na + K

Bicarbonate, 

HC03

Sulfate,

so4
Chloride, 

Cl pH

Temperature, 

T
( JC)

Dissolved 

solids Comments

Collected by the U S Geological Survey from wells located about 45 kilometers due east of Lewistown 

"Mean composition of eight samples taken within the Judith Basin Analyses from Zimmerman (1966) and Feltis (1973) 

3 Sitc 9 from Busbv and others (U S Geological Survey, written commun , 1981).
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FIGURE 12. Variations in pH along line A-A' in waters from the Sec­ 
ond Cat Creek sandstone of the Kootenai Formation, eastern 
Judith Basin, Montana.
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FIGURE 13. Variations in total inorganic carbon concentrations 
along line A-A' in waters from the Second Cat Creek sandstone of 
the Kootenai Formation, eastern Judith Basin, Montana.

Third Cat Creek sandstone and draws water from a zone 
whereas H2S is evident. Sulfate is nearly depleted, and 
CT and organic carbon are much higher than in wells of 
the Second Cat Creek sandstone, suggesting the active

oxidation of organic matter by sulfate reducing bac­ 
teria. Similar CO2 partial pressures in this and sur­ 
rounding samples, despite large differences in pH, may 
indicate that the aquifers in the formation are at a state 
of equilibrium with respect to dissolved gaseous species, 
and that CO2 might indeed be free to migrate from 
organic-rich to organic-poor zones within the formation.

Migration of CO2 into the aquifer would increase the 
acidity of waters present and allow for dissolution of car­ 
bonate minerals, which would further increase CT. The 
stabilities of calcite, dolomite, and magnesite (MgCO3 ) in 
ground waters of the Kootenai Formation may be in­ 
vestigated by calculating the stability fields of these 
minerals in the system Ca-Mg-CO2-H20. An activity 
diagram constructed using the data of Ball and others 
(1980) is presented in figure 14, with compositions of 
Kootenai Formation ground waters superposed. Calcite 
is clearly the stable phase, indicating that any dolomite 
in contact with these waters should dissolve, possibly in 
an incongruent reaction to form calcite (reaction 23).

Potassium and silica concentrations were nearly con­ 
stant in waters of the Second Cat Creek sandstone; 
potassium averaged 3.2 mg/L (milligrams per liter) and 
silica averaged 8.6 mg/L, while aluminum was below de-

MAGNESITE DOLOMITE CALCITE

LOG OF CALCIUM ACTIVITY MINUS LOG OF MAGNESIUM ACTIVITY (LOG (a CaJ /a Mg*2))

FIGURE 14. Stability diagram for the system Ca-Mg-CO2-H2O 
at 25 °C, with compositions of waters from the Kootenai Forma­ 
tion, Judith Basin, Montana, superposed.
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tection (< 15 pg/~L) in all waters sampled. The silica con­ 
centration in sample J2 is anomalously low (0.0 mg/L), 
probably due to analytical error, and has been discarded. 
Despite the lack of aluminum data, the stabilities of per­ 
tinent aluminosilicates in Kootenai ground waters may 
be investigated using cation ratio activity diagrams. 
With thermodynamic data from Helgeson (1969) and an 
average silica activity of 10~387 , the stabilities of illite, 
kaolinite, montmorillonite, and chloride may be calcu­ 
lated in terms of log [(a +2)/au+ )21 and log [(a )/(a )].

L Mg H J »  A tt J

Superposition of Kootenai geochemical data on this 
stability diagram (fig. 15) shows that kaolinite is the 
stable phase in all waters sampled. The stability of 
kaolinite reported by Helgeson (1969) was several kilo- 
joules per mole less than the preferred kaolinite stability 
value of Bassett and others (1979). Recalculation of the 
relative stabilities of these aluminosilicates using the 
reevaluated kaolinite stability results in shifting the 
illite-kaolinite stability boundary downward into the 
area of observed compositions, but also creates a stabil­ 
ity field for Mg-montmorillonite between that of chlorite 
and kaolinite (fig. 16). Montmorillonite was not observed 
in Kootenai shales obtained near the Judith Basin. An 
increase in illite stability, or further decrease in kaolinite 
stability (which would still fall within the range of 
values presented by Bassett and others, 1979) would 
shift the illite-kaolinite stability boundary downward

LOG OF POTASSIUM ACTIVITY MINUS LOG OF HYDRONIUM ACTIVITY (LOG (a K + /a H4_) )

FIGURE 15. Stability diagram for the system Mg-K-SiO2-Al2O3- 
H2O at 25 °C, with compositions of waters from the Kootenai For­ 
mation, Judith Basin, Montana, superposed. Thermodynamic data 
from Helgeson (1969). aH SjOo=10~ 3 -87 .

without enlarging the Mg-montmorillonite field. This 
final interpretation is consistent with field evidence, 
although the slight, but highly significant, variability in 
aluminosilicate stabilities due to variable crystallinity 
and composition of the pertinent phases renders any con­ 
clusions drawn for a particular system highly tentative, 
and subject to revision as better data for that system 
become available.

Strontium increases, then decreases in concentration 
along the Second Cat Creek sandstone flow path (fig. 
17). Similar behavior is observed for calcium and mag­ 
nesium, suggesting similar controls for these alkaline

LOG OF POTASSIUM ACTIVITY MINUS LOG OF HYDRONIUM ACTIVITY (LOG (a <+ 3 H+ ) )

FIGURE 16 Stability diagram for the system Mg-K-SiO2-Al2O3- 
H2O at 25°C, with compositions of waters from the Kootenai For­ 
mation, Judith Basin, Montana, superposed. Thermodynamic 
data for kaolinite from Bassett and others (1979). Remaining ther­ 
modynamic data from Helgeson (1969). aH SiOo=10~ 3 '87 .
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FIGURE 17. Variations in strontium concentrations along line A-A' 
in waters from the Second Cat Creek sandstone of the Kootenai 
Formation, eastern Judith Basin, Montana.
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earth elements. The importance of ion exchange in con­ 
trolling calcium and magnesium levels has already been 
discussed, and similar controls would be equally effec­ 
tive in producing the observed variations in strontium 
concentrations (Wahlberg and others, 1965a; 1965b). 
Strontium might originate from the dissolution of 
disseminated strontianite (SrCO3) or celestite (SrSO4), 
which could be present in the aquifer or in confining 
shale beds, although there is little evidence for the ex­ 
istence of these phases. Strontium may coprecipitate 
with calcite (Holland and others, 1964), aragonite 
(Kinsman and Holland, 1969), gypsum or anhydrite 
(Usdowski, 1973), and would thus be released into the 
ground-water system upon dissolution of these phases. 
A positive correlation of greater than 99 percent signif­ 
icance (r=0.716, n=15) was calculated between sulfate 
and strontium concentrations, so it seems probable that 
strontium originates from the dissolution of gypsum, 
which could occur either within the aquifer or in adja­ 
cent strata where these phases are present.

Oxidation potential was estimated using the Nernst 
equation and appropriate redox couples (reactions 
12-16); Eh values calculated in this manner are pre­ 
sented in table 9. Eh values in the Second Cat Creek 
sandstone range from 850 mV in the recharge area to 
approximately -100 mV for wells farthest from the 
outcrop (J12, J15) with a minimum of -210 mV (J17) 
near the South Moccasin Mountains (fig. 18). A general 
decrease in oxidation potential is indicated, from oxidiz­ 
ing conditions in the recharge area to relatively uniform, 
moderately reducing conditions a short distance from 
the outcrop and into the basin. The one highly reducing 
sulfidic water sampled near the South Moccasin Moun-

TABLE 9. Oxidation potentials calculated JOT waters from the Kootenai Formation, 
Judith Basin, Montana, using O2~H2O, Fe(OH)3 -FeCO3 or SO~ 2-H2 S 
redox couples

[O2 , oxygen, H.,O, water, FefOH) , feme hydroxide; FeCOj, sidente. SO' 2 , sulfate; HjS, 

hydrogen sulfide; mV, millivolts]

Sample

J2
J3
J4
j5 ___________
J6        
TO

jlO __________

J12
T1 9J 1 -3

J15
J16
J17

Calculated Eh 
(mV)

-230

-214 
-207 

44 
51 
- 1 

848

-101

23 
-77 

-283 
214

Redox couple

SO" 2 H S
O/^i - 2 T_T C

S04- 2-H2 S

Fe(OH)3([ -FeCO3

o2-H2d(am)

Fe(OH)3(^)-FeCO3 
Fe(OH)3(am)-FeCO3

SO*- 2-H2S

°- s
LU rfi- §
£ 2

EXPLANATION

  SOUTHERN FLOW PATH 

A NORTHERN FLOW PATH
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FIGURE 18. Variations in calculated oxidation potential, nitrate plus 
nitrite, and dissolved organic carbon concentrations along line 
A-A' in waters from the Second Cat Creek sandstone of the 
Kootenai Formation, eastern Judith Basin, Montana

tains appears somewhat anomalous. Strongly reducing 
conditions at J17 may be associated with the presence 
of faults related to the South Moccasin Uplift. Fluids 
containing reduced species such as H2S and CH4 would 
be free to migrate upward from lower strata along frac­ 
ture zones, creating locally reducing conditions where 
they enter other formations. Alternatively, well J17 
may penetrate a zone particularly rich in organic mate­ 
rial, which would allow for the biologically mediated 
reduction of sulfate (Goldhaber and Kaplan, 1974). Fail­ 
ure of the remainder of Second Cat Creek sandstone 
waters sampled to attain strongly reducing conditions 
is likely due to a paucity of organic matter suitable as a 
substrate for sulfate reducing bacteria (Dockins and 
others, 1980).

Dissolved organic carbon (DOC) concentrations sup­ 
port this conclusion, decreasing rapidly down the flow 
path and leveling off at an average value of 0.7 ± 
0.4 mg/L (fig. 18). Consumption of DOC during the 
reduction of O2 and NO~ accounts for the initial DOC 
decrease. A lack of solid organic matter in the aquifer 
would prevent further reduction from occurring.
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FIGURE 19. Variations in iron and manganese concentrations 
along line A-A' in waters from the Second Cat Creek sand­ 
stone of the Kootenai Formation, eastern Judith Basin, 
Montana

Iron and manganese determinations indicate initially 
low concentrations of these elements in oxygenated out­ 
crop waters, increasing following the onset of anoxic 
conditions, then gradually decreasing again (fig. 19). 
The presence of ferric oxyhydroxides and siderite sug­ 
gests control of iron concentrations by these phases in 
oxidizing and moderately reducing waters (Langmuir, 
1969; Nordstrom and others, 1979; Champ and others, 
1979). Where H2S is present, ferrous sulfides might 
similarly control aqueous iron concentrations.

Oxyhydroxide and carbonate solid phases are simi­ 
larly observed to control manganese concentrations 
with decreasing Eh (Morgan, 1967). Regulation of man­ 
ganese by mineral phases similar to those that control 
iron would explain the covariation in concentration of 
these two elements as Eh decreases, with oxyhydrox­ 
ides controlling in oxidizing environments, siderite or

rhodochrosite (MnCO3) in moderately reducing environ­ 
ments, and ferrous sulfides in strongly reducing waters 
(Champ and others, 1979).

DISSOLVED GASES

Interpretation of dissolved gas concentrations was 
hindered by difficulties encountered during sampling. 
Many of the waters sampled were highly effervescent as 
they flowed from the well head, and gas bubbles invari­ 
ably accumulated on the walls of the sample vessel. 
Although efforts were made to dislodge as many as pos­ 
sible, many samplers contained some attached bubbles, 
leading to analytical concentrations greater than the 
quantity of gas actually dissolved in the sample. Those 
samples displaying evidence of contamination of this 
type, such as anomalously high concentrations of 
N2(>40 mg/L), Ar(>l mg/L), and O2, or field observa­ 
tions of bubbles, were discarded. Because of this dif­ 
ficulty in sampling, the data presented in table 10 are 
considered only semiquantitative. Discussion of these 
analyses will be restricted to the observed concentration 
trends, and to comparisons with the same parameters 
calculated by other methods. The analyses presented in 
table 10 are all from the southern flow path of the Sec­ 
ond Cat Creek sandstone and are arranged in order of 
occurrence from outcrop to basin.

Oxygen decreases down the flow path because of de­ 
creasing Eh and carbon dioxide decreases down the flow 
path because of increasing pH. Agreement between 
these dissolved oxygen values and those measured in 
the field is relatively good, differing by a maximum of 
only 7 percent; however, a comparison of analyzed Pco 
and that calculated by WATEQ2 from field-measured 
pH and alkalinity shows discrepancies of up to 40 per­ 
cent. Although part of these differences are possibly due 
to the gas sampling problem, they also reflect errors in 
pH created by exchange with atmospheric CO2 during 
measurement. CO2 outgassing would tend to make the 
measured pH higher than the actual in situ value due to 
the redistribution of HCOj and COj2 required to main­ 
tain equilibrium among dissolved carbonate species

TABLE 10. Concentrations and partial pressures of dissolved gases in water samples from the Second Cat Creek sandstone of the Kootenai Formation,
eastern Judith Basin, Montana

[mg/L, milligrams per liter; atm, atmospheres]

Sample

jlO        -

J 1J
T1^ _

Oxygen

mg/L

7 9

r>3

atm

0.12 
.009 
nnnfi

Carbon 
dioxide

mg/L

55 
3.4
9 7

atm

0.022 
.0016 
r>ni3

Nitrogen

mg/L

20 
31
31

atm

0.79 
1.33 
1 3Q

Argon

mg/L

0.80 
1.09 
1 13

atm

0.010 
.015 
017

Helium

mg/L

0.000 
.002 
003

atm

0.000 
.001 
.002

Methane

mg/L

0.00 
.02 
.02

atm

0.0000 
.0006 
.0006
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(reactions 17-19). Using field-measured alkalinities, bi­ 
carbonate activity coefficients calculated using 
WATEQ2, and Kco and Kj [Henry's Law constant for 
CO2 dissolution (reaction 17) and the first dissociation 
constant for H2CO3° (reaction 18), respectively] for the 
appropriate temperature (Jacobson and Langmuir, 
1972), pH values may be calculated from the measured

pH=-log
*HCO.r'

Such values are given in table 11, and are as much as 
0.18 pH units lower than the field-measured pH. These 
observations are inconsistent with those of Pearson and 
others (1978), who concluded that field-measured pH's 
may be as much as 0.2 units higher than pH values in 
the aquifer, again suggesting that difficulties in sam­ 
pling have influenced these results.

Concentrations of nitrogen (N2 ) indicate initial satura­ 
tion with atmospheric N2 in the recharge area (PN =0.7 
atm); N9 values increase and then level off at higher con­ 
centrations down flow. Bacterially mediated denitrifica- 
tion (reaction 2), which should occur concurrently with 
O., reduction, would explain the decrease in NO~ plus 
NO^ and increase in N2 between J10 and J13, as well as 
a leveling off of N2 concentrations after nearly all of the 
NO~ has been consumed. Mass balance calculations in­ 
dicate that the 0.24 mmol/L NO~ present in outcrop area 
waters is insufficient to account for the observed in­ 
crease in N 2 , however, suggesting that another 
mechanism may be responsible. Thorstenson and others 
(1979) postulate that high N9 concentrations in the Fox 
Hills-basal Hell Creek aquifer of the Dakotas may be 
the result of upward leakage or diffusion of N9 from gas 
pools at depth, but the presence of N2 gas pools in the 
Judith Basin area is uncertain.

Helium, argon, and methane increase in concentration 
down the flow path. Helium is a product of radioactive 
decay by alpha emission, and probably accumulates in 
the ground water as a result of decay of unstable 
isotopes in the uranium and thorium decay series. 
Methane is thermodynamically unstable in waters with 
Eh's above  100 mV, such as samples J13 and J15, and 
could not have formed in the Second Cat Creek sand­ 
stone. Therefore, methane most likely migrated into the 
aquifer system after being formed in more reducing 
strata. According to Mazor (1972) argon should remain 
at concentrations that are representative of atmospheric 
saturation at the temperature of the recharge waters, but 
only if the aquifer system is closed to influx and efflux of 
this gas. The presence of argon in concentrations ex­ 
ceeding its maximum solubility at 0°C (PA =8.12 X10~3

TAHLF. 11. Comparison of field-measured pH values and pH values calculated from 
measured PCQ in water samples from the Second Cat Creek sandstone of the Kootenai 
Formation, eastern Judith Basin, Montana

Sample

1 1(1
J13      
J15        

pH, 
field measured

6.87
8.48
8 CL C

pH, 
calculated

6.69
8.30

Difference

ft 1Q

.18 

.10

atm at 1370 m elevation, 4.3X10"4 cubic centimeters 
Ar/cubic centimeter H2O; Douglas, 1964) by nearly 40 
percent suggests either migration of argon into the 
aquifer or contamination from sampling difficulties. 
Methane generation at depth might displace noble gases 
into higher strata where they would be able to ac­ 
cumulate (D. Fisher, U.S. Geological Survey, written 
commun., 1980); however, the above-mentioned sampl­ 
ing difficulties preclude the drawing of such conclusions.

ISOTOPIC COMPOSITION

The isotopic compositions of ground waters in the 
Kootenai Formation are presented in table 12. As 
shown in figure 20, <5 18O and <5D measurements of 
ground waters from the Kootenai fall slightly below the 
worldwide meteoric water line of Craig (<5D=8<5 18O+10; 
1961b), but roughly correspond to the composition of 
North American continental precipitation as reported 
by Gat (1980) (<5D=7.95<5 18O+6.03), indicating the 
presence of only meteoric water in the aquifer. Gat also 
reports the data of Yurtsever (1975), who has compiled 
<5 18O values for continental precipitation and correlated 
them with mean surface temperatures, allowing a deter­ 
mination of recharge temperature to be made. Kootenai 
<5 18O measurements range from  20.1 to  17.6, in­ 
dicating a precipitation temperature near 0°C, which is 
significantly lower than the mean annual temperature 
of 6°C for the Judith Basin. This temperature dis­ 
crepancy suggests that present-day recharge is derived 
primarily from spring snowmelt, rather than from late 
spring and early summer rains, and that past recharge 
events must have occurred under similar conditions. 
Although significant variability in both <5 18O and 5D 
was observed, it does not seem readily attributable to 
differences in the aquifers sampled, and so is probably 
due to variations in the elevations of the Little Belt, Big 
Snowy, and Judith Mountain recharge areas.

Sulfate <534S measurements were obtained for all ex­ 
cept two Judith Basin samples, but low concentrations 
of H2S precluded the measurement of sulfide 534S
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TABLE 12. Isotopic ratios or activities of isotopes in waters from the Kootenai Formation, Judith Basin, Montana
|pCi/L, picocurics per liter; < indicates concentrations below detection limit tor that analvsis]

C25

Sample

TOS 2-
11.p
J4          

J J
J6
TOJ«
j,0   __  __
Jll          

T 1OJ 1 * 

T 1  }J 1 -5

J14          

J 1J
J16          
j!7         

Oxygen
(6 180)

1Q Q

1 Q Q

19.1
1 Q Q

19.1
19.0
1Q 9

20.0
1 O A

1 Q O

20.1
i "7 a

   - 19.4
1 Q O

Hydrogen 
(6D)

ITJ

- 148
14C

-147
-141

1 *}Q

-149

ijj

Carbon
(6"C)

16.6
11.6
9.6

11.6

16.0
10.2
7.1
7.9

10.1 
9.4

14.4
9.2

Sulfur, SO; 2 
(6"S)

rtr\ f~

22.0
7.6
6.6

10.4

.4
3.3

11.9

8.6
2

f~

9.0

Tritium 
(pCi/L)

1.0
1.9
8 C

6.9
5.1

<2.9
410

6 r

<2.1
<4.3
s* n Q

6.0
<2.2

Carbon- 14 
(percent modern)

<1.3
1 Q

11.3
34.1
OO Q

1.3
 *^ OQ Q

18.4
^ Q

<.9
10.0
<.9

1.6
<1.4

o
CO

*

O 
to

DC

O
Q_ 
O

O
CO

CD 
O 
cc 
Q

D
LU 
Q

-130

-140

-150

-160
-21 -20 -19 -18 -17

OXYGEN-18/OXYGEN-16 ISOTOPIC RATIO (5 180. SMOW)

values. Sulfate S34S values exhibit considerable varia­ 
tions across Big Spring Creek, despite the close simi­ 
larity of values for each group on either side of the 
creek, as shown in figure 21. A two-tailed F-test demon­ 
strates that these two groups were derived from popula­ 
tions with a common variance at the 95 percent 
significance level, enabling a pooled standard deviation 
to be calculated. This calculation results in mean S34S 
values at the 95 percent significance level of 2.1 ±3.2 for 
the southern population, and 9.8±3.2 for the northern 
population. The difference in the means of the two pop­ 
ulations is much greater than that predicted by a t-test 
for random variance at the 95 percent significance level, 
and demonstrates that the null hypothesis of no signifi­ 
cant difference in the 634S values across Big Spring 
Creek must be rejected. Because S34S is dependent on 
the source of sulfate (Holser and Kaplan, 1966), it 
follows that sulfate is derived from significantly dif­ 
ferent sources on either side of the creek. Bacterial 
sulfate reduction, which would cause such increases in 
634S, might occur in only one well, J17, where H2S was 
present, and so would not account for higher 634S values 
in all three wells near the South Moccasin Mountains. 
Differences in both the 634S values and the sulfate con­ 
centrations on either side of the creek support the 
hypothesis of structurally controlled leakage into the 
Second Cat Creek sandstone occurring in the fractured 
region north of Big Spring Creek, but not in the more 
competent strata to the south.

Waters of the Second Cat Creek sandstone exhibit 
6 13C values that increase asymptotically from  16.0 at

FIGURE 20. Isotopic composition of North American continental pre­ 
cipitation (Gat. 1980) with isotopic compositions of waters from the 
Kootenai Formation, Judith Basin, Montana, superposed.
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FIGURE 21. Sulfate 634S values in waters from the Second Cat Creek sandstone of the Kootenai Formation, eastern Judith
Basin, Montana.

the beginning of closed (to a CO2 gas reservoir) system 
conditions (J10), to values ranging from  7.1 to  9.4 
in the basin. If CH4 was migrating into the aquifer and 
being oxidized by O, to form CO2 (reaction 11), 5 13C 
values would be expected to decrease basinward from 
the isotopically light nature of CH4 (Claypool and 
Kaplan, 1974). The oxidation of methane as a CO9 
source can therefore be considered negligible.

Wigley and others (1978) conclude from modeling 
studies that <5 13C should increase asymptotically in

systems where aqueous carbonate species are fraction­ 
ated and removed from the system, as in the incon- 
gruent dissolution of dolomite (reaction 23). This 5 13C 
evolution model corresponds with 5 13C trends in the 
Second Cat Creek sandstone. As the limiting <5 13C solu­ 
tion value is dependent on input and output 5 13C values, 
it can be calculated from reaction simulation mass 
transfers and the isotopic evolution model of Wigley 
and others (1978) to substantiate the postulated con­ 
trolling reactions.
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Kootenai Formation tritium concentrations are below 
10 pCi/L for all samples except J10, which has a value of 
410 pCi/L. Low tritium concentrations reflect a lack of 
recent recharge to the confined system, and support the 
hypothesis that recharge to the Second Cat Creek sand­ 
stone is insignificant in the South Moccasin Mountains. 
The high tritium value for J10 indicates that recharge 
occurs primarily in the Big Snowy Mountains (and 
probably also in the Judith Mountains, where no 
samples were collected for this study), which is in agree­ 
ment with conclusions drawn from the dissolved solids 
distribution and the divalent-monovalent cation ratio 
data.

GEOCHEMICAL COMPUTER MODELING

SATURATION INDICES

Saturation indices for Kootenai Formation aquifer 
minerals, calculated using the critically evaluated data 
and aqueous speciation model of WATEQ2 (Ball and 
others, 1980), demonstrate that, although the samples 
originate from at least two distinct aquifers, the 
equilibrium relationships between aqueous and mineral 
phases in each aquifer are sufficiently similar to allow a 
unified discussion of thermodynamic equilibrium in 
ground waters of the Kootenai Formation. WATEQ2 
saturation indices for Judith Basin samples are pre­ 
sented in table 13 for the silicates and aluminosilicates, 
and in table 14 for the carbonates and sulfates.

Quartz, the major aquifer constituent, appears to 
have little control on silica concentrations in solution. 
Highly ordered a-quartz is oversaturated, a condition 
often observed for crystalline phases that in low- 
temperature systems do not precipitate directly from 
solution, but rather form initially as an amorphous or 
cryptocrystalline polymorph, such as amorphous silica 
or chalcedony. In most samples, these less crystalline 
phases are undersaturated, indicating that silica is not 
in equilibrium with the solution. An exception to this 
generalization is sample J10, in which chalcedony is at 
saturation. This well is situated on the Kootenai out­ 
crop where most recharge occurs; judging from the 
negative Si's for many aquifer minerals, it is probably 
perforated in sandstones that have been leached of their 
more reactive carbonate phases, leaving only quartz, 
ferric oxyhydroxides, and perhaps kaolinite, illite, and 
montmorillonite to react with infiltrating ground water. 
As a result, silica concentrations have become high 
enough to enable chalcedony to reach saturation and 
possibly precipitate as a grain cement.

Because aluminum was present at concentrations 
below the detection limit of 0.015 mg/L, this value was 
entered into WATEQ2 as the aluminum concentration

to determine the maximum possible saturation indices 
of aluminosilicate minerals. Using this upper limit for 
aluminum concentration, many aluminosilicates are 
undersaturated, indicating that they do not control 
aqueous aluminum concentrations.

Albite, a detrital aluminosilicate, is undersaturated in 
all ground waters of the Kootenai Formation, while 
allophane, a poorly crystallized, variable-composition 
aluminosilicate phase, is saturated in all samples. 
Allophane is commonly encountered as an alteration 
product on the surfaces of weathered feldspar grains. 
The presence of this type of alteration is indicative of 
the final stage of feldspar weathering, which has been 
characterized in the experiments of Busenberg and 
Clemency (1976) by the very slow release of cations and 
silica. Illite and kaolinite are both saturated, as is mont­ 
morillonite. Although montmorillonite was not ob­ 
served in Kootenai shales near the Judith Basin, its 
presence as an alteration phase cannot be ruled out. It 
seems probable that one or more of these saturated 
aluminosilicates controls aqueous aluminum and silica 
concentrations.

Saturation indices for other detrital silicates reported 
as trace constituents in Kootenai sandstones were not 
considered because of the high temperatures required 
for the formation of minerals such as garnet and 
tourmaline.

The carbonate minerals, calcite, dolomite, and sider- 
ite, which are abundantly represented in the aquifer, are 
at or near saturation. They appear to play an important 
role in controlling solution chemistry in most waters 
sampled except in the ground water from J10, where 
leaching of the outcrop has apparently eliminated these 
phases. Calcite is slightly oversaturated in many 
samples, indicating that determinate errors in field pH 
measurements, or calcite solid solutions involving 
manganese, strontium, and iron may be involved. These 
elements in solid solution would tend to decrease the 
stability of the solid phase slightly, and also decrease 
the saturation index of solid solution. For unknown 
reasons, dolomite saturation indices are rather widely 
scattered, but the mean dolomite SI shows that the 
mineral is roughly at saturation in the aquifer. Siderite 
is near saturation in all but highly oxidizing or strongly 
reducing samples (J2-4, 10, 16, 17), suggesting that 
some other iron phase may regulate iron concentrations 
in these.

Although rhodochrosite (MnCO3 ) is the thermody- 
namically stable Mn(II) phase in moderately reducing 
ground waters (Morgan, 1967), the mineral is under- 
saturated in many samples. The near equality of all but 
two of the saturation indices to a value of  1.3, 
however, is suggestive of a controlling phase of similar 
composition. Saturation indices for J2 and J10, which
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TABLE 13. Saturation indices of silicate and aluminosilicate aquifer minerals in waters from the Kootenai Formation, Judith Basin, Montana

Sample Silicates Aluminosilicates

Quartz Chalcedony Amorphous
silica

Albite Allophane Kaolinite Illite Calcium 
montmorillonite

j 2 _______

J3
14J^ 

TTJ J 

Ifi

TO

JIO   

Jll
J12     -
J13   
J14     -
J15     
i it;J 1D
T 1 7

  0.42 ±0.08
.30 ± .10
.32 ± .10 
.44± .08
.37 ± .08
.50+ .08

.36± .10 

.29+ .08

.37+ .08

.37 ± .09

.36± .08 

.32+ .10

.36+ .09

-0.12±0.08
-.25± .10 
-,'24± .10

.11+ .08

.17+ .08

.05+ .08

.19+ .10

.22+ .08

.16+ .08

.18+ .09

.17+ .08

-.22+ .10 
.18+ .09

0.95 + 0.08
-1.09± .10

1.08+ .10
- .95± .08
-1.00± .08
- .90+ .08
-1.03± .10
-1.05± .08
-1.00± .08
-1.02± .09
-1.01± .08
-1.07± .10

1 . U-., + . Uj

-2. 57 ±0.89
-3.26+ .91
-3.34+ .91
-3.11+ .89

T\ J L, X   ^'*-'

1.43+ .89
-1.41± .89

1.34+ .89
-1.55± .90

2.39± .89

-0.27 + 0.70
.28+ .67

  . £, 1 ~T_   UC*

-,26± .67 
-.29+ .69
-.36+ .59
-.26+ .35

.74+ .77
-.37+ .77
-.25+ .70

-.51± .78
-.29+ .78 
-.28+ .67

1.32 + 1.71
.17+ .72
.74+1.72 

1.01 ±1.71
1.29±1.71
1.05±1.71
.87±1.71
,48± .71
.77 ± .71
.95 ± .71
.65± .71
.52 ± .72 

1.14+ .71

1.36± 1.98
.01 ±2.00 
.04+1.99
.48± 1.98

1.24± 1.98
.31 + 1.98
.30± 1.99
.67 ±1.98
07 , OQ

.61 ± .98 

.71 ± .98

or , QQ

0.61 ±2.01
-.39 ±2. 02

,16±2.01
.51 ±2.01
.04 + 2.00

- .15 ±2. 01
- .42 ±2. 01
-.00 ±2. 01

.02 ± 2.01
-.23 ±2. 01

-.52 ±2. 02 
i Q , o n i

Mean and 

standard 

deviation 0.37 + 0.06 -0.17 ±0.06 - 1.01+0.06 -2. 53 ±0.93 -0.34 + 0.14 0.88 ±0.27 0.55 ±0.48

TABLE 14.   Saturation indices of carbonate and sulfate minerals in waters from the Kootenai Formation,

Sample

.12      
j 3 _________
14J* 

IT

J6 _________
IQ

Jio   - 
1 1 1J 1 '
1 19J lz 
1 1^,) 1J

J14 ________

J15 ________
J16 ________

.117      

Mean and 

standard 

deviation

Judith Basin,

Carbonates

Calcite

n i f, -L n

( >Q _i_. /y ± 
'*n _i_
4.1 _i_

          .44+ .
1 t\f, _i_

          06 ± .

          .07± .
f)Q .

          -.01+ .

.08+ . 

.04+ .

0.19+ .

06 
06 
06 
06 
06 
06 
06 
06 
08 
12 
06 
14 
18 
06

18'

Dolomite

0.08 + 0.08 
.41 ± .08 
.03 ± .08 
.13± .08 
.29+ .06 
.52 ± .80

-.28± .08 
.07+ .12 

-.14+ .16 
.21+ .08 

-.42+ .24 
-.77± .39 
-.36+ .08

-0.03 ±0.36'

Siderite

-0.22±0 
.31± 

-.06+ . 
-.16± 
-.23 + 
-.07 + 

- 12. 13 ±2 
-.08± 
-.12±
- .31 ± 

.33±
-.16± 
-.66 ±2
-.72±

-0.16±0

.10 

.07 
07 
.09 
.08 
.09 
.08 
.09 
.39 
.73 
.07 
.73 
.08 
.19

.30'

Rhodochrosite

-2. 80 ±8. 20 
-1.13± .25 
- 1.11 ± .14 
-.94± .14 

-1.07+ .12 
-1.28+ .31

Q QQ i Q OA

1.81+ .86 
- 1.38 ±2. 08 
- 1.54 + 4.12 

1.36± .45 
- 1.11 ±2.08

1.21+2.76
1 . \J\J X   ~J

- 1.30±0.25 U

Strontianite

4.09 +
.y.) ±

1.06 +

Q 1 ,

.90 +
2.31 +

.93 + 
- .32 ± 

- 1.12±
-  J-> _L

- J i _L

-.55± 
1.11 +

6.95 
.10 
.10 
.10 
.10 
.10 
.10 
.10 
.12

4.12 
.10 
.14 
.14 
.10

-0.79±0.40'- 2

Montana

- 0.05 ± 0.35

Sulfates

Gypsum

2. 00 ±0.12 
1.10+ .06 
.75+ .06

1.12± .06 
- .41 + .06 
- .95 ± .06 
2.46± .27 
1.68± .08 
1.83± .08 
2.77± .12 
1.50± .06 
2.84+ .14 
4.11 ± .61 
1.36± .06

1.78 ±0.99

Celestite

'-* 4ft 4. fi

1.68+ .

- 1.33± . 
- .98 ± . 

.86+ .
1.52+ .
2.94+ .
1.90+ .

- 1.51 + . 
-2.22± .

- 1.61 ± .
-2.59+ . 

3.80+ .
1.65+ .

95 
10 
10 
10 
10 
10 
30 
10 
10 
12 
10 
14 
61 
10

- 1.89±0.82J

are strongly reducing and oxidizing waters, respec­ 
tively, are exceptions. It has been determined that 
calcite is apparently oversaturated with respect to these 
ground waters, so it is postulated that rhodochrosite oc­ 
curs as a solid solution in calcite. Bodine and others

(1965) reported an experimentally derived distribution 
constant (kD) of 17.4 for Mn+2 in calcite. The distribu­ 
tion constant relates the molalities of Mn and Ca in 
solution to mole fractions of these elements in the solid 
phase:
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mMn

m;Ca m

where x and L denote solid and solution phases, respec­ 
tively. From this relationship and average manganese 
(0.60 fxmol/L) and calcium (1.5 mmol/L) concentrations, it 
can be determined that calcite in equilibrium with these 
waters should contain an average of 0.7 mole percent 
rhodochrosite. The free energy of a calcite containing 0.7 
mole percent rhodochrosite was calculated to be 
 1128.1 kilojoules per mole by assuming ideal mixing 
between the two components (Berner, 1975), for the 
reaction:

Ca11 _x)MnxCO3 =(l-x)Ca+2 +xMn+2 +CO3- 2 ,

AG.0
ideal mix =xRTln x+(l-x)RTln(l-x),

and

f Mn calcite ""^^ideal mix ' ^^f calcite '

x(AG° +2 -AG° 2 -RTlnkD),
fMn

where:

X=mole fraction Mn in solid solution
R=gas constant
T= temperature (degrees kelvin).

Saturation indices computed from this free energy and 
the enthalpy of pure calcite are presented in table 15.

TABLE 15. Saturation indices of a 0.7 mole percent manganese calcite solid solution 
in waters from the Kootenai Formation, Judith Basin, Montana

[Free energy for the phase Mn0 ^-pa.^ ^^CO calculated by assuming an ideal solid solution 

(Berner, 1975)]

Sample
SI calcite 
(CaCO3)

SI Mn calcite
(Mn0.007Ca0.993CO3)

J3     - 

J4     -

J5    - 
J6 _______
J8 _______
Jll    
J12    
J13    
J14    
J15    
J16    
J17   

Mean and
standard
deviation

0.41
.29
.30
.36
.44
.06
.15
.07
.28

-.01
-.08
-.04

0.34
.21
.22
.33
.37

-.02

.09
-.01

.20
-.08
-.16
-.12

0.19 ±0.18 0.11+0.19

They demonstrate that apparent oversaturation with re­ 
spect to pure calcite is largely explained when con­ 
sidering the manganese-calcite solid solution, and they 
suggest that an impure calcite may also control man­ 
ganese concentrations in Kootenai ground waters.

Saturation indices for strontianite vary considerably, 
but are invariably less than zero. Although it is possible 
that this mineral exists as a solid solution with calcite, 
the inconsistency of strontianite saturation indices gives 
little support to the control of strontium concentrations 
by such a phase in these waters.

Despite the fact that no sulfate minerals were reported 
in the Kootenai Formation, their ubiquitous nature 
demands a discussion of sulfate saturation indices. In 
addition, the use of dissolved sulfate as a conservative 
tracer in evaluating flow directions and leakage in 
ground-water systems requires that any sources or sinks 
for this constituent be considered. Gypsum, the most 
common of the sulfate minerals, might occur in trace 
quantities dissimulated throughout the formation, but 
negative saturation indices indicate that an insufficient 
amount of this mineral is present to allow solid and 
aqueous phases to reach equilibrium. Celestite (SrSO4) is 
similarly undersaturated, and is probably not present in 
the formation above trace amounts.

In the oxidizing environment, manganese concentra­ 
tions are probably controlled by the stability of manga­ 
nese oxyhydroxides. Potter and Rossman (1979) have 
investigated naturally occurring manganese oxyhy­ 
droxides in dendrites, stream deposits, and desert var­ 
nishes, and have identified metastable phases, such as 
romanchite [(Ba, H2O)2Mn5O 10], hollandite (BaMn8O16), 
cryptomelene (KMn8 O 16 ), coronadite (PbMn8 O 16 ), 
todorokite [(Mn, Ca, Mg)Mn3O7   H2O], and birnessite 
[(Na, Ca, K)Mn7O 14 -3H2O]. Unfortunately, thermody- 
namic stabilities for these phases are unavailable except 
for birnessite, so equilibrium calculations are impossible 
in most cases. Using the detection limit of 1 /ig/L for 
the concentration of manganese in sample J10, satura­ 
tion indices indicate oversaturation with respect to both 
birnessite, with a value of 4.29, and manganite 
(7-MnOOH), with a value of 1.05. Oversaturation with 
the stable and metastable manganese oxyhydroxide 
phases in oxidizing environments (Crerar and Barnes, 
1974), using the manganese detection limit as the 
manganese concentration, suggests that either phase 
may control manganese solubility in oxidizing ground 
waters of the Kootenai Formation.

Ferric oxyhydroxides are particularly common in the 
Kootenai, giving rise to the red or purple color seen in ex­ 
posures of the formation. The saturation indices pre­ 
sented in table 16 show that hematite (Fe2O3) is grossly 
oversaturated in all samples. Goethite (FeOOH) is over- 
saturated in oxidizing and moderately reducing waters,
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Sample

Hematite

Oxyhydroxides

Goethite
3(am)

Sulfides

Pyrite FeS

Sulfide absent

.15               

I Q

I 1 1
.1 ' '

J12

14
1 1 ~t

Mean and standard 

deviation

12.80 + 0.34 
12.68+ .32 
12.44+ .34 
14,I2±4.17 
12.99+ .34 
11.80+ .82 
11.98+ 1.48 
13.65+ .32 
12.09+ 1.48

12. 73 + 0.77

3.94 + 0 
3.88 + 
3.74 + 
4.60 + 2 
4.01 + 
3.42 + 
3 52 + 
4.36 + 
3.56±

3.89±0

.17 

.16 

.17 

.09 

.17 

.41 

.74 

.16 

.74

.39

-0.16 + 0. 
-.22+ . 
- .05 + . 

.49+2. 
-.07+ . 

.10+ .

.34+ .

.33+ .
1 Q j

-0.03 + 0.

17 
16 
17 
09 
17 

,41 
74 
16 

,74

27

  

  

  

Sulfide present

19

,4 _______________

n <.0
 '

3. 
5. 
3. 
3.
2

33 + 0. 
74+ . 
91 + . 
35 + 4. 
,44± .

,35 
32

17 
,48

-0.81 +0

.40 + 
- .51 +
- .79+2 
1.25 +

.18 

.16 

.16

.09

.24

4.46 + 0.
3.44+ .

-4.61+ . 
-4.82 + 2. 
-5.17+ .

,18 11.01+0.24 
,16 6.81 + 1.71 
16 10.78+ .86 

,09 8.75 + 2.16 
24 10.41 + .48

1.3h + 0 15
O 1 , (Ji-i

1.00+ .43 
.41 +2.10 
.55+ .29

-0.59 + 0.61

but undersaturated in strongly reducing waters where 
sulfide is present. Oversaturation is due to the highly 
ordered, crystalline structures of these minerals, which 
prevent them from being precipitated directly from solu­ 
tion. Instead, ferric iron precipitates from solution as 
amorphous ferric hydroxide [Fe(OH)3(am)] with crystalliza­ 
tion to the more stable goethite or hematite occurring 
over a period of time (Langmuir and Whittemore, 1971). 
Using a Ksp of 10~385 for the reaction 13, which is 
characteristic of aged Fe(OH)3 precipitates, saturation 
indices for ferric hydroxide indicate near saturation in 
oxidizing and moderately reducing waters, and under- 
saturation in strongly reducing, sulfidic waters. Whit­ 
temore and Langmuir (1975) concluded that log IAP 
values near  37 are indicative of actively precipitating 
Fe(OH)3(am) , whereas lower values of  39 to  44 imply 
dissolution of, or equilibrium with, more stable oxy- 
hydroxides. The occurrence of log lAP's near  39, or 
Si's of zero or slightly less as calculated previously, in 
oxidizing and moderately reducing Kootenai ground 
waters, is indicative of equilibration with ferric oxy- 
hydroxides of moderate crystallinity and stability, 
rather than active precipitation of these phases.

Equilibrium with a moderately crystallized phase would 
be expected in the Kootenai Formation, where previ­ 
ously deposited ferric oxyhydroxides are presently dis­ 
solving in modern ground waters.

Undersaturation with respect to Fe(OH)3(am| and 
goethite in strongly reducing waters is indicative of the 
control of iron concentrations by some other phase, most 
commonly iron sulfides. Pyrite was not identified in 
petrographic or X-ray analyses of the Kootenai Forma­ 
tion nor were any other sulfide minerals. However, 
because the samples analyzed were collected from the 
outcrop, pyrite originaly present would have been oxi­ 
dized to ferric oxyhydroxides. Pyrite is ubiquitous in 
strongly reducing, aqueous environments (Berner, 1970), 
and should therefore be present in the Kootenai Forma­ 
tion where these conditions prevail. Saturation indices 
show gross oversaturation of this mineral in sulfidic 
waters, whereas amorphous ferrous sulfide (FeS(am| ) is 
near saturation. Deviations from zero for FeS(am) satura­ 
tion indices are most likely the result of determinate er­ 
rors in the sulfide analyses. Ferrous sulfides have been 
observed to precipitate from solution in reducing marine 
(Berner, 1964a; 1964b) and lacustrine (Doyle, 1968b)
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sediments, but not in the ground-water environment. 
Barnes and Clark (1969), however, have reported the 
presence of mackinawite (FeS), a crystallized ferrous 
sulfide, as encrustations on steel ground-water well cas­ 
ings. The precipitation of amorphous FeS, followed by 
aging and crystallization in the presence of S° to form 
pyrite (Berner, 1970) appears to be a feasible mechanism 
to explain the above saturation indices, which reflect 
equilibrium with amorphous ferrous sulfide.

REACTION SIMULATION

Consideration of major and trace element geochem­ 
istry, Eh and pH variations, and saturation indices in 
ground waters of the Second Cat Creek sandstone, in 
association with aquifer mineralogy and petrography, 
has led to the proposal of several mineral phases and 
chemical reactions that may control ground-water 
chemistry. The aluminosilicates illite, kaolinite, mont- 
morillonite, and allophane may be near saturation and 
may control the chemistry of waters in the unconfined 
outcrop area. Following the onset of confined condi­ 
tions, slight oversaturations with respect to calcite, 
phase relations in the Mg-Ca-H2O-CO2 system, and 
the presence of calcareous cement, suggest precipitation 
of calcite, whereas saturation with dolomite implies 
simultaneous equilibration with this carbonate. Carbon 
isotopic ratios also suggest control of dissolved car­ 
bonate concentrations by carbonate minerals.

Oxidation potentials decrease from initially oxidizing 
values, then level off at moderately reducing values. 
Consumption of O2 , NO~, and DOC within a short 
distance from the outcrop, coupled with increasing con­ 
centrations of dissolved N2 and CT, is indicative of 
biologically mediated O2 and NO~ reduction reactions. 
The paucity of organic carbon in the aquifer, as well as 
the absence of H2S and the simultaneous saturation 
with respect to both Fe(OH)3(am) and siderite in most 
waters of the Second Cat Creek sandstone, indicates 
that oxidation potentials may be poised by these two 
iron phases at levels too high to allow for either sulfate 
reduction or methanogenesis. One sample taken from 
the fractured South Moccasin Uplift shows the presence 
of H2S, which may indicate that reduced gases are free 
to migrate upward from lower aquifers along these frac­ 
tures. Sulfur isotopic ratios give no evidence of sulfate 
reduction occurring at this sampling location.

Sulfate and chloride concentrations are significantly 
higher in the fractured region to the north of Big Spring 
Creek than to the south, and sulfur isotopic ratios in­ 
dicate a significantly different source of sulfate on 
either side of the creek. The occurrence of high sulfate 
and high chloride concentrations in aquifers underlying

the Kootenai Formation suggests that the composition 
of waters in the Second Cat Creek sandstone north of 
Big Spring Creek may be influenced by upward leakage 
along faults and fractures.

Finally, uniformly decreasing log molar divalent- 
monovalent cation ratios are indicative of cation 
exchange. The exchange of monovalent sodium ions ad­ 
sorbed on clay surfaces for divalent calcium and 
magnesium ions in solution influences solution-mineral 
equilibria, and therefore must be considered during 
reaction simulations.

The effects of the above mechanisms in controlling 
solution chemistry, both alone and in combination, have 
been investigated through reaction simulations using 
the computer program PHREEQE (Parkhurst and 
others, 1980). Attempts have been made to duplicate 
measured variations in chemistry from well to well 
along the flow path by equilibrating an initial solution 
with desired mineral phases. The varying degrees of 
success obtained using different controlling phases is in­ 
terpreted as a measure of the likelihood that a particular 
reaction or mineral phase controls solution chemistry. 
Comparisons of pH and CT between measured and mod­ 
eled chemistries are particlarly useful in the determina­ 
tion of controlling phases because both parameters vary 
over a wide range, depending on the choice of control­ 
ling reactions. However, final evaluation of controlling 
phases is based on agreement of all constituents consid­ 
ered in the computer equilibrium model with analyzed 
concentrations.

To consider the effects of mineral equilibrium in 
ground waters of the Second Cat Creek sandstone, ion- 
exchange reactions must first be simulated. This was 
accomplished by fixing (aNa+ )2/(ac +2) and (aNa+)2/(a +2) 
molar activity ratios in the8 modeled solutions to tneir 
calculated values for each sample along the flow path. 
In effect, this fixes the activities of monovalent and 
divalent cations on the exchange surface to a particular 
value for each sample, and implies an infinite reservoir 
of exchanger as can be seen from the exchange equilib­ 
rium expressions (reactions 28 and 29). Such a treat­ 
ment eliminates the need to consider activities of ions 
on a solid surface, information that is currently 
unavailable.

As there is considerable evidence of leakage into the 
Second Cat Creek sandstone north of Big Spring Creek, 
areas north and south of the creek were treated as 
distinct flow systems. The southern flow path is 
discussed first, being the simpler of the two systems.

The initial modeling .solution is similar in major ele­ 
ment composition to Montana rainwater (Junge and 
Werby, 1958), and has been equilibrated, using 
PHREEQE, with atmospheric partial pressures of O2 
and CO2 to approximate actual Eh and pH. Sulfate,
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chloride, and nitrate were added to the solution as 
equivalent amounts of gypsum, halite, and calcium 
nitrate, in order to match measured concentrations, 
simulating the dissolution of trace amounts of these or 
similar compounds in the unsaturated zone. The result­ 
ing solutions were then equilibrated with different 
minerals to investigate the influence of these phases in 
controlling solution chemistry. The minerals chosen as 
plausible controlling phases are: (1) calcite; (2) dolomite; 
(3) calcite and dolomite; (4) allophane; (5) kaolinite and il- 
lite; (6) kaolinite, illite, and Mg-montmorillonite; and 
(7) kaolinite, illite, and Ca-montmorillonite. In addition 
to these phases, the model solutions were also equilib­ 
rated with Fe(OH)3(am) in the unconfined aquifer, and 
with Fe(OH)3(am) and siderite in the confined aquifer 
system, to allow simulation of iron concentration and 
Eh poising. A Ksp of 10~ 385 , which is characteristic of an 
aged precipitate, was chosen for Fe(OH)3(am) .

Initial PHREEQE simulations demonstrate the ef­ 
fects of equilibrating the rainwater solution with these 
groups of mineral phases. Carbon dioxide was added to 
the solution prior to equilibrating with the minerals, 
simulating the dissolution of CO2 in the soil zone. To 
match the calculated CT concentration in sample J10, 
CO2 was added in concentrations of approximately 1.5 
millimoles per liter for the carbonate simulations and 
3.0 millimoles per liter for the aluminosilicate simula­ 
tions. Dissolution of these amounts of CO2 would 
require equilibration of infiltrating waters with CO2 par­ 
tial pressures of 10" 157 to 10" 128 atm in the unsaturated 
zone. Garrels and MacKenzie (1971, p. 141) report soil 
zone Pco values on the average of 10~ 20 and as high as 
10~05 atm, which is consistent with the model results.

Following equilibration with mineral phases and 
the appropriate ion-exchange constants for J10, 
0.537 mmol/L carbon with an oxidation state of zero 
was added to the solution to allow for the reduction of 
O2 and NOg~ present in the outcrop area but absent in 
samples taken downdip. The simulations then equilib­ 
rated the solution with the minerals and the appropriate 
ion-exchange constants for the downdip samples. As 
shown in figure 22, these simulations clearly demon­ 
strate that insufficient dissolved carbonate is produced 
by the dissolution of soil zone CO2 , the reduction of O2 
and NO~ by organic carbon, and the equilibration with 
minerals and ion exchange to account for the observed 
increases in CT.

Subsequent simulations required an additional car­ 
bon source, if modeled and observed CT concentrations 
were to agree. Although the exact mechanism of this 
CO., production remains uncertain, it seems likely that 
the CO., is an oxidation product of organic carbon 
generated via sulfate reduction processes, or by the 
coalification of lignite, in strata adjacent to the aquifer.
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EXPLANATION
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DISTANCE ALONG LINE A-A', IN KILOMETERS

FIGURE 22. Comparison of calculated total inorganic carbon con­ 
centrations with modeled concentrations for mineral equilibration 
with no CO2 dissolution, following the reduction of O2 and NOg~, 
southern flow path of the Second Cat Creek sandstone, eastern 
Judith Basin, Montana. All simulations include equilibration with 
calcium-sodium exchange, magnesium-sodium exchange and amor­ 
phous ferric hydroxide, as well as siderite in Jl 1, J13, and J15.

Quantities of CO2 were dissolved along the simulated 
flow path to match observed CT concentrations.

The model results, presented in figure 23, indicate 
that pH values for the confined system are successfully 
approximated only for the carbonate-ion exchange 
simulations. Although the kaolinite-illite-ion exchange 
simulation results in a pH value close to that measured 
in the sample taken from the unconfined aquifer, the 
aluminosilicates do not appear to control solution 
chemistry in the confined portions of the aquifer. Devia­ 
tions between measured and modeled pH's for sample 
J10 using the kaolinite-illite-ion exchange model may be 
the result of the variable compositions and stabilities of 
these aluminosilicates. Refined geochemical simulations 
of the unconfined portion of the Second Cat Creek sand­ 
stone await an improved characterization of the com­ 
positions and stabilities of aluminosilicates present.

Both the calcite-ion exchange and the calcite-dolomite- 
ion exchange models approximate pH to within 0.1 
units of" the field-measured value. The presence of 
dolomite in the aquifer and its instability with respect 
to calcite in the ground waters sampled (fig. 14) sug­ 
gests that the calcite-dolomite-ion exchange simula­ 
tions, which requires mass transfer characteristic of 
dedolomitization (reaction 23), is the more probable of 
these two models. In this calcite-dolomite-ion exchange 
model, dolomite dissolves in response to CO2 production 
and Na/Mg exchange, simultaneously precipitating 
calcite:
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EXPLANATION

  MEASURED pH 

/ MODELED pH

KAOLINITE » ILLITE

0 10 20 30 40 

DISTANCE ALONG LINE A-A'. IN KILOMETERS

FIGURE 23. Comparison of field-measured pH values with modeled 
pH values for mineral equilibration with CO2 dissolution, southern 
flow path of the Second Cat Creek sandstone, eastern Judith Basin, 
Montana. All simulations include equilibration with calcium- 
sodium exchange, magnesium-sodium exchange and amorphous 
ferric hydroxide, as well as siderite in Jl 1, J13, and J15.

CaMg(CO3 )2 +H2CO^+Na2EX 

=CaCO3 +2HCO3-+2Na+ +MgEX.

In addition, a net excess of calcium in solution is ex­ 
changed for sodium on the exchanger surface (reaction 
28). The addition of illite and kaolinite to this model 
results in only minimal changes in mass transfer and 
final solution composition, suggesting that the impor­ 
tance of these aluminosilicates as ion exchangers far 
overshadows the influences of their solubilities on major 
element chemistry. Direct comparisons of simulated 
and analyzed concentrations for the Second Cat Creek 
sandstone, as well as the computed mass transfers re­ 
quired to attain these variations, are presented in 
figure 24.

At this point, it is important to emphasize that the 
mathematical solution to the set of simultaneous equa­ 
tions required to characterize mass transfer is non- 
unique. Other reaction schemes may be proposed that 
would adequately describe the geochemical evolution of 
ground waters in the Second Cat Creek sandstone. The 
mass transfer model proposed here is therefore only a 
reasonable hypothesis not a unique mathematical 
solution.

The northern flow path, which includes all samples 
taken from wells located north of Big Spring Creek, was 
modeled to simulate upward leakage from the underly­ 
ing Morrison Formation through numerous faults and 
fractures in the area. Suitable samples of ground water

from the Morrison within the Judith Basin study area 
were unavailable; therefore, analyses of waters from two 
wells in the Morrison Formation located in Grassrange, 
Montana, 45 km east of Lewistown on the northern 
flank of the Big Snowy Uplift, were used. Although it is 
unlikely that these waters are identical to those in the 
area modeled, they are of sufficiently similar hydrogeo- 
chemical origin, prevalent chemical character, and 
dissolved solids content to approximate the compo­ 
sition of Morrison Formation waters within the study 
area. In addition, the pH and anionic composition of 
these Morrison waters is similar to that of springs and 
wells that discharge from the Madison Group (table 8). 
Therefore, simulated leakage of these Morrison Forma­ 
tion waters into the Second Cat Creek sandstone would 
also approximate the effects of similar amounts of 
leakage from the deeper Madison aquifer, although 
calculated mass transfers would differ because of 
dissimilar cationic concentrations in the waters of the 
Madison and Morrison Formations.

Sample Jll was chosen as the starting composition 
for the northern flow path simulations because of its 
similarity to the northern flow path outcrop sample J24, 
which was unsuitable for geochemical modeling. Using 
PHREEQE in the mixing mode, sufficient Morrison 
water was added to the simulated Jll water to match 
analyzed sulfate concentrations along the northern flow 
path. Sulfate was considered a conservative constituent 
in these simulations, based on evidence suggesting that 
sulfate was neither precipitating as a mineral phase nor 
being reduced to sulfide in the Second Cat Creek 
sandstone.

The mixed solution was then equilibrated with the 
same phases that adequately described southern flow 
path geochemistry, calcite and dolomite, as well as ion 
exchange, Fe(OH)3(am) , and siderite. In addition, the solu­ 
tion was equilibrated with FeS)am) , rather than siderite 
and Fe(OH)3(am), to simulate the chemistry at well J17. It 
was discovered that although 0.20 millimoles of CO2 per 
liter had to be dissolved to adequately describe the 
geochemistry at well J14, 0.26 and 0.65 millimoles of 
CO9 per liter had to be exsolved from the solution to ap­ 
proximate the chemistry at well J17, and 0.65 milli­ 
moles of CO2 per liter had to be exsolved from the solu­ 
tion to approximate the chemistry at well J12. Because 
the Morrison water composition is only approximate, in­ 
terpretation of the apparent degassing is uncertain. It is 
entirely possible that the waters leaking into the 
Kootenai are higher in sulfate and lower CT than in the 
model; however, most of the analyses from lower 
aquifers suggest a predominance of pH values and 
bicarbonate and sulfate concentrations equal to or lower 
than those used in the model (table 8). The presence of 
waters with compositions that would both increase
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DISSOLVE:
0.24 mmol/L 02 

0.05 mmol/L HALITE 

0.56 mmol/L GYPSUM 

0.12 mmol/L Ca(N03 ) 2

2.01 mmol/L C02 

0.54 mmol''L CH 2 O

2.02 mmol/L DOLOMITE 

5.34 umol/L Fe(OH) 3(am) 

4.14 umol/L SIDERITE

PRECIPITATE:
1.92 mmol/L CALCITE

ADSORB:
1.33 mmol/L Mg

DESORB:
0.42 mmol/L Ca 

1,82 mmol/L Na

SAMPLE J11

Ca

Mg

Na

Cl

so4
C T

Fe

PH

Eh

MEAS,

1.1

0.62

1.8

0.04

0.64

4.7

.0093

7.70

0.038

MODEL

1.2

0.69

1.9

0.05

0.59

4.7

.0095

7.76

0.032

               ̂ 

DISSOLVE: 

0.03 mmol/L HALITE 

0.74 mmol 'L C02 

1.02 mmol/L DOLOMITE

PRECIPITATE: 
1.05 mmol/L CALCITE 

0.01 umol/L Fe(OH) 3(am) 

8.46 umol/L SIDERITE

ADSORB: 
1 .08 mmol/L Ca 

1.63 mmol/L Mg

DESORB: 

5.42 mmol/L Na

SAMPLE J13

Ca

Mg

Na

Cl

so4
C T

Fe

PH

Eh

MEAS.

0.12

0.08

7.4

0.08

0.47

6.5

.0005

8.48

-0.062

MODEL

0.12

0.08

7.4

0.08

0.59

6.5

.0010

8.53

-0.068

               »>
DISSOLVE: 

0.06 mmol/L HALITE 

0.08 mmol/L GYPSUM 

0.40 mmol/L C02 

0.42 mmol 'L DOLOMITE

PRECIPITATE: 
0.37 mmol/L CALCITE 

0.00 umol/L Fe(OH) 3(am) 

0.36 umol/L SIDERITE

ADSORB:
0.17 mmol/L Ca 

0.46 mmol/L Mg

DESORB: 

1,20 mmol/L Na

SAMPLE J15

Ca

Mg

Na

Cl

so4
C T

Fe

PH

Eh

MEAS.

0.08

0.04

8.3

0.14

0.67

7.3

.0005

8.55

-0.077

MODEL

0.09

0.04

8.7

0.14

0.67

7.3

.0007

8.64

-0.088

FIGURE 24. Calculated mass transfer for the calcite-dolomite-cation exchange-CO2 dissolution model of ground- 
water evolution along the southern flow path of the Second Cat Creek sandstone, eastern Judith Basin, Mon­ 
tana. Concentrations in millimoles per liter (mmol/L) and micromoles per liter (/xrnol/L); Eh in volts.

sulfate and decrease CT , with respect to the composition 
of water from well J14, appears unlikely. At the same 
time, correspondence of the aquifer outcrop with the 
area of CO2 exsolution (fig. 3) is an indication that such 
outgassing may indeed occur. In addition, recharge to 
the Second Cat Creek sandstone in the South Moccasin 
Mountains is negligible, which would allow for an up­ 
ward rather than downward mass flux in the unsatu- 
rated zone. For the required degassing to occur, the Pco

of the unsaturated zone would have to be approximately 
10~ 2fs atm, as compared to the atmospheric Pco of

10~ 35 atm. Although the unsaturated zone Pco required

for degassing is somewhat low, it does not appear to be 
prohibitively so, and may allow CO9 outgassing to occur 
at the South Moccasin Mountains.

Further support for upward leakage of water similar 
to the composition modeled is given by the close agree­ 
ment of another conservative constituent, chloride.

Modeled and observed chloride concentrations differ by 
a maximum of only 0.03 millimoles per liter in the three 
waters simulated in this manner, and indicate that the 
leaking waters have a m^ /mcl ratio identical to that of 
the Morrison waters.

Mass transfer calculated for the mixing simulations 
also shows the influence of dedolomitization (fig. 25), 
but instead of prevalent Na/Mg exchange, Ca/Mg ex­ 
change removes from solution the magnesium derived 
from the dissolution of dolomite, and supplies the 
calcium required for the precipitation of excess calcite 
due to CO2 outgassing:

CaMg(CO3 )2 +Na2EX+H2CO3' 

=CaCO3 +2Na+ +MgEX+2HCO-

2HCO3-+2Na+ +CaEX 

=CO2(g)t+CaCO3 +H2O+Na2EX.
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MIX:
92% J11 water

8% Mornson water 
DISSOLVE: 

0.20 mmol'L C02 
0.96 mmol/L DOLOMITE 
0.01 umol/L Fe(OH)3(am) 
0.50 umol/L SIDERITE

PRECIPITATE:
1.76 mmol 'L CALCITE

ADSORB:
0.81 mmol 'L Mg
0.28 mmol 'L Na 

DESORB:
0.95 mmol 'L Ca

SAMPLE J11

Ca

Mg

Na

Cl

so4
CT

Fe

PH

Eh

MEAS.

1,1

0.62

1..8

0 U 04

0.64

4.7

.0093

7.70

0.038

1

MODEL

1.2

0,69

1.9

0.05

0.59

4.7

.0095

7.76

0.032

, 4
SAMPLE J14

Ca

Mg

Na

Cl

so4
CT
Fe

PH

Eh

MEAS.

1.3

0.78

2.7

0 04

093

5.2

0.016

7.82

0.023

MODEL

1.3

0.78

2.7

007

0.93

5.2

0.010

7.68

0.036

MORRISON

Ca

Mg

Na

Cl

so4
C T

PH

1

MEAS.

0.16

0.07

16.3

3.2

5.0

7.0

8.0

r

MIX: * 
81% J14 water 
19% Morrison water

DISSOLVE:
0.58 mmol/L DOLOMITE 
0.02 mmol/L H 2 S

EXSOLVE:
0.26 mmol/L C0 2

PRECIPITATE:
1 .40 mmol/L CALCITE 
7.40 umol/L FeS(am) 

ADSORB; 
0.45 mmol/L Mg 
0.86 mmol/L Na

DESORB: 
0.88 mmol/L Ca

^
SAMPLE J1 7

Ca

Mg

Na

Cl

so4
C T

Fe

pH

Eh

MEAS.

1.1

0.74

4.4

0.11

1.7

5.1

.0025

7.60

0.214

MODEL

1.1

0.77

4.4

0.12

1.7

5.1

.0012

7.68

-0.235

MIX: * 
52% J17 water 
48% Morrison water 

DISSOLVE: 
0.18 mmol/L DOLOMITE 
0.06 mmol/L Fe(OH)3(arn) 

EXSOLVE: 
0.65 mmol/L COo 

PRECIPITATE: 
0.84 mmol 'L CALCITE 
0.06 mmol 'L SIDERITE

ADSORB:
0.48 mmoL L Mg

DESORB:
0.23 mmol 'L Ca

4
SAMPLE J12

Ca

Mg

Na

Cl

so4
C T

Fe

PH

Eh

MEAS,,

0.22

0.13

10.4

0.21

3.3

4.8

.0025

8.49

0.101

MODEL

022

0.14

10.6

0.22

3.3

4.8

.0017

8.42

-0.100

FIGURE 25. Calculated mass transfer for the calcite-dolomite-cation exchange-Morrison leakage model of ground-water evolution along the 
northern flow path of the Second Cat Creek sandstone, eastern Judith Basin, Montana. Concentrations in millimoles per liter (mmol/L) 
and micromoles per liter (/anol/L); Eh in volts.

Increases in calcium and magnesium concentrations of 
the upward leaking water would require increased 
desorption of sodium in combination with increased ad­ 
sorption of magnesium and calcium to maintain equi­ 
librium with ion exchange.

The quality of fit obtained using the dedolomitization 
model is shown in figure 26. In these plots, precisions of 
the analytical measurements at the 95 percent signifi­ 
cance level (table 3) are superposed on the modeled con­ 
centrations, allowing comparisons to be made between 
analyzed and modeled values. The comparison is gener­ 
ally very good, although several deviations are evident 
for which no explanations can be offered. Once again, 
this mass transfer model is a nonunique solution to a set 
of simultaneous equations. The geochemical evolution 
of ground-water composition along the northern flow 
path may be adequately described without invoking up­ 
ward leakage, but since leakage appears to be occurring, 
the mixing model is considered most plausible.

CARBON ISOTOPIC EVOLUTION

The evolution of carbon isotopic composition in 
ground waters of the Second Cat Creek sandstone was 
simulated through the use of a FORTRAN computer 
code of the model presented by Wigley and others 
(1978). This carbon isotopic evolution model considers 
the effects of mass transfer from an arbitrary number of 
carbonate sources and sinks in combination with equi­ 
librium fractionation between the solid, gas, and 
aqueous phases in contact with the aquifer to calculate 
changes in the <5 13C value of ground-water carbonate. 
The same model may also be used to calculate the ef­ 
fects of mass transfer on the activity of 14C in ground 
waters, which then allows for adjustment of raw 14C 
ages, based on the dilution and precipitation of the 
radioactive isotope.

Other models of 14C evolution in natural systems, in­ 
cluding those of Vogel (1970), Tamers (1975), Mook
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FK iURE 26. Comparison of measured and modeled concentrations of selected constituents in waters from the Second 
Cat Creek sandstone of the Kootenai Formation, eastern Judith Basin, Montana.

(1976), and Fontes and Gamier (1979), neglect the ef­ 
fects of 14C precipitation in carbonate minerals, and 
thereby lead to adjusted 14C ages that are too old when 
applied to aqueous systems where incongruent dissolu­ 
tion of carbonates is an important mass transfer 
mechanism.

Unfortunately, samples collected from the northern 
flow path are unsuitable for isotopic modeling in that 
they appear to represent a mixture of waters with dif­ 
ferent evolutionary histories. These samples could be 
modeled with confidence only if the carbon isotopic com­ 
position of the upward leaking waters were known. 
However, a comparison of observed and calculated 6 13C

values for the southern flow path allows a check on the 
agreement of isotopic and mass transfer models. In 
addition, adjusted 14C ages for the southern flow path 
may be used to calculate flow rates and residence times 
in the unfractured aquifer.

The 6 13C values for carbonate sources were estimated 
from measurements reported in the literature for com­ 
parable materials. A 6 14C value of -28±4 (Craig, 1954) 
was chosen for sedimentary organic carbon and the CO2 
derived from it, and a freshwater carbonate <5 13C of 
 4.8±5.1 was used for Kootenai dolomite and calcite 
(Keith and Weber, 1964). Keith and Weber (1964) also 
reported 6 13C values with a mean of  2.50 for fresh-
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FIGURE 27. Comparison of measured <5 13C values and the range of 
modeled <5 13C values for water from the southern flow path of the 
Second Cat Creek sandstone, eastern Judith Basin, Montana The 
range of modeled <5 13C values reflects the uncertainty in the actual 
<5 13C compositions of aquifer carbon sources.

water Kootenai limestones and dolomites from several 
areas in Montana, which are consistent with the range 
of values used. Employing the temperature-dependent 
fractionation factors of Deines and others (1974), the 
equations of Wigley and others (1978) were applied to 
the <5 13C carbonate source values estimated above, the 
computed mass transfer between samples (fig. 24), and 
the initial observed <5 13C of the ground water (table 12), 
to compute the <5 13C values of three successive samples 
on the southern flow path, assuming the incongruent 
dolomite dissolution model. Agreement between pre­ 
dicted and observed <513C values is excellent within the 
uncertainty of the isotopic composition of the carbonate 
sources (fig. 27), and therefore supports the validity of 
the CO2 dissolution and dedolomitization model for the 
Second Cat Creek sandstone.

The equations of Wigley and others (1978) were ap­ 
plied to the measured carbon isotopic compositions 
(table 12) and the computed mass transfer (fig. 24) in an 
attempt to adjust raw 14C ages for the effects of dilution 
and precipitation that occur during ground water- 
aquifer interactions. Using this approach, an age of 
4,800 years was calculated for sample water Jll, and 
> 20,000 years for sample water J13. The 14C concentra­ 
tion in sample water J15 was too low to allow for a 
reliable determination of the raw age. Radiometric flow 
rates for the Second Cat Creek sandstone, calculated for 
a flow distance from the outcrop to the well measured 
perpendicular to the potentiometric contours, compare 
favorably to the previously derived hydrologic flow 
rates for the Kootenai Formation (table 17).

T'XBLK 17. Comparison of radiometric and hydrologic flow rates for ground waters of 
the Koutenm Formation, eastern Judith Basin, Montana

Sample
Hydrologic flow rate,
Kootenai Formation

(meters per year)

Radiometric flow rate,
Second Cat Creek sandstone

(meters per year)

J13 
J15

2.6 
1.7

2.3

POWDER RIVER BASIN STUDY AREA 

PHYSIOGRAPHY

The physical characteristics of the Powder River 
Basin are the result of several factors, the most impor­ 
tant of which is the regional geologic structure. Domi­ 
nant features of the topographic basin are the rugged 
Big Horn Mountains to the west, the elevated but more 
subdued Black Hills on the east, and the sprawling 
basin between them (fig. 28).

TOPOGRAPHY

The terrain of the basin floor is composed of hilly to 
rugged uplands, wide rolling valleys, and isolated bad­ 
lands. In the study area, the basin floor lies at eleva­ 
tions roughly between 1,200 to 1,300 meters; the Black 
Hills Uplift reaches moderate elevations of approxi­ 
mately 1,400 to 1,800 meters above sea level. The uplift 
is characterized by tree and grass-covered peaks and 
dissected plateaus, the elevated areas giving way to 
lower sage-covered hills and the basin floor to the west 
(Wyoming Water Planning Program, 1972).

DRAINAGE

The study area (shown in detail in fig. 29) lies within 
the Missouri River drainage basin and is drained by 
tributaries of the Yellowstone, Cheyenne, and Little 
Missouri Rivers. In the three tributaries in the study 
area, the Little Powder, Belle Fourche, and Little Mis­ 
souri Rivers, flow is extremely variable, ranging from 
virtually nonexistent at times during the winter to occa­ 
sional floods of greater than 100 m3/s during the early 
summer. Keyhole Dam, located approximately 20 km 
northeast of Moorcroft, impounds runoff in the upper 
Belle Fourche River for controlled release to farms and 
ranches downstream later in the season (Whitcomb and 
Morris, 1964).
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FIGURE 28.  Structural and physiographic features of the Powder River Basin, Wyoming and Montana.

CLIMATE

The study area has a semiarid climate with annual 
average precipitation at Moorcroft of 35 cm, at Devils 
Tower of 41 cm (Whitcomb and Morris, 1964), and at 
Gillette of 40 cm (Wyoming Water Planning Program, 
1972). Greater than 50 percent of this precipitation oc­ 
curs between April and July. Rainfall in the spring and 
early summer occurs as brief but rather heavy showers,

and light snowfalls and occasional heavy snows are 
common throughout the winter (Whitcomb and Morris, 
1964).

Mean annual temperature at Moorcroft is 6.9 °C and 
at Devils Tower is 7.9°C (Whitcomb and Morris, 1964); 
at Gillette it is 7.3°C (Wyoming Water Planning Pro­ 
gram, 1972), with the average monthly temperature 
during July being roughly 13 °C higher than that for 
January (Whitcomb and Morris, 1964).
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FIGUKK 29. Index map of the Powder River Basin study area showing major towns and perennial streams, 
outcrop of the Fox Hills Sandstone and the locations of wells sampled.

GEOLOGY

STRUCTURE

The Powder River Basin is a northward-trending 
structural basin that has evolved as a result of the com­ 
plex development of the Rocky Mountain region. A

trough lying roughly parallel to the Big Horn Uplift 
(fig. 28) identifies the axis of the basin, where roughly 
5,000 m of Phanerozoic sediments have accumulated. 
The study area occupies the northeastern portion of the 
basin adjacent to the Black Hills Uplift, a broad 
northward-trending anticline. The northwest-trending 
Black Hills monocline divides the basin to the west
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FIGURE 30. Generalized geologic section of the Powder River Basin study area, Wyoming, through line B-B' in
figure 29.

from the Black Hills Uplift to the east. The monocline 
consists of a belt of steeply dipping sedimentary strata, 
2.5 to 9.5 km wide, across which the structural relief is 
about 1,800 m. Dips are to the west or southwest along 
the monocline, ranging from 20 degrees to nearly ver­ 
tical. The outcrop of the Fox Hills Sandstone lies para­ 
llel to the monocline, and delineates the western extent 
of steeply dipping strata. To the west, the dips of the 
Lance Formation and younger strata flatten abruptly, 
ranging from 2 to 5 degrees toward the axis of the basin 
(fig. 30) (Robinson and others, 1964).

The Belle Fourche Arch, a subtle northeast-trending 
paleo-arch, extends across the southern part of the 
study area. According to Slack (1981), the arch is the 
result of differential vertical uplift along numerous 
northeast-trending structural lineaments (fig. 31). 
Underlying zones of weakness in the Precambrian base­ 
ment, thought to be shear zones of Precambrian age, 
allow for periodic movement along the lineaments, 
resulting in structural offsets in the Black Hills 
monocline, welldefined topographic escarpments, and 
linear drainage courses. Stratigraphic evidence suggests 
that these structural lineaments have been rejuvenated 
periodically throughout the Phanerozoic and that the 
subtle movements involved have affected depositional 
environments and, therefore, affected porosities and per­ 
meabilities along the crest of the arch (Slack, 1981).

STRATIGRAPHY

Sedimentary rocks exposed on the western flank of 
the Black Hills Uplift have a combined thickness of 
about 3,400 m and range in age from Mississippian to 
Quaternary.

The Upper Cretaceous Pierre Shale is a 625- to 
825-m-thick sequence of dark gray marine shales and

bentonites with minor interbedded sandstone units. 
Conformably overlying the Pierre Shale is the Fox Hills 
Sandstone, and Upper Cretaceous sequence of sand­ 
stones and shales that were deposited in an environ­ 
ment ranging from marginal marine to estuarine or tidal 
flat environment (Dodge and Spencer, 1977). The Fox 
Hills ranges from 38 to 60 m in thickness, with cross- 
bedded sandstones at the top of the formation grading 
downward into sandy shales and culminating at the 
underlying Pierre Shale. The Fox Hills is poorly ex­ 
posed in outcrop, generally appearing as low grassy 
ridges. Where exposed, the sandstones are gray to light 
brown, fine to medium grained, and soft and thin 
bedded. The rock has a slabby appearance, and locally 
contains numerous calcareous or ferruginous concre­ 
tions (Whitcomb and Morris, 1964).

Conformably overlying the Fox Hills Sandstone are 
the freshwater, fluvial deltaic strata of the Upper Creta­ 
ceous Lance Formation (Dodge and Spencer, 1977). The 
Lance is comprised of 150 to 500 m of yellowish gray, 
fine- to medium-grained lenticular crossbedded sand­ 
stones interbedded with darker gray shaley siltstones 
and sandy claystones. Black carbonaceous shales are 
common at the gradational contact with the Fox Hills 
Sandstone.

The nonmarine sandstones, shales, coals, and tuffs of 
the Tertiary Fort Union and Wasatch Formations over­ 
lie the Lance Formation and crop out at the surface over 
much of the basin. A geologic map of the study area 
showing the outcrop areas of stratigraphic units perti­ 
nent to this study is presented in figure 32.

MINERALOGY OF THE LANCE-FOX HILLS AQUIFER

Mineralogy of the Fox Hills Sandstone (tables 18 and 
19) was determined by X-ray diffraction analysis of four 
drill-core and two outcrop samples obtained from the
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FIGURE 31. Structural lineaments outlining the Belle Fourche Arch, Powder River Basin, Wyoming and Montana

study area and from a review of the geologic literature. 
Sandstone samples from the upper Fox Hills Sandstone 
were obtained from drill cores taken in the uranium 
district west of Oshoto "and from outcrop samples col­ 
lected during this study from exposures between Moor- 
croft and Upton (sec. 9, T. 47 N., R. 67 W.).

The mineral phases identified by X-ray diffraction are 
listed in table 18. The absence of pyrite in the outcrop 
was the only difference observed between core and out­ 
crop mineralogies.

Dobbin and Reeside (1930) provided a petrographic 
analysis by C. S. Ross of the Colgate Sandstone

Member of the Fox Hills Sandstone from north of the 
Powder River Basin near the Fort Peck Reservoir in 
Montana (T. 21 N., R. 32 E.). The Colgate Sandstone 
Member is the stratigraphic equivalent of the upper 
part of the Fox Hills Sandstone in Montana This petro­ 
graphic analysis agrees with the results of the analyses 
by X-ray diffraction and also demonstrates the presence 
of minor amounts of biotite, tourmaline, garnet, zircon, 
and apatite. Ross also identified beidellite, a sodium 
smectite, in the clay matrix.

Stratigraphic descriptions of the Fox Hills Sandstone 
by Robinson and others (1964) pointed out the presence
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FIGURE 32. Geologic map of the Powder River Basin study area, Wyoming.

of ferric oxyhydroxides as disseminated grains and 
ferruginous sandstone nodules, numerous calcareous 
beds and concretions, and siderite concretions. They 
concluded that although the lower part of the Lance 
contains an abundance of thin coal seams and car­ 
bonaceous shales, the sandstones of the Lance do not 
differ appreciably from those of the Fox Hills. Robinson 
and others (1964) also described selenite in the shales of 
the upper part of the Lance Formation.

HYDROLOGY

Based on substantial head differences between poten- 
tiometric surface maps constructed from data on wells 
screened in different geologic units, Anna and Croft 
(1977) concluded that three hydrologically distinct 
aquifer systems are present in the sediments overlying 
the Pierre Shale. The lowermost aquifer system, con­ 
sisting of the upper part of the Fox Hills Sandstone and
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Calcitc      
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Rutile      
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SiO, 
NaAL.SijO,, 

KAlSi,OH 

KAl ( Si f0 10(OH), 

CaCO , 

CaM^CO,)., 
Al,,Si. )O-(OH)4

Mg,Si40 I()(OH)K 
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TiO,
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Mineral chemical formula

Fer ie oxvhvdroxides Fc(OH) r FeOOH, Fe.,Os 
Sit rite             FeCO,

Be ellite       -       Na() .Al/Si, _A1() ,)O 1()(OH).,

Bi, ,-  -        - K(M g,Fc)^AlSip ]()(OH),

Gi n-t       

Apaiie    -        - Ca.(POJ, (F,C1,OH)

the lower part of the Lance Formation, is confined from 
below by the Pierre Shale and from above by the silt- 
stones and claystones of the upper part of the Lance 
Formation. The two overlying Tertiary aquifers of the 
Fort Union and Wasatch Formations are therefore ef­ 
fectively isolated from the Lance-Fox Hills aquifer. The 
presence of interbedded siltstones and claystones in the 
lower part of the Lance decreases the vertical permeabil­ 
ity in the aquifer, impeding vertical mixing between the 
Lance Formation and Fox Hills Sandstone.

A regional potentiometric surface map (D. H. Lob- 
meyer, U.S. Geological Survey, written commun., 1981), 
presented in figure 33, indicates the inferred directions 
of regional ground-water movement. Northward thin­ 
ning of the aquifer sandstones in the southern part of 
the study area, in combination with enhanced vertical 
permeabilities along the Belle Fourche Arch (Slack, 
1981), suggests upward ground-water movement and 
subsequent discharge into the Belle Fourche River. An 
undetermined fraction of this flow probably continues 
northwest of the Belle Fourche River and out of the 
study area.

Recharge to the Lance-Fox Hills aquifer enters the 
outcrop area of these formations in the central and 
northern sections of the study area. Recharged water 
flows west toward the axis of the basin, then north into 
Montana, as shown by the northern flow line in figure 
33. Pump tests on the NGP-RASA (Northern Great 
Plains Regional Aquifer-System Analyses) test well in 
the northeastern Powder River Basin (sec. 11, T. 55 N., 
R. 77 W.) yield hydraulic conductivities of 3.5X10" 7 m/s 
for the Fox Hills Sandstone and 1.6X10"6 m/s for the 
Lance Formation, (D. H. Lobmeyer, U.S. Geological 
Survey, written commun., 1981). Assuming a constant 
effective porosity of 0.10 to 0.15, and an average hy­ 
draulic gradient of 2.2X10"3 , Darcy's Law may be used 
to calculate average flow rates of 0.16 to 1.08 m/yr for

the ground water in the Lance-Fox Hills aquifer in the 
study area.

DATA PRESENTATION AND INTERPRETATION

MAJOR AND MINOR ELEMENTS

Chemical and isotopic analyses of 21 ground-water 
samples were performed to characterize the Lance-Fox 
Hills aquifer system in the northeastern Powder River 
Basin. Major element determinations are presented in 
table 20; minor and trace element determinations are 
presented in table 21. The locations of the 18 wells 
sampled during this study, PI through PI8, are pre­ 
sented in figure 29, with three additional wells, P20, 
P30, and P41, sampled by Hodson (1971) and Chatham 
and others (1981). Drillers' logs and well depths were us­ 
ed to locate wells open to the upper part of the Fox Hills 
Sandstone to minimize the effects of vertical variations 
in the lithology of this lenticular system. Samples PI, 
P8, and PI2 represent confined ground waters of the 
lower part of the Lance Formation, and P13, P14, and 
P18 were sampled from wells located on the Lance out­ 
crop. Samples from the lower part of the Lance were col­ 
lected to characterize the part of the aquifer that lies 
above the Lance-Fox Hills contact and to evaluate the 
possibility of recharge to the Fox Hills occurring as 
downward leakage through the Lance in the area of the 
Lance outcrop. Additional information on the composi­ 
tion and geochemical behavior of ground waters from 
the lower part of the Lance Formation was derived from 
Chatham and others (1981). Discussion of ground-water 
chemistry is generally restricted to the upper part of the 
Fox Hills Sandstone because vertical variations in the 
chemistry of the Lance-Fox Hills aquifer system pre­ 
vent consideration of this unit as a whole (Chatham and
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FIGURE 33. Potentiometric contours and inferred flow paths for the Lance-Fox Hills aquifer, Powder River 
Basin study area, Wyoming [1 foot (in contour interval)=0.305 meter].

others, 1981). Locations of wells sampled in the upper 
part of the Fox Hills are shown in figure 34.

The dissolved solids distribution of waters in the up­ 
per Fox Hills (fig. 35) reflects the hydrology of the aqui­ 
fer system. As expected, dissolved solids concentrations 
increase downflow from initially low values in the north­ 
ern recharge area A plume of intermediate dissolved 
solids content can be attributed to the mixing of re­

charge waters with older, northwest-flowing waters; 
waters high in dissolved solids identify the southern dis­ 
charge area.

Two samples, P9 and PI 7, are representative of 
deeper basin waters and have intermediate dissolved 
solids concentrations. Similarities between waters re­ 
charging this area (Hodson and others, 1973) and re­ 
charge waters within the study area indicate that the
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deep basin samples should be qualitatively similar to 
waters that eventually evolve from northern study area 
waters.

Stiff diagrams, plotted in figure 36, show that re­ 
charge waters contain variable amounts of sodium, 
calcium, and magnesium with bicarbonate, changing in 
cationic concentrations to dominantly sodium types 
within a short distance of the outcrop. Samples col­ 
lected downflow from the recharge area also contain in­ 
creasing concentrations of bicarbonate, sulfate, and 
chloride. The deep basin samples, P9 and PI7, are also 
predominantly sodium bicarbonate, but contain slightly 
more bicarbonate and chloride, as well as less sulfate, 
than samples collected to the north. The high dissolved 
solids concentrations in waters from the discharge area 
are apparently caused by additions of sulfate balanced 
by sodium, with waters there containing sodium, bicar­ 
bonate, and sulfate as their major components. In the 
area where recharge waters are thought to be mixing 
with more mature waters, an intermediate composition, 
predominantly sulfate water, is found. This composition 
has intermediate bicarbonate and low chloride with 
sodium as the predominant cation, followed by slightly 
lesser amounts of calcium and magnesium.

Ion-exchange reactions appear to play an important 
role in the evolution of ground waters in the Fox Hills, 
as shown by the uniform variation in log molar 
([Ca]+[Mg])/[Na]2 ratios, an operational parameter, 
plotted in figure 37. Only samples taken from the out­ 
crop area have more than several milligrams per liter

calcium and magnesium, indicating that the divalent 
cations are exchanged for monovalent sodium ions pres­ 
ent on clay surfaces (table 1, reactions 28 and 29) soon 
after recharge water enters the aquifer. Mixed layer 
smectite clays, such as the beidellite found in the Fox 
Hills Sandstone, are known for their high cation ex­ 
change capacities. Grim (1968) reported CEC values for 
smectites on the order of 80 to 150 meq/100 g, which 
are several times greater than the CEC's for illite 
(10-40 meq/100 g) and kaolinite (3-15 meq/100 g). The 
higher CEC of smectite, compared to that of illite and 
kaolinite, may explain the relatively rapid decrease in 
calcium and magnesium concentrations in the Fox Hills 
Sandstone, in contrast to the more gradual decreases 
observed in the Judith Basin where the latter two clays 
predominate.

The plot of log molar divalent/monovalent cation 
ratios (fig. 37) accurately describes the pattern of re­ 
charge and ground-water movement along the flow path 
in the northern half of the study area, but interpretation 
of the ratios is somewhat more difficult in the southern 
part. Ambiguity in the contour pattern is most likely 
the result of conflicting effects, because of the mixing in 
the outcrop area of older, northeastward moving waters 
having low log ([Ca]+[Mg])/[Na]2 ratios with younger 
recharge waters having high log ([Ca]+[Mg])/[Na]2 
ratios. In any event, the log molar divalent to mono­ 
valent ratios attain significantly larger values north of 
the Belle Fourche River than to the south and indicate 
the greater significance of recharge in influencing the
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chemistry and hydrology of the northern area.
Chloride concentrations, plotted in figure 38, increase 

along the flow path from the recharge area westward 
and are even higher in the deep basin samples. As in the 
Kootenai, increases in chloride concentration are 
thought to result from minor amounts of leakage 
through shale confining beds. A water sample taken 
from the underlying Parkman Sandstone Member of the 
Mesaverde Formation approximately 45 km southwest 
of Gillette shows the presence of 3,400 mg/L chloride 
(Wyoming Water Planning Program, 1972). To account 
for observed increases in chloride of roughly 25 mg/L, 
an upward leakage of less than 1 percent of this type 
water from the Pierre Shale would be required. Chloride 
may also be leached from shale layers within the aqui­ 
fer, leading to similar changes in chemistry and making 
a determination of the exact source impossible with the 
data available.

In the discharge area, where chloride concentrations 
should be similar to those measured in the deep basin 
samples because of the similar origins of these two 
waters, the values are relatively low. Low to interme­ 
diate chloride concentrations in this area are another in­ 
dication that, although water is being discharged to the 
Belle Fourche River, recharge may be entering the 
aquifer outcrop and diluting the northward moving 
water.

Sulfate concentrations, plotted in figure 39, behave 
differently in the northern and southern portions of the 
study area. Along the northern flow path, sulfate con­ 
centrations increase, then decrease slightly. Com­

parison with deeper basin samples suggests that sulfate 
will continue to decrease in concentration as the water 
matures. In the recharge area, sulfate is probably de­ 
rived from the dissolution of gypsum (reaction 20) or the 
oxidation of pyrite (reactions 9 and 10). Gypsum is com­ 
monly present in alkali soils from evaporation of soil 
water in arid climates, but, based on mineralogic and 
stratigraphic descriptions, appears to be absent in the 
consolidated sediments of the Fox Hills Sandstone. 
Pyrite may be oxidized only in the presence of O2 (reac­ 
tion 9) or ferric iron (reaction 10), but these oxidants are 
essentially absent after the appearance of H2S in the 
aquifer. Therefore, neither gypsum dissolution nor 
pyrite oxidation can adequately explain increases in 
sulfate concentration after the appearance of H2S. 
However, high sulfate waters, derived from gypsum 
dissolution or pyrite oxidation, are present in the over­ 
lying Lance Formation (up to 710 mg/L, Chatham and 
others, 1981). It seems likely, then, that increases in 
sulfate concentration in the Fox Hills Sandstone prob­ 
ably result from downward movement of high sulfate 
waters from the overlying, hydrologically continuous 
Lance Formation.

Subsequent decreases in sulfate concentration appear 
to be the result of bacterially mediated sulfate reduction 
(reaction 6). Sulfate-reducing bacteria (Desulfovibrio 
sp.) are ubiquitous in ground waters of the northern 
Powder River Basin in Montana (R. W. Lee, U.S. Geo­ 
logical Survey, oral commun., 1981) and should be ex­ 
pected in the Lance-Fox Hills aquifer of Wyoming. In 
the absence of sulfur isotopic compositions, however,
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the small decrease in sulfate (10 mg/L) along the north­ 
ern flow path cannot be unequivocally attributed to 
sulfate reduction. Similarly, mass transfer in the 
aqueous phase is not sufficiently well defined along the 
deep basin flow path to infer sulfate reduction. There­ 
fore, the process of sulfate reduction must be considered 
as likely to occur only in the Lance-Fox Hills aquifer; it 
cannot be considered as an incontrovertible source of 
CO2 in the system.

The highest sulfate concentrations in the study area 
are found along the Belle Fourche River, where recharge 
waters are thought to be mixing with older, more 
mature waters in the aquifer outcrop. The introduction 
of variable amounts of oxygenated recharge water into 
a reduced ground-water flow system will undoubtedly 
result in fluctuations of the redox interface (Eh=OmV), 
and the oxidation of sulfide minerals, generating 
sulfate. Additional sulfate may be derived from the 
dissolution of gypsum in the soil zone, although this 
source would not readily explain high sulfate concentra­ 
tions present only in the southern portions of the study 
area.

Large increases in pH are evident along the northern 
flow path from the recharge area basinward as shown in 
figure 40. As previously discussed, increases in pH are 
commonly observed in ground-water flow systems as a 
result of dissolution or hydrolysis of aquifer mineral 
phases. Comparison with the deep basin samples in­ 
dicates that slight decreases in pH may occur as geo- 
chemical evolution continues in the aquifer. In the 
discharge area, pH's are at low to intermediate values,

similar to those measured in waters from the northern 
recharge area. Low to intermediate pH's in well- 
buffered, high-bicarbonate waters might support the 
hypothesis that high sulfate concentrations in these 
waters are due to pyrite oxidation, although such a con­ 
clusion is tenuous.

Total inorganic carbon concentrations were calculated 
by summing the molalities of all carbonate species com­ 
puted by WATEQ2. Calculated CT values, plotted in 
figure 41, indicate that increases in bicarbonate and car­ 
bonate concentrations are representative of increases in 
CT along the flow path. Comparison with the deep basin 
samples indicates that this trend should continue with 
further ground-water evolution. Concentrations of CT 
are highly variable in the discharge area, ranging from 
7.9 mg/L at P10 to 15.2 mg/L at P15, suggesting large- 
scale local variations in ground-water chemistry.

Increases in the concentration of total inorganic car­ 
bon along the flow path in the Fox Hills Sandstone 
reflect an influx of carbon to the aqueous system. As in 
the Judith Basin, increases in CT concentration may be 
the result of oxidation of organic carbon by O2, NO~, or 
SO~ 2 reduction processes, coalification of lignite, 
methanogenesis, migration of CO2 or CH4 into the aqui­ 
fer, or the dissolution of carbonate minerals. Although 
O2 and NO~ reduction processes undoubtedly produce 
CO2 in the outcrop area, these compounds are rapidly 
consumed and unavailable for reaction downdip. The 
presence of H2S in all but several outcrop wells suggests 
that sulfate reduction may be an active process, but a 
lack of appropriate data and the existence of open
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FIGURE 34. Index map of Powder River Basin study area, Wyoming, showing the locations of wells sampled
in the Fox Hills Sandstone.

system conditions with respect to SO^2 make sulfate 
reduction impossible to substantiate. Considering the 
occurrence of lignite beds at the Lance-Fox Hills con­ 
tact, coalification may provide significant influxes of 
CO2. Migration of CO2 into the aquifer is also possible, 
although oxidation of migrating CH4 as a CO2 source is 
unlikely because CH4 would be expected to be relatively

stable in anoxic waters of the Fox Hills Sandstone. Ace­ 
tate fermentation (reaction 7) may also be an active 
process and would be evident by a 70 per mil carbon iso­ 
tope fractionation accompanying this reaction (Bot- 
tinga, 1969).

Acidity produced by the generation of CO2 would 
allow for the dissolution of saturated mineral phases.
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FIGURE 35. Dissolved solids concentration in waters from the Fox Hills Sandstone, Powder River Basin,
Wyoming.

Dissolution of carbonates would lead to further in­ 
creases in CT (reactions 21-23); hydrolysis of alumino- 
silicates (reactions 24-27) would not. A phase diagram 
for the system Ca-Mg-CO2-H2O is presented in figure 
42. The compositions of waters from the Fox Hills 
Sandstone having magnesium concentrations signifi­ 
cantly greater than the detection limit plot primarily in

the calcite stability field, near the calcite-dolomite 
stability boundary. Therefore, dolomite should be 
unstable in these waters, possibly dissolving incon- 
gruently to form calcite.

It is interesting to note that the compositions of two 
Fox Hills Sandstone waters reported by Chatham and 
others (1981) clearly fall in the dolomite stability field.
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FIGURE 36. Stiff diagrams of major element concentrations in waters from the Fox Hills Sandstone, Powder
River Basin, Wyoming.

These waters are thought to represent mixing between 
recent recharge and older, high sulfate, high-bicarbonate 
waters. The resulting mixture has a (a +2)/(a +2) ratio 
significantly greater than unity, implying that clolomiti- 
zation of calcite may be occurring in these waters on a 
limited scale (Hanshaw and others, 1971; Folk and 
Land, 1975). 

Silica concentrations remain relatively constant along

the flow path, averaging 10.7 mg/L, while aluminum 
concentrations vary irregularly from 0.010 to 
0.140 mg/L. Reasons for these fluctuations in aluminum 
concentration are uncertain, although contamination by 
wind-blown dust, which was a problem at the well with 
the highest aluminum concentrations, may explain 
anomalously high concentrations of aluminum, iron, 
manganese, and silica in such samples.
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FIGURE 37. Log molar ratios of calcium plus magnesium to sodium concentrations in waters from the Fox
Hills Sandstone, Powder River Basin, Wyoming.

Phase diagrams were calculated using the thermody- 
namic data of Helgeson (1969) and the kaolinite stabil­ 
ity of Bassett and others (1979), to determine which 
alumino-silicates are stable in the waters sampled. A log 
(aH4Si0<j) log (aN +)/(aH +) activity diagram with composi­ 
tions of waters from the Lance-Fox Hills aquifer super­ 
posed (fig. 43) best demonstrates water-mineral relation­ 
ships in this system. Kaolinite is stable in low pH, low

sodium outcrop waters, whereas Na-montmorillonite, a 
pure end member, is stable in all other waters. Chlorite, 
which does not plot on this diagram, is unstable in all 
waters sampled, implying that aluminum and silica con­ 
centrations are controlled by kaolinite and a smectite 
similar in stability and composition to a Na- 
montmorillonite. 

Strontium decreases in concentration basinward
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FIGURE 38. Chloride concentrations in waters from the Fox Hills Sandstone, Powder River Basin, Wyoming.

along the flow path (fig. 44). Variations in strontium 
concentration are probably related to adsorption on clay 
surfaces in a manner similar to the other alkaline earths 
(Wahlberg and others, 1965a; 1965b), but may also re­ 
flect equilibrium with respect to carbonates or sulfates 
present in the system. Celestite, strontianite, or a stron­ 
tium calcite therefore seem to be the most likely mineral 
phases to control strontium concentrations.

Oxidation potentials in waters of the Fox Hills Sand­ 
stone were calculated using the Nernst equation and the 
O2-H2O (reaction 12) or SO7 2-H2S (reaction 16) redox 
couples, as appropriate. The Eh values calculated from 
these couples are listed in table 22 and plotted in figure 
45. Oxidation potentials vary from positive values in 
the recharge area to increasingly negative values along 
the flow path and in the deeper basin samples. Along
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FIGURE 39. Sulfate concentrations in waters from the Fox Hills Sandstone, Powder River Basin, Wyoming.

the flow path, O2 and NO~ are consumed (fig. 45) fol­ 
lowed by the appearance of H2S immediately down- 
gradient from the aquifer outcrop, suggesting an 
abundance of reduced phases such as pyrite or organic 
carbon in the aquifer sandstones. Dissolved organic car­ 
bon determinations (fig. 45) indicate much higher 
concentrations in the Lance-Fox Hills aquifer than in 
the Kootenai Formation, ranging in a random fashion

from 1.1 to 18 mg/L, with a mean of 7.8 mg/L. Waters 
sampled in the discharge area exhibit highly variable 
Eh, ranging from positive to negative values, support­ 
ing the suspected influx of oxygenated recharge water 
in this area.

Chatham and others (1981) have observed similar 
trends in major element concentrations, Eh and pH in 
their study of the Lance Formation. This similarity
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FIGURE 40. pH values of waters from the Fox Hills Sandstone, Powder River Basin, Wyoming.

suggests that similar geochemical mechanisms control 
ground water in both the upper part of the Fox Hills 
and lower part of the Lance Formations, as would be ex­ 
pected from their similar mineralogy and hydrogeology. 

Iron and manganese are present in low concentrations 
in both oxidized and reduced waters (fig. 46), with max­ 
ima occurring near the redox interface as for several 
flow systems described by Champ and others (1979) and 
Langmuir and Whittemore (1971). Such behavior sug­

gests controls on the aqueous concentrations of these 
metals similar to those observed in the Judith Basin, or 
control by oxyhydroxides in oxidized waters and by car­ 
bonates or sulfides in reduced waters.

DISSOLVED GASES

As in the Judith Basin, considerable difficulty was en­ 
countered in attempting to collect uncontaminated gas 
samples. Bubbles adhering to the walls of the sampling
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FIGURE 41. Total inorganic carbon concentrations in waters from the Fox Hills Sandstone, Powder River
Basin, Wyoming.

flask were a constant problem when sampling efferves­ 
cent waters, and some samples were contaminated by 
the leaking of air into the evacuated sidearm. Analyses 
with anomalous N2 , Ar, and O2 concentrations were 
therefore discarded, leaving those listed in table 23.

Dissolved-oxygen concentrations agree with those 
measured in the field to within 0.3 mg/L or less for three 
of the wells sampled, but the analyses for sample PI3

differ by 2.0 mg/L, and the analyses for sample PI5 dif­ 
fer by 0.6 mg/L. Field notes indicate that the pumps 
mounted on these two wells were at times drawing air 
into the sample water, which would account for the 
widely disparate analyses. Other dissolved gases meas­ 
ured at these wells do not seem anomalous in com­ 
parison with remaining samples from the Lance-Fox 
Hills aquifer, suggesting that the oxygen concentration
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FIGURE 42. Stability diagram for the system Ca-Mg-CO2-H2O 
at 25°C, with compositions of waters from the Lance-Fox 
Hills aquifer, Powder River Basin, Wyoming, superposed.
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FIGURE 43. Stability diagram for the system Na-SiO2- 
A12O3-H2O at 25°C, with compositions of waters from 
the Lance-Fox Hills aquifer, Powder River Basin, Wyo­ 
ming, superposed. Thermodynamic data for kaolinite 
from Bassett and others (1979). Remaining thermo- 
dynamic data from Helgeson (1969).

measured using the gas sampler may reflect aquifer con­ 
ditions more accurately than that measured using the 
dissolved-oxygen probe and meter (table 2).

Comparison of measured CO2 partial pressures with 
Pco values computed from field-measured pH and 
alkalinity values using WATEQ2 show relatively good 
agreement, as shown in table 24. Differences between 
measured and calculated values lie within 0.1 pH units, 
which is the accuracy reported by Langmuir (1971) for 
field pH measurements in ground waters from noncar- 
bonate rock terrains. Improved agreement between re-

v re P2
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FIGURE 44. Strontium concentrations in waters from the north­ 
ern flow path of the Fox Hills Sandstone, Powder River Basin, 
Wyoming.

r\Hll 22.  O\idatwn potentials calculated fur waters from the Lame-Fox Hill\

aquifer. Powder River Bcum, Wyoming, Ming O,,-H,O or SO4~~-H,S redox

Sample

PI ____________
P2 ______  

PJ.

pf ,         
P7

P8 ____________

PIO ___________
i) i i

P12          
pn        
PI 4           
i>r, ___________
PI i^
PI 7           
P1H           

Calculated Eh 
(mV)

307
317
302
809 
203

-219 
801 
302
314
')f tQ

-322 
-321 
- 201 

788 
769 
808 
321

- 187

Redox couple

SO---H.S 
SO4-*-H,S 

SO; J H,S

O,-H,cT
s64 J -H,S
SO;-'-H,",S 
O.,-H,0~ 
SO } J-H,S 
SO; -'-R,S 
SO; -'-H JS 
so; J-H> 
so4 J -H",S 
SO;--H") S
0,-H,0"
O^-H",O
0>H~,O
SO-'-H,S
SO; 2 H.>

suits obtained by these two methods over that observed 
for samples from the Judith Basin is probably due to 
the higher buffer capacity of the Powder River Basin 
samples. Average buffer capacity of the pertinent 
Judith Basin samples is 0.63 meq/L per pH unit and of 
the powder River Basin samples is 1.45 meq/L per pH 
unt. With a higher buffer capacity, similar amounts of 
CO., could escape (or enter) the solution with less of a 
change in pH.

Nitrogen partial pressures for most samples are 
higher than would be expected, assuming atmospheric 
equilibration with recharge waters (PN atm =0-69), sug­ 
gesting that Lance-Fox Hills ground waters become en­ 
riched in N2 after isolation from the atmosphere. Nitrate
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FIGURE 45. Calculated oxidation potentials and dissolved organic 
carbon and nitrate concentrations in waters from the northern flow 
path of the Fox Hills Sandstone, Powder River Basin, Wyoming.

may be reduced to N2 by denitrifying bacteria (reaction 
2), thereby increasing N2 while simultaneously decreas­ 
ing NO~ concentrations, as observed. The data are in­ 
sufficient to test this hypothesis, however.

The temperature of recharge waters may be calcu­ 
lated from the concentration of argon present in the 
ground water (Mazor, 1972). Based on an atmospheric 
abundance of 0.934 percent, an atmospheric pressure of 
0.885 atm at 1,220 m elevation, and measured solubility 
coefficients for argon (Douglas, 1964), the temperature 
dependence of argon solubility has been calculated and 
compared to measured argon concentrations. Excluding 
sample PI 7, which appears to have lost argon and 
nitrogen as a result of displacement by methane (D. W. 
Fisher, U.S. Geological Survey, written commun., 
1980), the calculations yield recharge temperatures 
ranging between 0°C and 6°C, with a mean of 2.75°C. 
This temperature is significantly less than the annual 
average of approximately 7°C, and suggests that spring 
snowmelt provides a higher proportion of recharge to 
the Fox Hills than warmer spring and early summer 
storms and that paleo-recharge has been derived from 
similar events. This interpretation is consistent with 
the observation that precipitation from spring and sum­ 
mer storms results in runoff and increased streamflow 
rather than infiltration into bedrock aquifers (Whit-

>7P6 P2 P3

go 10 20 30 40 50 60
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FIGURE 46. Iron and manganese concentrations in waters from the 
northern flow path of the Fox Hills Sandstone, Powder River 
Basin, Wyoming.

comb, 1965). Another noble gas, helium, is absent in de­ 
tectable quantities in all but one sample, PI7. This is 
presumably the most mature ground water sampled, so 
it seems likely that helium has accumulated through the 
radioactive decay of alpha emitting radionuclides, as in 
the Judith Basin, and has reached detectable levels in 
only the oldest ground waters.

Methane is present in trace quantities in samples P13 
and PI 5, where oxidation potentials appear too high to 
allow methanogenic bacteria to function. The methane 
in these samples probably originated in more reducing 
environments and subsequently migrated to these 
waters. Methane occurs in greater concentrations in the 
two deep basin samples: P9 (not previously discussed 
due to bubbles in the gas sampler) and PI7. Methano­ 
genic bacteria generate CH4 by either acetate fermenta­ 
tion (reaction 7) (Carothers and Kharaka, 1980) or CO2 
reduction (reaction 8) (Nissenbaum and others, 1972; 
Claypool and Kaplan, 1974). Although insufficient data 
are available to determine which of these processes 
dominates in the deeper waters of the Fox Hills Sand­ 
stone, low oxidation potentials and the absence of 
sulfate in quantities greater than 1 millimole per liter 
suggest that the methane was produced in situ, rather 
than migrating from even deeper strata Based on
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Sample

P4
PI:',      
PI 5
PI 6
pi 7

Oxygen

mg/L

n \
________ .04

1 '<

      3.6

.3

atm

0.009 
.0008 
.024 
.065 
.010

Carbon 
dioxide

mg/L

47 
23 
13 
33

7.2

atm

0.021 
.010 
.006 
.014 
.007

Nitrogen

mg/L

22 
25 
21 
21 
10

atm

0.93 
1.05 
.86 
.85 
.70

Argon

mg/L

0.75 
.83 
.74 
.67 
.38

atm

0.010 
.011 
.010 
.009 
.008

Helium

mg/L

0.000 
.000 
.00(1 
.000 
.001

atm

0.000 
.000 
.000 
.000 
.001

Methane

mg/L

0.00 
.03 
.03 
.00 

<>./

atm

0.000 
.001 
.001 
.000 
.56

T\Hl.f. 24. Comparison of field-measured pH vahm and pH calculated from measured 

P,. () for water .\ample*, from the Lance-Fox HilL aquifer, Powder River Basin,

Sample

P4

P13      
P15       
Plb       
pi 7

PH, 
field measured

7.15
7.59
8.03
7.42
8.18

PH, 
calculated

7.23
7 SO

o AC:

7.47
8.22

Difference

0.08
f\f\

- .05

.04

Sample

>1

'3       
H      -
>5      -
J6
>7
>K
»)
> i n
>i)   _
>n?   -
> ]:5      .

>14

M5     -
>K,     _
>17     .
>1 W

Oxygen
(6 180)

20 5

19.4
-19.1

I Q "7

1 O (1

1 Q ')

1 Q X.

1 U '^

19.6
t O Q

19.2
-20.7

1 Q Q

17.5
19.2
J8.:>
19 0
1 Q 7

Hydrogen 
<6D)

i CQ

149
147

- 145

140
143
143
1 "ii

151
147

144
136
114
141

145
143

Carbon 
(6nC)

10.60
11.05

- 10.10
- 11.15

12.35
12.90
11.40
12.80

- 5.95

n o R

11.25
- 13.45

i o QC;

10.35

1 ') SO

3.75
13.65

Tritium 
(pCi/L)

<5
<5
<5
<5

6
<5
58

<5
22

<5
<5
<5

50
25

<5
<5

Carbon-14 
(percent 
modern)

>6.2
1.1

40.9

81.4
61.6
16.3

<2.7
42.4

<2.1
3.4

52.7
97.0
26.4
42.9

<1.0

observations of natural systems, Nissenbaum and 
others (1972) suggested that, despite the stability of 
CH4 over CO2 at oxidation potentials less than  250 
millivolts, catalytic methanogenic bacteria are inhibited

by the presence of more efficient sulfate reducers 
(Desulfovibrio sp.). Once sulfate has been nearly con­ 
sumed, methanogenic bacteria become more efficient in 
utilizing the available nutrients than the sulfate re­ 
ducers, and the methanogenic bacteria become the 
dominant anaerobes (Claypool and Kaplan, 1974).

ISOTOPIC COMPOSITION

Isotopic compositions of ground waters in the 
Lance-Fox Hills are presented in table 25. Oxygen and 
hydrogen isotopic measurements in ground waters of 
both the Fox Hills Sandstone and the Lance Formation 
correspond to the compositon of North American conti­ 
nental precipitation as reported by Gat (1980) 
(5D=7.955 18O+6.03), indicating the presence of only 
meteoric waters in the aquifer (fig. 47). Values for 618O 
range from  20.7 to  17.5, and for 6D, from  158 to 
  136. Comparison with the continental precipitation 
isotopic data of Yurtsever (1975), as reported by Gat 
(1980), suggests that recharge is derived from precipita­ 
tion events occurring at temperatures of roughly 0°C. 
This temperature is consistent with dissolved argon re­ 
charge temperatures and supports the conclusion that 
the major portion of recharge to the Lance-Fox Hills 
aquifer is derived from spring snowmelt or similar 
paleo-events, rather than from warmer late spring and 
summer storms. Differences between Lance and Fox 
Hills 6 18O and 5D values appear insignificant, indicat­ 
ing similar means of recharge for the two formations.

Carbon isotopic compositions remain relatively con­ 
stant for all but the two deepest samples from the Fox 
Hills Sandstone, ranging along the flow path from 613C 
values of  12.9 and  11.4 in the recharge area to 
values of  11.0,  10.1, and  11.2 downflow. As dis­ 
cussed in the Supplemental Data section, 6 13C values 
near  15 or higher suggest control of ground-water 
chemistry by carbonate rather than aluminosilicate 
solid phases, assuming the system is closed to exchange 
with a gas phase CO2 reservoir but receiving CO2 inputs;
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FIGURE 47. Isotopic composition of North American continental 
precipitation (Gat, 1981) with isotopic compositions of waters from 
the Lance-Fox Hills aquifer, Powder River Basin, Wyoming, 
superposed.

exchange with a CO2 gas phase would result in <5 13C 
values of  23 to  15. The observed carbon isotopic 
compositions therefore imply geochemical control of 
dissolved carbonate chemistry by carbonate mineral 
phases.

The deepest, and presumably the most mature, 
ground waters sampled, P9 and PI 7, exhibit 613C values 
of -6.0 (P9) and -3.8 (PI7), which are much higher 
values than found in any of the other waters sampled 
fromthe Lance-Fox Hills aquifer. The presence of 
significant quantities of methane in these deep basin 
samples strongly suggests enrichment of 13C in dissolv­ 
ed carbonate species as a result of isotopic fractionation 
during the bacterial production of methane. Sackett and 
Chung (1979) have shown that isotopic equilibrium be­ 
tween coexisting CH4 and CO2 does not occur at aquifer

temperatures; therefore, migration of methane would be 
unable to produce these isotopic variations. Similarly, 
oxidation of migrating CH4 to CO2 , which is not known 
to occur in the absence of molecular O2 , would tend to 
lower <5 13C values from the addition of the isotopically 
light CO2 produced.

The similarity in geochemical environments and iso­ 
topic evolution between known methanogenic waters 
(Rosenfeld and Silverman, 1959; Oana and Deevey, 
1960; Nissenbaum and others, 1972; Carothers and 
Kharaka, 1980) and the deep basin Fox Hills samples is 
therefore taken as evidence of active methanogenesis in 
the deeper portions of the aquifer. Because mass 
balance information regarding the compositions of 
these waters before the onset of methanogenesis is lack­ 
ing, a determination of which process actually produces 
the methane CO2 reduction or acetate fermentation- 
is impossible.

Tritium concentrations for the majority of Lance-Fox 
Hills ground waters are below 10 pCi/L, indicating that 
the confined system is not open to recharge by, or mix­ 
ing with, recently recharged surface waters. Higher tri­ 
tium concentrations in the outcrop area, ranging from 
22 to 560 pCi/L, indicate the presence of waters less 
than 25 years in age. These younger waters are also evi­ 
dent in the aquifer outcrop near the Belle Fourche 
River, proving the existence of recent recharge, and sub­ 
stantiating the hypothesized mixing of mature waters 
with recent recharge in this area.

GEOCHEMICAL COMPUTER MODELING

SATURATION INDICES

Mineral saturation indices, computed using the 
WATEQ2 aqueous speciation model (Ball and others, 
1980), indicate that solution-mineral equilibria in both 
the Lance Formation and the Fox Hills Sandstone are 
sufficiently similar to allow a discussion of the aquifer 
as a whole. Saturation indices for the Powder River 
Basin samples are presented in table 26 for silicates and 
aluminosilicates, and in table 27 for carbonates, 
sulfates, and phosphates.

Quartz, a major constituent in the Fox Hills Sand­ 
stone, is oversaturated; amorphous silica is under- 
saturated. Chalcedony is undersaturated or near satura­ 
tion, but petrographic evidence (Dobbin and Reeside, 
1930) suggested that this mineral is not an important 
diagenetic phase. Albite, another important clastic con­ 
stituent, is undersaturated, but its alteration phase allo- 
phane is saturated in most samples, reflecting ground- 
water equilibration with this feldspar alteration phase 
rather than with unaltered albite. Muscovite, a
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TABLE 26. Saturation indices of silicate and aluminosilicate aquifer minerals in waters from the Lance Formation and the Fox Hills Sandstone, Powder River Basin, Wyoming

Sample Quartz Chalcedony

Amorphous 

silica Albite Allophane Muscovite Chlorite Beidellite Kaolinite

Lance Formation

po

P12

Mean and 

standard 

deviation

0.31 ±0 OH 

.46+ 07 

.i5± 08 

66 ± 06 

.58+ .06 

64 ± 06

0 50 ±0.15

- 0 2 1 ± 0 08

.12± 06 

.04 ± 06 

.10± .06

-0 40 ±0.14

-.59± .07

- 48+ .06

-0 55 ±0 14

- 1 13 + 0 72

- 1 36 ± 1 29

- 2 28 ± 1 46 

- 1 56 ± 0 55

- 80+ 1.32

01 + 38

-0.60 + 0 45

- 1 8h±2 12

- 96 + 2 74

- 1 23 + 2 74 

- 1 48 ± 1.07 - 3 99 ± 3 3Q-

- 0 18+1 66

1 14 + 2 14

99 + 2 14

0 32 + 1 22

- Kl ± > 73

2 10 ± 97 

1 '! 1 ± 2 90

(1 Mi + 1 10

Fox Hills Sandstone

P5 -

P6

P17

Mean and 

standard 

deviation

TABLE 27.   Saturation

Sample Calcite

0 28 + 0.08 

36 ± .07 
71 + 05 

63+ 06 

47 ± 08 

52 + 07 

25 + 07 

46 ± .08 
30 ± 07 

42 ± 08 

48 ± 08 

24 ± .Ob

0 43 ±0 15

indices of carbonate,

Dolomite

09+ .06

- 03+ 07

-.08± .08

- 19+ 06 

-0 09 ±0 12

- 66 ± .07 
- 34 + 05

- 59 ± 08

- 73 ± 07

- 70 ± 07

-0 60 ±0 12

- 1 22 ± 0 72

- 2 08 ± 1 29

- 2 93 ± 1 38

- 1 65 + 1 38

-.65± .41

- 1.58±0.87

- 15+ 15

- .38± 1 09

-1.56+ ^

- 40 + 97

- 0 68 ± 0 66

- 2 37 + 2 12

- 74 ±2 74

50 + 99

- 1 87 + 1 Ib 

- 1 10 + 0 96

3 74 + 72

- 4 84 + 2 10

sulfate, and phosphate minerals in waters from the Lance Formation and the Fox Hills Sandstone,

Siderite Rhodochrosite Strontianite Gypsum Celestite F-apatite

1 6 + 214

31 + 'i li

'iH + 2 14

-lt.48±0 88

Powder River Basin,

F-CO3 apatite

-0 26 + 1 M 

1 98 ± .34 
1 52 + 2 7'i 

1 % ± 2 56

% ± 2 73

78 ±2 73 

42 ± 56

88 ± 56 

06 ± 78

0 87±0 76

Wyoming

MnHPO4

Lance Formation

Mean and 

standard 

deviation 0 11 ±0.17

- 74 ± 08 

02 ± 07 

.07 ± 07

-024 ±0.32

0 40 + 0.56 

- .54 ±2 08 1 
-.30 ±2.08*

- 11.76± 1.06 

.20+ .06

0.10±0.392

-0.51 ± 1 40

- 14 ± 06

- 33 ± 06 

-0 34±0.14 3

-0 70 ±0.28 

-.68± 19 
-,74± 28 

-1.17± 10 

-1.13± 60 

-.80± 09

- 0 87 ± 0 22

- 2 92 ±0 21 

-2 15+ .11 
-254+ 19 

- 1 44 ± .06 

- 2 30 ± 20 

- 1 14 ± 05

- 2 08 ± 0 67

- 2 96 ± 0 28

- 1 62+ 10

- 2 28 ± 0.66

- 1 13 + 1 11

- 1 31 +0 34

 ? 15 + 2 13 

2 96 ± 1 01

2. 00 ±2 48 

2 70 ± 0 62

- n± 55

72 ± 23 

0 12 ±0 52

Fox Hills Sandstone

P5 00 + 0*)

Mean and 

standard 

deviation 0 Ib ±0 Ib

Calculated assuming minor 

Calculated without oxidized

- 1 00± 1 13 1

- 21 ± .07 

-.30+ 07 

.02 ± 08 

14± .07

44 ± .07

58+08 

78 ± .06

-009 ±0.53

0.35 ±0.73 

.66 ± .30

- 46 ± 13 

.43 ± .07 

- 11 44 ± .56 

70 ± 39 

43 ± 06

- 11 26+ 39 

-1030± 09 

12 ± 1 06

0 28±0.382

- 0 53 1 67 

- .58 1 40

- 52 06

-.56 .12

-.79 2 76 

-.81 .12 

-.55 2.08 

-1.21 86

-0 67 ±0 12 2

- 0 65 ± 0 28 

- 76+ 28 

- 1 06 ± 09 

- 98 ± 10 

-.81± 10 

-.82± 10 

- 51 + 21 

- 69 ± 10 

- 64 ± 31 

- 58+ 11 

- 48 ± 09 

- 53+ 16

-0 71 +0 18

- 2 85 ± 0 25 

- 2 97 ± 26 

- 1 41 ± 06 

- 1 80 ± 08 

- 1 88 ± 07

-3 12+ 22 

- 57 ± 05 

- 3 1 1 ± 29 

- 1 19+ 06 

- 49 ± 05 

- 4 70 + 1 56

-2 15 ± 1 23

-2 88 + 0.28 

-290± .28 

- 1 74 ± .10

- 2 03 ± .11 

- 1 85 ± 10

-299± .31 

- 1 48+ 11

- 2 22 ± 1 06

- 1.40± 1 07 

- 2 38 ± 1 33

-2.53± 1 .38

- 1 40 + 73

-2 08 + 0 75

2 12 + 2 05 

42 + 2.56 

2 31 + LSI 

41 ± 2.48

- 1 79 + 2 42

1 49 + 2 9(1 

.( 48 ± 1 27

0 65 ± 2 22

- Sh± 72 

8(1 ± 12 

14 + .23

~

- 79 ± 7'i 

- 0 34 ± 0 60

element concentration equals analytical detection limit, 

samples  P4, P7, P14, P15, and P16

potassium mica, is near saturation, indicating possible 
ground-water equilibration with this phase. Apparent 
undersaturation may indicate that muscovite, as well as

sericitic alterations of a similar composition, are 
unstable under current geochemical conditions and 
might be alterating to more stable phases such as
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hydromuscovite, illite, or kaolinite. Chlorite is highly 
undersaturated in most of the samples analyzed, in­ 
dicating that this detrital phase does not control solu­ 
tion chemistry. Beidellite, a sodium smectite, is 
saturated in waters of the Lance-Fox Hills aquifer, as is 
kaolinite, suggesting that equilibrium between kaolinite 
and beidellite may control silica and aluminum concen­ 
trations in solution. This conclusion is in agreement 
with petrographic descriptions that describe kaolinite 
and beidellite as authigenic, and quartz, albite, 
muscovite, and chlorite as detrital phases (Dobbin and 
Reeside, 1930).

Saturation indices for carbonate minerals (table 27) 
are remarkably similar to their counterparts in the 
Kootenai Formation. Calcite is saturated or slightly 
oversaturated in waters of the Lance-Fox Hills aquifer, 
suggesting equilibrium with, or possible precipitation 
of, this phase. Apparent oversaturation may be the 
result of cationic substitutions in the calcite lattice or 
may reflect small errors in the field pH measurements. 
Dolomite is saturated in most samples, although those 
from the discharge area are clearly oversaturated with 
respect to dolomite. These oversaturations may indicate 
limited dolomitization of calcite in the outcrop area due 
to mixing of high CT, high pH waters with recharged 
waters containing high concentrations of magnesium. 
Siderite saturation indices indicate saturation with 
respect to this phase in all but oxygenated waters.

Fox Hills rhodochrosite saturation indices cluster 
near a value of  0.67, with significant deviations occur­ 
ring only in oxygenated waters, where manganese oxy- 
hydroxides are thought to control aqueous manganese 
concentrations. Using the distribution coefficient 
measured by Bodine and others (1965) for partitioning 
manganese between the aqueous phase and a coexisting 
calcite phase, and the mean concentrations of calcium 
(0.28 mmol/L) and manganese (0.00049 mmol/L) in anox- 
ic ground waters of the Lance-Fox Hills aquifer, it has 
been calculated that a calcite in equilibrium with these 
ground waters should contain an average of 3-mole per­ 
cent rhodochrosite. Saturation indices computed for a 
percent Mn calcite ideal solid solution (Berner, 1975) 
with a calculated stability of  1,121 kilojoules per mole, 
presented in table 28, indicate saturation with respect to 
this phase in most samples and suggest possi- ble con­ 
trol of manganese concentrations by such a solid solu­ 
tion in all but oxygenated waters.

Saturation indices for strontianite clearly indicate 
undersaturation, but, unlike Judith Basin samples, 
cluster near a value of  0.76, again suggesting possible 
mineralogic control by a carbonate solid solution. The 
distribution coefficient of 0.14 measured by Holland 
others (1964) for the partitioning of strontium between 
an aqueous phase and calcite, and the mean concen­ 
trations of strontium (0.013 mmol/L) and calcium

I 28. Saturation indicc\ of a 3. 0-moie percent mans>ane^e calcite \nlid solution in

waters from the Lane?-Fox ////A aquifer. Powder River Basin, \Vyuming

Sample Saturation indices

Calcite Manganese calcite

Lance Formation

PI
PO

PI 1 '

Pl'-i

PI 4
PI a

0 1 0

.          30

.          -14

.21
         .13
         .16

0.07 
.23 
.08

.06 

.09

Mean and standard deviation - 0.11 ±0.17 0.04 ±0.16

Fox Hills Sandstone

P')

P3
P4
Pf)
P6
P7

PH)

PI 1

PI 5

P16
P17

Me-an and standard deviation -

0.20
.04
.04
nn

.11

.09

.13

.33

.07
1 Q

.16

0.16 ±0.16

0.15

- .03

.07

.02

.05

.07

.24

.02

.37

.29

.09

0.08 + 0.15

(0.94 mmol/L), indicate that a calcite in equilibrium with 
ground waters of the Lance-Fox Hills Sandstone 
should contain 0.2-mole percent strontianite. The free 
energy of a S^^Ca^^CC^ ideal solid solution (Berner, 
1975) is  1,130 kilojoules per mole, and saturation in­ 
dices calculated from this value demonstrate saturation 
with respect to this solid solution in most samples (table 
29). Strontium, derived from the dissolution of impure 
carbonates and sulfates, may be controlled in the 
aqueous phase, then, by sorption effects and equilib­ 
rium with a Sr-calcite solid solution.

Sulfate mineral phases also demonstrate relationships 
similar to those observed in the Kootenai Formation. 
Both gypsum and celestite show widely fluctuating, but 
invariably negative, saturation indices. Control of stron­ 
tium, calcium, or sulfate concentrations by these phases 
is therefore unlikely, as is the presence of substantial 
quantities of these phases.

Apatite saturation indices (table 27), computed for 
both a pure fluorapatite [Ca5(PO4 )3F] and a cryptocrys- 
talline carbonate fluorapatite [Ca974Na021Mg005(PO4 )319
(CO F1 OTT3'0.8l r 2.32^-"-0.28' pK =-120.7] (Chien and Black,
1975), suggest saturation with respect to an apatite
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T\BI I 2 C'. Saturation mdue\ of a (I 2-mole berient strontium calcite wild solution in

ivattrs from the Lance-Fox Hill\ aquifer, Powder River Basin, Wyoming

Sample

Lance

PI
P8
Pr>
PI 3
PI 4
pi Q

Mean and standard deviation -

Calcite

Formation

0.13
.30
.14
.21

.16

o.n ±o.:

Saturation indices

Strontium calcite

0.06
.21
.06

- .30

.04

.07

17 0.02 + 0.17

Fox Hills Sandstone

P2
P3
P4
P ^

P6
P7

Ptn
PI 1
PI 3

P16
PI 7            

     0.20

.04
     .04

f\f\

    .13
     .33
     .07

1 Q

OQ

\ft

0.13
.11
.06
.09
01
(11

.06

.23
nn
on

r\n

AQ

Mean and standard deviation - 0.16 + 0.16 0.08 + 0.15

having a composition and stability intermediate be­ 
tween these two phases. The two deep basin samples, 
P9 and PI7, are undersaturated with respect to both of 
these apatites, indicating that these samples may be in 
equilibrium with a more crystallized apatite or one of 
slightly different composition. The occurrence of apatite 
in the Fox Hills Sandstone implies that phases similar 
to these are present in the aquifer, and are probably in 
equilibrium with the waters sampled. The phase man­ 
ganese biphosphate (MnHPO4 ) is also saturated in most 
samples from the Lance-Fox Hills aquifer, indicating 
that aqueous manganese and phosphorous concentra­ 
tions may also be influenced by such a phase.

Although ferric oxyhydroxides have been identified in 
neither X-ray nor petrographic analyses, their presence 
in the Lance-Fox Hills outcrop is implied by numerous 
references to ferruginous concretions m the strati- 
graphic descriptions of Robinson and others (1964). 
Control of aqueous iron concentrations by amorphous 
ferric hydroxide, rather than by goethite or hematite, in 
oxidizing waters is apparent from the saturation indices 
presented in table 30. Oversaturation with respect to 
Fe(OH)3)am)(pK=38.5) is indicative of active precipita­

tion of this phase (IAP=-37.1 to -38.1) (Whittemore 
and Langmuir, 1975), possibly due to the oxidation of 
pyrite by O0 (reaction 9), followed by the hydrolysis and 
precipitation of ferric iron. Oxidation of pyrite would 
also account for increases in sulfate concentration in the 
outcrop area, as well as the localization of ferric hydrox­ 
ides in concretions, similar to the occurrence of pyrite in 
the reduced environment.

Although manganese oxides were not detected by 
X-ray diffraction in samples from the Fox Hills outcrop, 
it is possible that these common phases have escaped 
detection by their poorly crystallized nature. In the five 
oxidizing ground-water samples of the Lance-Fox Hills 
aquifer, both manganite and birnessite are highly over- 
saturated, with mean saturation indices and standard 
deviations of 4.24±0.76 and 7.61 ±0.74, respectively, in­ 
dicating that these phases probably do not control 
aqueous manganese concentrations in the oxidizing 
environment.

In sulfidic waters, amorphous ferrous sulfide, rather 
than crystallized ferrous sulfides such as pyrite, con­ 
trols dissolved iron cncentrations (table 30). Slight over- 
saturations with respect to FeS(am) are most likely due to 
interferences from other reduced species during the 
determination of dissolved sulfide. Although goethite 
saturation indices in sulfidic waters approach zero in 
many cases, the absence of hematite (a well crystllized 
oxyhydroxide) in core samples, as well as the occurrence 
of pyrite in the aquifer, suggests control of iron concen­ 
trations by amorphous ferrous sulfide in reduced 
waters, rather than by a ferric oxyhydroxide phase.

REACTION SIMULATION

The discussion of ground-water chemistry, 
mineralogy, and petrography of the Lance-Fox Hills 
aquifer has led to the proposal of several mineral phases 
and chemical reactions that may control ground-water 
chemistry in this aquifer. Saturation with respect to the 
aluminosilicates beidellite, muscovite, kaolinite, and 
allophane, in addition to the carbonates calcite and dolo­ 
mite, suggests that one or more of these phases may 
control the ground-water chemistry of the Lance-Fox 
Hills aquifer. Carbon isotopic ratios indicate possible 
control of dissolved carbonate concentrations by car­ 
bonate minerals.

Oxidation potentials decrease within the aquifer out­ 
crop area from highly oxidizing to strongly reducing 
values. Consumption of O2 and NO~ in combination 
with the production of additional N2 and CT is indicative 
of biologically mediated O2 and NO~ reduction reac­ 
tions. Saturation indices for Fe(OH)3(am) in oxidized 
ground waters imply active precipitation of this phase, 
possibly as a result of the oxidation of pyrite. An abun-
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Sample Hematite Goethite Fe(OH)3 m a Pyrite FeS(ar
b

n)

Sulfide absent

P4

P7

P15               

P16              

Mean and standard deviation -

18. 89 ±0.32 

16.41 ± 1.15 
16.01 ±2.15 

17.05+ .82 

18.36 ± .34

17.34 + 1.24

6.98 + 0.16 

5.74± .57 
5.54± 1.07 

6. 06+. .41 

6.71+ .17

6.21 ± 0.62

3. 06 ±0.16 

1.73+ .57 
1.57+ 1.07 

2.06+ .41 

2.70+ .17

  

  

  

2.22 + 0.64

Sulfide present

P6                 

P8
IX)

Pit)                   

PI 7
pi u

Mean and standard deviation -

6.79± 1.15 

6.70± 1.48 

6.99 ± .67 

2.57± .39 

4.36± .32 

5.34 + 4.17 

7.02± .82 
4.88 ± .31 

6.21 ±4.17 

6. 46 ±4. 17 

3.45+ .36 

4.94 + 2.15 

3.31 + .31

5.31 ± 1.53

0.91 

.86 

1.01 

- 1.18 

-.28 

.20 

1.00 
.02

.61

.75 

.75

.07
0 1

0.17

± 

± 

± 

±

± 

± 

± 
± 

± 

± 

± 

± 
+

+

0.57 

.74 

.33 

.20 

.16 

2.09

.16

2.09 

2.09 

.18 

1.07 
.16

0.76

2.68 + 0.
2.48+ .

-5.10+ . 
4.34+ .

3 68 + 2,

- 1.87+ . 
4.06+ .

2.51 +2.

2.95 + 2.
4.69+ .
<> ')o + i

- 3.37+ 1.

57 
71- 

33 

20 

16 

.09 

41 
.16 

.09 

.09 

.18 

.07 

.16

.11

8.60+ 1. 

8.87 ± . 
8.81 + . 

9.18+ . 

11.03+ . 

8.85 + 2. 

8.06 + , 
10.32+ . 

7.42 + 2 

8. 46 ±2. 

8.20 + 
6.64 + 1

10.20+ 1

8.82+ 1

,02 

.81 

.91 

,87 

58 

13 

.94 
,86 

25 

,13 

.59 

.37 

.71

.19

1.00 + 

1.22 + 
1.15 +

.11 +
1.3 ( t +

.74 +

.89 + 

.86 + 

.33 ± 

.86 + 

.62 +

02 + 
.49 ±

0.63 +

0.70 

.75 

.52 

.45 

.30 

2.09 

.58 

.43 

2.12 
2.09 

.31 

1.15 
.86

0 58

dance of organic carbon both in the aquifer and in the 
ground water, the presence of sulfate reducing bacteria 
in the Powder River Basin, and the appearance of dis­ 
solved sulfide following the reduction of O2 and NO~ are 
suggestive of sulfate reduction. However, isotopic and 
mass transfer data are insufficient to prove this point. 
In the deeper portions of the basin, the disappearance of 
sulfate, with a concurrent increase in methane concen­ 
trations and <5 13C values, indicates the activity of 
methanogenic bacteria. In the reducing ground waters, 
saturation with respect to both siderite and Fe(OH)3(am) 
suggests control of dissolved iron concentrations by 
these phases.

Increasing sulfate concentrations along the flow path 
are most likely due to the dissoluton of gypsum present 
in the upper part of the Lance Formation. Increasing 
chloride concentrations are probably the result of minor 
upward leakage from the underlying Pierre Shale, or 
from the leaching of interbedded shales. Finally, uni­ 
formly decreasing log molar ([Ca]+[Mg])/[Na]2 ratios are 
indicative of cation exchange.

Simulation of the above reactions and concurrent 
equilibration with appropriate minerals has allowed for 
a determination of possible controlling phases along the

northern flow path of the Fox Hills Sandstone. As in the 
Second Cat Creek sandstone models, ion exchange was 
simulated by fixing (aca+ 2)/(aNa+)2 and < aMg+2)/(a +)2 
ratios to their observed values for each sample. Minor 
additions of chloride from shale confining beds were 
simulated by dissolution of appropriate amounts of 
halite. Increases in sulfate concentration, originating 
from either gypsum dissolution or pyrite oxidation, 
were modeled by dissolving appropriate amounts of 
gypsum in the outcrop area or natrona (Na2 SO4 ) 
downdip. The choice of these two phases to represent 
sulfate dissolution is based on the predominant cation 
in solution, calcium in the outcrop area and sodium 
downdip, and does not directly imply the presence of 
these minerals in the aquifer. Dissolved iron concentra­ 
tions were controlled through equilibration with FeS(am) 
and siderite in reducing waters, and with Fe(OH)3(am) 
(pKsp =37.0) in oxidizing waters.

A water similar in major element composition to 
Wyoming rainwater (Junge and Werby, 1958) was equil­ 
ibrated with atmospheric partial pressures of CO2 and 
O2 using PHREEQE and was used as the initial solu­ 
tion for the following reaction simulations. In order to 
attain CT values identical to those calculated for outcrop



C64 REGIONAL AQUIFER-SYSTEM ANALYSIS

area waters, the unsaturated zone Pco before equilibra­ 
tion with mineral phases were required to be on the 
order of 10~ 12 atm for the carbonate simulations and 
10~09 atm for the aluminosilicate simulations. Thorsten- 
son and others (1979) measured a Pco of 10~07 atm in 
the unsaturated zone at Gascoyne, North Dakota, in­ 
dicating that although these modeled CO2 concentra­ 
tions appear somewhat high, they are realistic for 
liqpiitic sediments of the type found in the study area. 
The O2 and NO~ present in the simulated recharge 
water were reduced by the addition of an appropriate 
amount of organic carbon. For the reaction simulations, 
the stability of beidellite was assumed to be similar to 
that of another smectite, the fixed-composition Na- 
montmorillonite phase calculated by Helgeson (1969). 
As shown in figure 48, subsequent equilibration with 
neither calcite, dolomite, calcite and dolomite, kaolinite 
and Na-montmorillonite, kaolinite and muscovite, 
kaolinite, Na-montmorillonite and muscovite, nor allo- 
phane results in sufficiently high CT concentrations for 
the downdip samples, indicating that additional CO2 
sources must be present. As a result, CO2 was added to 
the simulated ground waters in order to match the cal­ 
culated CT concentration for each sample along the 
northern flow path. The pH values resulting from equili­ 
bration with the phases listed above are shown in figure 
49.

The calcite and dolomite model predicts the field- 
measured pH values more precisely than the remaining 
models, and mass transfer calculated using this model is 
indicative of dedolomitization driven by cation ex­ 
change and dissolution of CO2 . A problem arises at this 
point, however, regarding the choice of CO2 sources. If 
CO9 is derived from a maturing high-volatile organic 
carbon, the associated mass transfers for siderite and 
ferrous sulfide will be relatively low. Alternatively, if 
CO2 is produced within the aquifer during oxidation of 
organic matter by sulfate reducing bacteria, H 2S will be 
generated in quantities of roughly half the amount of 
CO2 produced. In order to maintain equilibrium, siderite 
will be required to dissolve, releasing enough ferrous 
iron to precipitate the sulfide produced. The dissolution 
of siderite will consume a portion of the CO2 acidity, 
thereby decreasing the solubility of dolomite and alter­ 
ing carbonate mass transfer. This effect is demon­ 
strated in figures 50 and 51, which present calculated 
mass transfers for lignite coalification (fig. 50) and 
sulfate reduction (fig. 51) CO2 sources. The differences 
between these two models appear minimal, but should 
be considered in the adjustment of carbon-14 ages and 
the calculation of flow rates.

Calculated mass transfers indicate controls on 
ground-water chemistry similar to those proposed for 
the Second Cat Creek sandstone, namely dedolomitiza­ 
tion driven by lignite coalification or sulfate reduction:

O 8.0 -

o
* 7.0 H

EXPLANATION
  CALCULATED CONCENTRATION 

^MODELED CONCENTRATION

C A LCITE +DOLOMITE

KAOLINITE + Na MONTMORILLONITE

37P6

KAOLINITE+MUSCOVITE, KAOLINITE+MUSCOVITE+Na MONTMORILLONITE

P2 P3

0 10 20 30 40 50 60 

DISTANCE FROM OUTCROP ALONG NORTHERN FLOW PATH, IN KILOMETERS

FIGURE 48. Comparison of calculated total inorganic carbon con­ 
centrations with modeled concentrations for mineral equilibration 
with no CO 9 dissolution following the reduction of O 2 and NO~, 
northern flow path of the Fox Hills Sandstone, Powder River 
Basin, Wyoming. All simulations include equilibration with 
calcium-sodium exchange and magnesium-sodium exchange. 
Simulations P6, P2, P3, and Pll also include equilibration with 
amorhous ferrous sulfide and siderite; simulation P7 includes 
equilibration with amorphous ferric hydroxide.

EXPLANATION

  MEASURED pH

-^'MODELED pH

KAOLINITE+MUSCOVITE, KAOLINITE+MUSCOVITE + Na-MDNTMORILLONITE

LlNITE+Na-MONTMORILLONITE

ALLOPHANE

P3

0 10 20 30 40 50 60 

DISTANCE FROM OUTCROP ALONG NORTHERN FLOW PATH, IN KILOMETERS

FIGURE 49. Comparison of field-measured pH values with mod­ 
eled pH values for mineral dissolution with CO2 dissolution, 
northern flow path of the Fox Hills Sandstone, Powder River 
Basin, Wyoming. All simulations include equilibration with 
calcium-sodium exchange and magnesium-sodium exchange. 
Simulations P6, P2, P3, and Pll also include equilibration with 
amorphous ferrous sulfide and siderite; simulation P7 includes 
equilibration with amorphous ferric hydroxide.
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RAIM WATFR ^

UEAS DISSOLVE:
Ca 0.02 ^4m >l'L02
        0.11 mmolA HALITE 
Na 9:°_L n,p7 mmr,|/| rjYPSUM

Cl 0.002 0.03 mmol/L Ca(NO? ) ?
SO^ 0.01 3 51 mmol/L C02
C 6.04 0-!8 mmol/L CH 2 O 
  L-     2.20 mmol/L DOLOMITE

0.45 umol/L Fe(OH)3(g .

PRECIPITATE: 
1.31 mmolA CALCITE

ADSORB: 
0.09 mmolA Ca 

0.38 mmol/L Mg

DESORB: 
0.96 mmol/L Na

SAMPLE P7

Ca

Mg

Na

Cl

so^
CT

NOj

°2

Fe

PH

Eh

MEAS.

1.3

1.7

1.0

0.15

0.58

6.8

0.056

0.062

.0007

7.50

0.801

MOD.

1.4

1.8

1.1

0.11

0.58

6.8

0.056

0.062

.0004

7.41

0.850

^
DISSOLVE: 

0.10 mmol/L GYPSUM 
0.55 mmol/L C02 

0.14 mmol/L CH 20 
0.90 mmol/L DOLOMITE 
5.7 umol/L SIDERITE 

1.1 umol/L FeS (gm)

PRECIPITATE: 
0.92 mmol/L CALCITE

ADSORB: 
0.67 mmol/L Ca 

1.96 mmol/L Mg

DESORB: 
5.26 mmol/L Na

DISSOLVE: 
0.14 mmol/L HALITE 
0.38 mmol/L C02 
0.26 mmol/L DOLOMITE 

0.59 umol/L FeS(gm)

PRECIPITATE: 
0.14 mmol/L CALCITE 
0.58 umol/L SIDERITE

ADSORB: 
0.13 mmol/L Ca 
0.27 mmol/L Mg

DESORB: 
0.79 mmol/L Na

SAMPLE F

Ca

Mg

Na

Cl

so4
CT

2H 2S

Fe

PH

Eh

MEAS.

0.72

0.66

6.1

0.07

0.69

8.3

0.009

0.018
7.71

-0.219

vj

MOD.

0.78

0.71

6.3

0.11

0.69

8.3

0.002

0.007

7.65

0.228

^
SAMPLE P3

Ca

Mg

Na

Cl

so4
CT

IH 2S

Fe

PH

Eh

MEAS.

0.04

0.00

14.4

0.65

1.6

10.3

0.006

.0014

8.77

 0.302

MOD.

0.03

0.00

14.0

0.65

1.5

10.1

0.001

.0003

8.76

 0.308

^
DISSOLVE:

0.40mmol/L HALITE 
0.82 mmol/L Na2S04 
0.13 mmol/L C02 
0.62 mmol/L DOLOMITE 
1.4umol/L SIDERITE

PRECIPITATE: 
0.34 mmol/L CALCITE 

8.3 umol/L FeS (gm)

ADSORB: 
1 .02 mmol/L Ca 
1 .32 mmol/L Mg

DESORB: 
4.68 mmol/L Ma

                *
DISSOLVE:

0.03 mmol/L HALITE 
0.12 mmol/L DOLOMITE 
0.04 umol/L FeS (gm)

PRECIPITATE: 
0.11 mmol/L CALCITE 
0.15 umol/L SIDERITE

ADSORB: 
0.02 mmol/L Ca 

0.12 mmol/L Mg

DESORB:
0.28 mmol/L Ma

SAMPLE P2

Ca

Mg

Na

Cl

so4
C T

ZH 2S

Fe

PH

Eh

MEAS.

0.

0.

05

02

13.0

0.51

1.6

9.3

0.015

.0005

8.91

-0.317

MOD.

0.04

0.02

13.0

0.51

1.5

9.3

0.001

.0003

8.79

0.310

SAMPLE P1 1

Ca

Mg

Ma

Cl

so4
CT

IH 2S

Fe

PH

Eh

MEAS,

0.03

0.00

13.9

0.68

1 5

10.0

0.003

.0002

8.92

 0.322

MOD.

0.03

0.00

14.3

0.68

1.5

10.2

0.002

.0002

8.82

 0.317

FIGURE 50. Calculated mass transfer for the calcite-dolomite-cation exchange-CO2 dissolution model of ground-water evolution along the 
northern flow path of the Fox Hills Sandstone, Powder River Basin, Wyoming. Concentrations in millimoles per liter (mmol/L) and 
micromoles per liter (/xmol/L); Eh in volts.

+ 22CaMg(CO3 ) 2 +FeCO3 +2CH 2O+SO4- 2 +2Na2EX+Ca 

=3CaCO3 +FeS+4HCO3-+2MgEX+4Na+

in combination with additional cation exchange (reac­ 
tion 28 and 29). The addition of kaolinite and Na- 
montmorillonite to these models results in only minor 
mass transfer changes, indicating that these alumino- 
silicates influence major element geochemistry primari­ 
ly as cation exchange substrates. As illustrated pre­ 
viously in the discussion of CO2 sources, these proposed 
mass transfer models are not mathematically unique 
solutions, but instead represent plausible hypotheses to 
explain the geochemical evolution of ground-water com­ 
position in the Fox Hills Sandstone.

Comparison of measured or calculated concentrations 
to simulated concentrations, plotted in figure 52, shows 
good agreement in most cases. Iron presents the largest 
deviations, with analytical concentrations being much 
higher than modeled concentrations in several cases. As 
discussed previously, such deviations may indicate 
sample contamination by windblown dust.

CARBON ISOTOPIC EVOLUTION

Simulation of carbon isotopic compositions was ac­ 
complished using a FORTRAN computer code that in­ 
corporates the isotopic evolution equations of Wigley 
and others (1978). The freshwater carbonate <5 13C value 
of Keith and Weber (1964) (-4.8±5.1), and the organic 
6 13C value of Craig (1954) ( 28±4) were chosen to repre­ 
sent the isotopic composition of carbon sources in the 
aquifer. These estimated 6 13C source values were ap­ 
plied to the mass transfers calculated in figures 50 and 
51 to yield downgradient 613C values to be expected 
assuming that these reaction schemes actually control 
ground-water carbon composition. The coalification of 
lignite and sulfate reduction models yield nearly iden­ 
tical <5 13C values. Therefore, carbon isotopes do not 
allow for differentiation between these two carbon 
sources. Modeled and observed <5 13C values are plotted 
in figure 53, and show relatively good agreement, 
although two of the analytical values fall slightly above 
or below their corresponding modeled values. The scat­ 
ter in observed <5 13C values may be caused by several in­ 
fluencing factors, the most significant of which is the
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RAIN WATER                   b
MEAS . DISSOLVE:

0.24 mmol/L 00 
Ca 0 02 2     ̂   0.11 mmol/L HALITE

Na 0.01 o.57 mmol/L GYPSUM

Cl 0.002 0.03 mmol/L Ca(NO? ) 9

S04 0.01 3.51 mmol/L C02

"c 004 0.18 mmol/L UH 2O

         2.20 mmol/L DOLOMITE 

0.45 umol/L Fe(OH)3(am)

PRECIPITATE: 
1.31 mmol/L CALCITE

ADSORB:
0.09 mmol/L Ca 

0.38 mmol/L Mg

DESORB: 

0.96 mmol/L Na

SAMPLE P7

Ca

Mg

Na

Cl

so4
CT

N03

°2

Fe

pH

Eh

MEAS.

1.3

1.7

1.0

0.15

0.58

6.8

0.056

0.062

.0007

7.50

0.801

MOD.

1.4

1.8

1.1

0.11

0.58

6.8

0.056

0.062

.0004

7.41

0.850

1^
DISSOLVE:

0.38 mmol/L GYPSUM

0.69 mmol/L CH 20 

0.85 mmol/L DOLOMITE

0.28 mmol/L SIDERITE

PRECIPITATE: 
1.20 mmol/L CALCITE 

0.27 mmol/L FeS(am)

ADSORB: 
0.67 mmol/L Ca

1 96 mmol/L Mg

DESORB: 

5.28 mmol/L Na

DISSOLVE:
0.14 mmol/L HALITE 

0.19 mmol/L Na2 S04 

0.36 mmol/L CH 20 

0.19 mmol/L DOLOMITE 

0.18 mmol/L SIDERITE

PRECIPITATE: 
0.14 mmol/L CALCITE 

0.1 8 mmol/L FeS (am)

ADSORB: 

0.06 mmol/L Ca 

0.20 mmol/L Mg

DESORB: 

0.51 mmol/L Na

SAMPLE P6

Ca

Mg

Na

Cl

so4
C T

IH 2 S

Fe

pH

Eh

MEAS.

0.72

0.66

6.1

0.07

0.69

8.3

0.009

0.018

7.71

-0,219

MOD.

0.78

0.71

6.3

0.11

0.69

8.3

0.002

0.007

7.65

0.228

V
SAMPLE P3

Ca

Mg

Na

Cl

so4
C T

^"LJ Q

Fe

PH

Eh

MEAS.

0.04

0.00

14.4

0.65

1.6

10.3

0.006

.0014

8,77

-0.302

MOD.

0.03

0.00

14.1

0.65

1.5

10.1

0.001

.0003

8.81

-0.311

^DISSOLVE: "

0.40 mmol/L HALITE 

0.94 mmol/L Na2S04 

0.13 mmol/L CH 20 

0.59 mmol/L DOLOMITE 

66. umol/L SIDERITE

PRECIPITATE: 
0.35 mmol/L CALCITE 

73. umol/L FeS, ,

ADSORB: 

0.99 mmol/L Ca 

1 .29 mmol/L Mg

DESORB: 
4.56 mmol/L Na

DISSOLVE: 
0.03 mmol/L HALITE 

0.11 mmol/L DOLOMITE 

0.09 umol/L FeS (a .

PRECIPITATE: 
0.11 mmol/L CALCITE 

0.17 umol/L SIDERITE

ADSORB: 
0.00 mmol/L Ca

0.11 mmol/L Mg

DESORB:

SAMPLE P2

Ca

Mg

Na

Cl

so4
C T

2H 2 S

Fe

pH

Eh

MEAS.

0.05

0.02

13 .0

0.51

1.6

9.3

0.015

.0005

8.91

MOD.

0.05

0.02

13.2

0.51

1.6

9.3

0.001

.0003

8.79

f-0.3l7J-0.309

SAMPLE P1 1

Ca

Mg

Na

Cl

so4
CT

IH 2S

Fe

pH

Eh

MEAS.

0.03

0.00

13.9

0.68

1. 5

10.0

0.003

.0002

8 92

-0.322

MOD.

0.03

0.00

14.4

0.68

1.5

10.2

0.002

.0002

8.85

 0.318

0.23 mmol/L Na

FIGURE 51. Calculated mass transfer for the calcite-dolomite-cation exchange-sulfate reduction model of ground-water evolution along the 
northern flow path of the Fox Hills Sandstone, Powder River Basin, Wyoming. Concentrations in millimoles per liter (mmol/L) and micro- 
moles per liter (/imol/L); Eh in volts.

uncertainty of siderite <5 13C values and the lenticular 
nature of the flow system. Siderite has been shown to 
vary in <5 13C from highly negative (Hodgson, 1966) 
(<5 13C=  33.3) to moderately positive (Fritz and others, 
1971) (<5 13C=12.8) values, with large variations possible 
in samples collected within a meter of each other. The 
sulfate reduction model requires dissolution of signifi­ 
cant amounts of siderite, and isotopic modeling con­ 
sidered siderite <5 13 C values to be equivalent to 
freshwater carbonate <5 13C values (Weber and others, 
1964). Variations in siderite <5 13C values might cause 
significant variations in <5 13C values of dissolved car­ 
bonate. The lenticular nature of the aquifer impedes 
vertical mixing within the formation, thus samples 
obtained from different areas may have slightly differ­ 
ent evolutionary histories and, therefore, different 513C 
values due to contact with carbonates of differing iso­ 
topic composition.

Calculation of adjusted carbon-14 ages yields virtual­ 
ly identical values for both models and suggests that 
the mechanism of CO2 production may not be an impor­ 
tant factor in determining ground-water ages. Adjusted

ages of 19,800 to 33,400 years were computed for P2, 
P3, and Pll using the model of Wigley and others 
(1978) and measured initial carbon-14 activities as 
discussed in the section on Radioactive Isotopes. The 
isotopic compositions and mass transfers used in the 
model are listed in table 25 and figures 50 and 51, 
respectively. Flow rates calculated from these ages, 
presented in table 31, compare favorably with hydrolog- 
ically derived values of 0.16-1.08 m/yr. Scatter in the 
ages may be the result of variable flow rates within the 
aquifer due to the lenticular nature of sand lenses and 
the presence of many interbedded shale beds, as well as 
failure to consider possible extreme <5 13C values for 
siderite.

CONCLUSIONS

Although the controlling reactions cannot be unequiv­ 
ocally determined, the major element geochemistry of 
confined ground waters in the Second Cat Creek sand­ 
stone and Lance-Fox Hills aquifers of the Northern
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FIGURE 52. Comparison of measured and modeled concentrations of selected constituents in waters from the northern 
flow path of the Fox Hills Sandstone, Powder River Basin, Wyoming.

Great Plains appears to be controlled by the in- 
congruent dissolution of dolomite driven by CO2 
dissolution and cation exchange. As a result, the waters 
evolve from a near neutral pH, low dissolved solids, 
calcium, and magnesium bicarbonate types to high pH, 
high dissolved solids, sodium bicarbonate types. The 
source of CO2 cannot be unequivocally determined, but

is assumed to be either the coalification of lignite or the 
oxidation of organic carbon by sulfate-reducing 
bacteria. Mass transfer and carbon isotopic evolution 
computations indicate that these reactions will affect 
dissolved carbonate <5 13C values similarly, with modeled 
isotopic compositions corresponding favorably to meas­ 
ured 613C values for both processes.
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EXPLANATION

  MEASURED ISOTOPIC RATIO 

MODELED ISOTOPIC RATIO

DISTANCE FROM OUTCROP ALONG NORTHERN FLOW PATH, IN KILOMETERS

FIGURE 53. Comparison of measured 613C values and the range of 
modeled 613C values for waters from the northern flow path of the 
Fox Hills Sandstone, Powder River Basin, Wyoming. The range of 
modeled 613C values reflects the uncertainty in the actual 613C com­ 
positions of aquifer carbon sources.

TABI.K 31. Comparison of radiometric and hydrologic flow rato for the Lance-Fox 

Hills aquifer of the Powder River Basin, Wyoming

Sample

P2
t>'-t
PI 1

Hydrologic flow rate 
(meters per year)

0.16-1.08
.16-1.08
.16-1.08

Radiometric flow rate 
(meters per year)

1.07
.77

<2.14

Despite the profusion of aluminosilicate minerals in 
the aquifers studied, ground-water pH and dissolved- 
carbonate chemistry appear to be controlled by 
equilibration with the often less abundant carbonate 
minerals. Clay minerals indirectly influence ground- 
water chemistry by providing substrates for cation ex­ 
change, thereby allowing for the high-pH, high- bicar­ 
bonate conditions attained in many aquifer systems. 
Similar conclusions were reached by Thorsten- son and 
others (1979) in their modeling study of the Fox 
Hills-Hell Creek aquifer in the Williston Basin, and by 
Foster (1950) in her laboratory study of carbonate- cation 
exchange equilibria.

The paucity of organic carbon poises oxidation poten­ 
tials at values near the redox interface and effectively 
prevent the onset of sulfate reduction in the Second Cat 
Creek sandstone, suggesting that CO 2 may be 
migrating into the aquifer from adjacent carbonaceous 
strata. In the Lance-Fox Hills aquifer, the presence of 
H2S and large quantities of carbonaceous material, as 
well as the ubiquitous nature of sulfate reducing bac­ 
teria, supports the hypothesis that CO2 is generated 
primarily within the aquifer, probably through the 
reduction of sulfate.

Significant quantities of methane were observed in 
dissolved gases extracted from the two deepest, and 
presumably oldest, samples from the Fox Hills Sand­ 
stone. Anomalously high <5 13C values indicate that 
methanogenic bacteria are active in these waters, 
becoming the dominant microbial population following 
the depletion of sulfate by more energetically efficient 
bacteria.

Dissolved gas samples also verify that measured Pco 
values may be significantly different than those calcu­ 
lated from field-measured pH due to exchange with at­ 
mospheric CO2 between the time of sample collection 
and measurement. Calculation of pH from measured 
Pco indicates that the in situ aquifer pH may differ 
from the field-measured value by up to 0.2 units for 
poorly buffered, low alkalinity waters, whereas the ef­ 
fects of CO2 exchange appear minimal for well buffered, 
high alkalinity samples.

Sulfate is presumed to be derived from the dissolution 
of gypsum or the oxidation of pyrite, either within the 
aquifer or in adjacent strata, whereas chloride enters 
the aquifer as minor amounts of leakage or diffusion 
through shale confining layers. As demonstrated in the 
Judith Basin study area, large increases in the concen­ 
trations of either of these constituents may be indica­ 
tive of leakage into the aquifer through faults, fractures, 
or other highly permeable zones. In the Powder River 
Basin, recharge of oxidized waters and subsequent mix­ 
ing with older, reduced waters results in high sulfate 
concentrations from migration of the redox interface 
and concurrent pyrite oxidation.

Aqueous iron concentrations are effectively con­ 
trolled by amorphous ferric hydroxide, siderite, or amor­ 
phous ferrous sulfide, depending on Eh conditions. 
Manganese concentrations appear to be regulated by a 
solid solution between calcite and rhodochrosite, 
although saturation with respect to MnHPO4 in waters 
of the Lance-Fox Hills aquifer may indicate control of 
dissolved manganese by a phosphate phase. Apatite is 
also saturated in the Lance-Fox Hills aquifer, and prob­ 
ably controls dissolved phosphate concentrations. A 
solid solution between calcite and strontianite may in­ 
fluence strontium concentrations in the Lance-Fox 
Hills aquifer, although such solid solution behavior is 
unlikely in the Second Cat Creek sandstone.

The use of ground-water geochemistry can provide 
invaluable information regarding the hydrology of con­ 
fined sandstone aquifers, especially when used in 
conjunction with available hydrologic data. Areas of 
significant recharge to the artesian systems are iden­ 
tified by the presence of relatively low dissolved solids 
concentration, calcium, and magnesium as the predomi­ 
nant cations, and high tritium and carbon-14 activities. 
Several samples of the waters from the outcrop did not 
exhibit all of these properties, serving as an indication
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of minimal recharge to the confined system in these 
areas. Flow directions, determined by regional poten- 
tiometric surface maps, were geochemically charac­ 
terized by increasing dissolved solids concentrations 
and log molar ([Ca]+[Mg])/[Na]2 ratios. It was deter­ 
mined, however, that variations in these operational 
parameters may become ambiguous in zones where 
waters of dissimilar chemistry converge and mix. 
Recharge temperatures for both the Second Cat Creek 
sandstone and Lance-Fox Hills aquifer, calculated from 
6 18O and <5D measurements and dissolved argon concen­ 
trations, are significantly lower than mean annual sur­ 
face temperatures, suggesting that recharge to these 
systems is derived primarily from spring snowmelt, 
rather than warmer late spring and summer storms.

Areas of leakage or mixing between aquifers are geo­ 
chemically characterized by abrupt changes in major 
element and isotopic chemistry, which are not charac­ 
teristic of normally observed ground-water evolution. 
Such changes in a fractured, structurally deformed area 
of the Judith Basin were interpreted as evidence of up­ 
ward leakage from deeper aquifers. Areal variations in 
major element chemistry similarly indicate the presence 
of a discharge zone along the Belle Fourche structural 
arch in the Powder River Basin.

Perhaps the most significant contribution of ground- 
water chemistry to the characterization of the 
hydrology of a confined aquifer system lies in the de­ 
termination of ground-water ages and flow rates. The 
adjustment of carbon-14 ages using computed mass 
transfer and stable carbon isotopic data allows for the 
calculation of flow rates that are directly comparable to 
those derived from measured aquifer constants and 
potentiometric data. The recent success in the adjust­ 
ment of carbon-14 ages utilizing mass transfer data ob­ 
tained from detailed geochemical models, both in this 
study and in others using this approach, is indicative of 
the usefulness of this technique in determining flow 
rates in geochemically well-defined systems.
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GEOCHEMICAL PRINCIPLES 

SOLUTION-MINERAL EQUILIBRIA

LAW OF MASS ACTION

The driving force of a chemical reaction can be related 
to the effective concentrations, or activities (a; ) of the 
reactants and products, through the Law of Mass Ac­ 
tion. In a system at equilibrium, for a particular set of 
pressure and temperature conditions, the rate of reaction 
in a forward direction is equal to the rate of reaction in a 
reverse direction. For the reaction:

bB+cC=dD+eE,

equilibrium conditions may be defined at a particular 
temperature and pressure by the thermodynamic equi­ 
librium constant (K ):

K«,=

EQUILIBRIUM CONSTANTS

The K for a reaction of 25° Celsius (°C) and one bareq

total pressure may be calculated from the difference in 
the standard free energies of formation (AG^) between 
products and reactants:

.0 \ 
fC '

reaction f products f reactants,

f reaction

where:

R=gas constant (8.3147

Ke<] >

Joules

mole ° Kelvin
), and

T= standard temperature (298.15° Kelvin).

Because an equilibrium constant is dependent on tem­ 
perature, the value calculated for 25 °C (298.15° Kelvin) 
must be adjusted if it is to be used at another tempera­ 
ture. In a system at constant pressure, the equilibrium 
constant is related to temperature by the standard en­ 
thalpy of reaction (AH^X) and the heat capacity of reac­ 
tion at constant pressure (AC°RX):

X r

2.303RT0

r 2.303R

T2

Tr

2.303R

where T2 represents the temperature of interest and Tr 
represents the reference temperature (298.15°K). Unfor­ 
tunately, heat capacity data are unavailable for a major­ 
ity of aqueous species; in most instances, the above ex­ 
pression cannot be solved. A simplification of the above 
expression, the Van't Hoff equation, assumes that AC°RX 
equals zero:

KeqT^kgKaqT,-
1

2.303R

Except when AH RX is close to zero at 25 °C, the Van't 
Hoff equation allows the estimation of K^ values from 0 
to 50 °C, which are sufficiently accurate for most 
purposes.

Standard enthalpies of reaction are computed in a 
manner analogous to AGRX :

f products

AHRX =(dAH°D +eAH^-(bAH°B +cAH°c).

ACTIVITIES AND ACTIVITY COEFFICIENTS

It can be shown experimentally that an ionic com­ 
pound is generally more soluble in an electrolyte solution 
than in pure water, provided the electrolyte does not con­ 
sist of the same ions as the compound. This effect is the 
result of interactions between oppositely charged ions in 
solution, which cause an apparent shift in the chemical 
equilibria involved. For ,dilute solutions, the magnitude 
of this interaction is dependent on the ionic strength (I) 
of the solution, which provides a measure of the molal 
concentrations (m.) and charges (ZJ of the respective ions 
in solution:
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To quantitatively describe the effects of ionic strength 
on equilibria, the concentrations of species in solution 
are adjusted by activity coefficients (7;) to yield the effec­ 
tive concentrations, or activities, of the species:

ai =7imi .

Activity coefficients for pure solids and liquids, and 
for dissolved species in infinitely dilute solutions, are 
equal to unity. As the ionic strength of the soluton 
increases, the dissolved ionic species lose some of their 
effectiveness, and the activity coefficient decreases. Ac­ 
tivity coefficients may be calculated for individual ions 
in dilute solutions (I < 0.05) (Garrels and Christ, 1965) 
through the use of the Debye-Hiickel equation:

log 7;=
l+a.BT

or the Davies equation:

where A and B are constants dependent on the tempera­ 
ture of the solution, and a; is the experimentally deter­ 
mined ion size parameter (Kielland, 1937).

For gases at 25 °C and at pressures of less than 40 
atmospheres, the activity is essentially equal to the par­ 
tial pressure of the gas:

COMPLEX EQUILIBRIA

For simple ions in solution, activities may be calcu­ 
lated from their respective activity coefficients and 
molalities. The activities of complex ions and ion pairs 
are, in turn, related to the activities of simple ions 
through mass action expressions; molalities of these 
complex ions and ion pairs may be calculated from their 
respective activity expressions. Conservation of mass 
and electro-neutrality constraints provide two additional 
expressions, allowing the set of simultaneous equations 
to be solved for the activities and molalities of all species 
in solution.

For instance, consider the dissolution of gypsum in 
pure water. The chemical reactions required to describe 
this system are:

H2O=H + +OH- ,
CaSO4 -2H2O(c) =Ca+2 +SO4-2 +2H 2O, 

CaSO4°=Ca+2 +SO4- 2 , 
CaOH+=Ca+2 +OH- , 
HSO4 -=H++SO4 - 2 .

Five mass action equations can be formulated to de­ 
scribe these chemical reactions in terms of activities, and 
the molalities of the aqueous species can be related to 
these activities by seven activity coefficients, provided 
by the ionic strength and Debye-Hiickel equations. At 
this point, there are seven unknown molalities, seven 
unknown activities, seven unknown activity coefficients, 
and the unknown ionic strength. However, there are only 
five mass action equations, seven activity equations, 
seven Debye-Hiickel equations, and the ionic strength 
equation. To solve the problem, two additional equations 
are required to equal the number of unknowns. These ad- 
ditonal equations are provided by the mass balance and 
charge balance constraints. Because the solution is in­ 
itially devoid of both calcium and sulfate, and because 
the independent addition of either calcium or sulfate dur­ 
ing the dissolution of gypsum would result in the ac­ 
cumulation of a net electrical charge in the solution, the 
following mass balance:

m 0 +m +=m
CaSO" CaOH + S

0
CaSO, HSO.

and charge balance:

2m ,.,+m ,+m + =2m _,+m _+m _
Ca +2 CaOH + H + SO 4 ' HSO4 OH

expressions must be valid. Thus, the 22 independent 
equations may be solved iteratively to yield values for 
the 22 unknowns.

This example demonstrates that the set of simul­ 
taneous equations required to solve for the unknowns 
in even a simple natural solution rapidly becomes too 
large to calculate by hand. As a result, computer pro­ 
grams such as WATEQ2 (Ball and others, 1980) and 
PHREEQE (Parkhurst and others, 1980) have been 
developed to solve the necessary equations to describe 
complex equilibria in natural aqueous systems.

SATURATION INDICES

The activities of aqueous chemical species may be 
used to calculate the saturation state of a mineral in that 
solution. If a solution is undersaturated with respect to a



C76 REGIONAL AQUIFER-SYSTEM ANALYSIS

mineral, the mineral will tend to dissolve; if a solution is 
oversaturated with respect to a mineral, the mineral will 
tend to precipitate. Saturation with respect to a mineral 
indicates that the solution and the mineral are in 
equilibrium. It is important to realize, however, that 
equilibrium calculations indicate the direction in which a 
particular reaction will tend to proceed, but not the rate 
at which it will proceed.

The dissolution of calcite may be presented by the 
reaction:

CaCO3(c) +H + =Ca+2 +HCO-
(calcite)

so the corresponding mass action expression would be:

Ca 1 HCO:

equilibrium

Substitution of calculated activities into the above mass 
action expression will yield an ion activity product 
(IAP):

IAP=
calculated

Comparison of the calculated IAP value with the 
equilibrium K value will allow a determination of thesp

saturation state of a mineral. The saturation index (SI) 
relates measured compositions to the equilibrium state, 
and is defined as:

SI=log IAP
K

An SI equal to zero indicates saturation with respect to 
that mineral phase because the observed conditions are 
equivalent to equilibrium conditions. Similarly, examina­ 
tion of the above equations will reveal that if an SI value 
is greater than zero, the mineral is oversaturated, and 
that an SI value less than zero indicates 
undersaturation.

Knowledgeable interpretation of the saturation indices 
generated from complete and precise chemical analyses 
will, therefore, yield important information regarding 
the degree of equilibrium (or disequilibrium) attained 
between aquifer mineral phases and the aqueous solu­ 
tion, and will suggest which solid phases may control 
aqueous chemistry. However, caution must be exercised 
in the evaluation of plausible controlling phases for a 
particular system. As discussed previously, ther- 
modynamic equilibrium calculations do not indicate the

rate at which a system will approach equilibrium. Thus, 
oversaturation with respect to a particular phase does 
not directly imply that the phase will precipitate from 
solution at a measurable rate.

PHASE DIAGRAMS

Phase diagrams were also utilized to determine which 
aquifer minerals are stable in a given aqueous solution. 
Aqueous dissolution reactions for pairs of mineral 
phases may be combined and balanced to yield an 
expression relating the stabilities of the two phases to 
the activities of their aqueous dissolution products. Solu­ 
tion of these equations in terms of two of three 
parameters ion activities, gas partial pressures, or ox­ 
idation potentials allows the stability boundary for 
that mineral pair to be plotted as a function of variation 
in the two parameters chosen. Activities of species not 
represented by either the ordinate or abscissa are fixed 
at values approximating solution composition. Super­ 
position of aqueous compositions on such a diagram 
reveals the stable mineral or minerals in that water. For 
further discussion of such diagrams, or of solution- 
mineral equilibria in general, the reader is directed to 
Garrels and Christ (1965) and Stumm and Morgan 
(1981).

AQUEOUS SOLUBILITY OF GASES

The equilibrium activity of a particular gas in water 
(a jj is related by its Henry's Law solubility constant 
(Kgas ) to the partial pressure of that gas (Pgas) in an adja­ 
cent gas phase by:

gas

Thus, knowing the atmospheric fractional abundance (N) 
of a gas and the total atmospheric pressure (Patm) at the 
location of interest, one can calculate the equilibrium ac­ 
tivity of that gas in solution:

_ gas
gas vrp^ A atm

Because Henry's Law solubility constants often vary 
with temperature, the aqueous concentration of a rela­ 
tively inert gas, such as argon, krypton, or xenon, can 
reveal the temperature of ground-water recharge, assum­ 
ing that the water has neither gained nor lost the gas of 
interest after contact with the unsaturated zone (Mazor,
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1972). Additions of argon due to the radioactive decay of 
40K are generally insignificant for time intervals less 
than several million years.

OXIDATION-REDUCTION

Because the mobility of most elements exhibiting 
multiple oxidation states in natural systems is highly 
dependent on the oxidation potential (Eh) of the system, 
and because the oxidation of organic carbon provides an 
important driving force for many geochemical reactions, 
the recognition of redox zones and the estimation of Eh 
are very important in ground-water modeling studies.

The oxidation potential of a ground water is generally 
observed to decrease as the water flows from upland re­ 
charge areas to lowland discharge areas under confined 
conditions. Champ and others (1979) discussed such 
variations in Eh and the corresponding variations in con­ 
centrations of elements with variable oxidation states, 
including oxygen, nitrogen, iron, manganese, sulfur, and 
carbon. They concluded that a sequence of oxidation- 
reduction reactions, based on thermodynamic principles 
and microbial catalysis, can account for the variations in 
oxidation potential. Their sequence of reactions defines 
three redox zones in ground-water flow systems that are 
described as: (1) oxygen-nitrate; (2) iron-manganese; and 
(3) sulfide. Ground water entering the recharge area of a 
confined aquifer system is oxidizing, containing both 
dissolved oxygen and nitrate, organic carbon present in 
the aquifer serves as the reductant, being catalytically 
oxidized to CO2 by micro-organisms that utilize these 
redox reactions as a source of energy for their metabolic 
requirements. The reductant, organic carbon with an ox­ 
idation sate of zero, is represented simplistically as 
CH 2O in the following reactions. The pertinent 
geochemical reactions have been sequentially numbered 
for ease of reader reference.

Once the oxygen and nitrate have been microbially 
reduced by organic carbon:

02(g) +CH20=C02(g) +H20 (1)

4NO3-+5CH2O+4H+ =2N2(g) +5CO2(g) +7H2O (2) 

NO3-+2CH2O+2H+ =NH4 + +2CO2(g)+H2O (3)

the more reducing iron-manganese zone is encountered. 
Fe(III) and Mn(III)-Mn(IV) oxyhydroxides, stable in 
the oxygen-nitrate zone, are reduced to Fe(II) and 
Mn(II):

4Fe(OH)q(am) +CH20+8H+=4Fe+2 +CO,((r>+llH20, (4)'3(am| 2(g)

2MnO2 +CH2O+4H+ =2Mn+2 +CO2(g)+3H2O. (5)

After the reduction of iron and manganese, the ground 
water becomes sufficiently reducing to allow the onset of 
microbial sulfate reduction:

SO4- 2 +2CH2O+H+=HS-+2CO2(g) +2H2O, (6)

followed by acetate fermentation or CO2 reduction to 
form methane:

CH3COOH=CH4(g)+C02(g)

co2(g) +H2(g)=CH4(g) +2H2o.

' (7) 

(8)

The hydrogen required to reduce CO2 is derived from 
organic compounds present in the aquifer.

In some cases compounds other than organic carbon 
may act as reductants in the presence of oxidized spe­ 
cies. Sulfide species originating from the dissolution of 
pyrite [FeS2(c)] can act to reduce both oxygen:

FeS2(c) +(7/2)02(g) +H20=Fe+2 +2SO-2 +2H+ (9) 

and ferric iron: 

FeSw l + 14Fe+3 +8H9O=15Fe+2 +2SOr2 +16H+. (10)
£\Cf £ **

(pyrite)

Reduced gases such as methane may also serve as 
reductants on exposure to more oxidized species:

CH4(g)+202(g)=H2C03°+H20.
(11)

In this study, Eh was calculated using the appropriate 
oxidation-reduction reactions in conjunction with the 
Nernst-Peters equation:

Eh=EO+ 00591 
n , (reduced)

where:

E°= standard electrode potential, for the combined 
half reactions, in volts,

n= number of moles of electrons transferred,

(oxidized) ,, ,. f ,,-       -=the mass action expression for the com-
(reduced)

bined half reactions.

For the oxygen-nitrate zone, the appropriate reaction in­ 
volves the O2-H2O redox couple:
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O 2(gl +4H++4e-=2H2O ; E°=1.229 volts, (12) 

Eh=1.229-0.0592pH-0.0148 log (aH 0) 2/(P0 ).

The Fe(II)-Fedll) couple (Doyle, 1968a; Whittemore 
and Langmuir, 1975) was used to calculate Eh when 
neither O2 nor H2S were present, as in many of the 
Judith Basin samples. Amorphous ferric hydroxide 
[Fe(OH)3(am)] and siderite [FeCO3(cl] are known to coexist 
in the Kootenai aquifers, and preliminary WATEQ2 
computations indicated that both of these phases were 
in equilibrium with sampled waters. Assuming that both 
Fe(OH)3(am) and siderite are in equilibrium with the solu­ 
tion, deciding on a pKsp range of 37 to 39 for the 
Fe(OH)3(am) dissolution reaction (Langmuir and Whit­ 
temore, 1971), and assuming the presence of a highly 
soluble amorphous siderite, the following reactions may 
be used to calculate Eh:

Fe(OH)3(am =Fe+3 +30H-; pK,^,^-37-39 , (13)

FeC03(c =Fe+ 2 +C03-2 ; pKFeC0^10.22, (14)

Fe+3 +e~=Fe+2 ; E°=0.771 volts. (15)

Adding reactions and substituting into the Nernst equa­ 
tion, the Eh expression becomes:

Eh=0.771+0.0592(pKFeCO -PK
Fe(OH), -3 log(a .

3(am) ° OH

1og(aco_ 2)). (16)

WATEQ2 was used to calculate a _ and a _,, which
^ OH CO3 2

were in turn substituted into the above expression to 
evaluate the Eh of these waters. Saturation indices for 
siderite and Fe(OH)3(am) , derived using the calculated Eh 
values and the WATEQ2 crystalline siderite stability 
constant, indicate equilibrium between these phases and 
all solutions for which this calculation was performed. 
The precision of the estimates, based on the variable 
stability of Fe(OH)3|am) , was calculated to be ±60 milli­ 
volts of the intermediate (pKFe(OH) =38) value.

Finally, when measurable sulfide was present in the 
sampled waters, the SO~ 2-H2S couple was used to calcu­ 
late Eh:

SO4- 2 +10H+ +8e-=H2S°+4H2O; E°=0.301 volts , (16) 

Eh=0.301-0.0740pH-0.00740 log(aH s)(aH

Although recent evidence suggests that electroactive 
polysulfide (S~ 2 ) and thiosulfate (S2O~ 2 ) ions in equi­ 
librium with dissolved sulfide control Eh in waters 
where these species are present (Boulegue and Michard, 
1979), the use of the more readily determined SO~ 2-H2S

couple will result in minimal errors of approximately 50 
millivolts.

MINERAL DISSOLUTION AND WEATHERING

The CO2 produced during the microbial oxidation of 
organic matter provides an important driving mech­ 
anism for many important mineral dissolution and 
weathering reactions. Carbon dioxide dissolves, in­ 
creases total inorganic carbon (CT) concentrations in the 
aquifer, and decreases pH through dissociation of the 
carbonic acid (H2CO^) formed:

C02(g) +H20=H2CO«,

H 2CO3) =HCO3-+H+,

HCO-=COr2 +H+.

(17)

(18)

(19)

Although some mineral dissolution reactions can pro­ 
ceed without the consumption of acidity:

CaSO4 -2H2O(c) =Ca+ 2 +SO4- 2 +2H2O, (20)
(gypsum)

the acidity produced by the dissociation of carbonic acid 
provides a driving force for the weathering and disso­ 
lution of many other groups of minerals, including 
carbonates:

CaCO3(c) +H+=Ca+2 +HCO3-, (21)
(calcitel

CaMg(CO3 )2(c) +2H+=Ca+2 +Mg+2 +2HCO3- , (22)
(dolomite)

CaMg(C03 ) 2(c( +2H+=CaC03(c| +Mg+2 +HC03- , (23)
(dolomite) (calcite)

and aluminosilicates: 

K06 Mg025 Al25Si350 10(OH)2(c) +3.15H20+l.lH^
(illite)

1.15Al2Si2O 5(OH)4(cf0.6K+ +0.25Mg+2 +1.2H4 SiO«, (24)
(kaolinite)

3Na0 33Al233Si3670 10 (OH)2(c) +H-
(Na-montmorillonite)

3.5Al2Si2O5(OH)4(c| +Na++4H4SiO4°,
(kaolinite)

3KAl2Si3O 10(OH)2(c) +3H 2O+2H+ =
(muscovite)

(25)
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3Al2Si205(OH)4(c| +3K+
(kaolinite)

NaAlSi3O8(c) +6.1H2O+l.lH+ =
lalbite)

(26)

(allophanel

( +Na+ +2.6H4 SiO4° (27)

The coalification of lignite and other carbonaceous 
materials also results in the generation of CO2, as well as 
in the release of considerable quantities of CH 4 
(Teichmuller and Teichmuller, 1979). Experimental work 
by Foster (1950) has demonstrated the importance of 
CO2 derived from lignite, in combination with calcite 
dissolution and cation exchange, in producing the high- 
bicarbonate waters of the Atlantic Coastal Plain.

ION EXCHANGE

Fine-grained sediments exhibit the capability of ex­ 
changing ions adsorbed on electrically charged particle 
surfaces. The net positive or negative charge on the par­ 
ticle is the result of ionic substitutions, imperfections, 
and broken bonds within the crystal lattice, or 
association-dissociation reactions that occur on the parti­ 
cle surfaces. To maintain electrical neutrality, ions of op­ 
posite charge, known as counter ions, are attracted to the 
particle and form adsorbed layers immediately surround­ 
ing the particle. These ion-exchange processes are most 
important for colloidal-sized particles, because of their 
relatively high charge-to-size ratio.

In natural systems, clay minerals form an important 
class of ion exchangers. The ion-exchange capacity of 
these layered aluminosilicates, which include the 
kaolinite, smectite, illite, chlorite, and vermiculite 
groups, results from imperfections and isomorphous 
substitutions in the crystal lattice, which generally 
create a net negative charge. In the kaolinite group, 
broken bonds at crystal plate corners and edges are the 
chief cause of the negative charge on the particles.

The oxide minerals, including silica and iron and man­ 
ganese oxides, form a second important class of ex­ 
changers. The surfaces of these minerals contain in­ 
completely coordinated metal and silicon cations at low 
pH, and an excess of hydroxyl or oxygen groups at high 
pH. The dissociation of water at these charged sites 
results in a charged surface layer surrounding the parti­ 
cle, the nature of which is dependent on solution pH. 
Positive surfaces prevail in low pH solutions; negative 
surfaces are formed in high pH solutions. Neutrality is 
attained at some intermediate pH, known as the zero 
point of charge (pHzpc), so the oxide has a tendency to ad­ 
sorb major anions below the pHzpc, and major cations 
above.

As defined by van Olphen (1963), the cation exchange 
capacity (CEC) of a material is the excess of counter ions 
that can be reversibly exchanged for other cations in 
solution. Cation exchange capacity is usually expressed 
as the number of equivalents of cations that can be ex­ 
changed by 100 g dry weight of a material. The CEC's of 
several natural exchangers, as reported by Grim (1968) 
and Donald Langmuir, (Colorado School of Mines, oral 
commun., 1980), are presented in table 32. Clay ex­ 
changers generally have a greater affinity for divalent 
than monovalent cations due to the greater charge densi­ 
ty of the former (Wiklander, 1964). Similarly, within 
groups IA and IIA of the periodic table, the affinity for 
adsorption by clays generally decreases with increasing 
hydrated ionic radii (Eisenman, 1962), as given by the 
Hoffmeister series:

Cs+ >K+>Na+>Li+ 

Ba+2 >Sr+2 >Ca+2 >Mg+2 .

The thermodynamics of exchange reactions can be de­ 
scribed in terms of mass action expressions that relate 
the activities of cations in solution and on the exchanger 
to a thermodynamic exchange constant, Kex. Thus, for 
the following absorption-desorption reactions:

Ca+2 +Na2EX=2Na++CaEX, 

Mg+2 +Na2EX=2Na+2 +MgEX,

(28)

(29)

where EX represents the negatively charged exchange 
site, the corresponding mass action expressions are 
given by:

KNaCa=
(a + )2Na+

and:

Na"1

where aN EX, * anc^ aMEx represent the activities ofMgEx
these cations on the surface of the exchanger.

Because exchange reactions occur at a relatively fast 
rate, cation concentrations in ground water can be ex­ 
pected to be in equilibrium with the exchange surface. 
However, according to Freeze and Cherry (1979), many 
millions of pore volumes of water may have to pass 
through an aquifer before the ratios of absorbed cations 
completely adjust to the cationic composition of the in­ 
put waters. This process may require time periods on the 
order of millions of years to complete, because of the 
relatively low concentration of cations in the input water
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Material
CEC

(milliequivalents per 
100 grams at pH 7)

Kaolinite              

Glauconite             
Hike, Chloritc           

Smectites (mimtmnrillonite)       
Vcrmiculite                 

Mn(IV) and Fe(III) oxyhydroxides

3-15

11-20
10-40
80-150
100-150
100-740

compared to the large surface area of the clay particles. 
Clays in strata deposited in marine or transitional en­ 
vironments are initially saturated with exchangeable 
sodium ions, the prevalent cation in seawater. These ions 
can be systematically desorbed by calcium and mag­ 
nesium ions derived from mineral dissolution and pre­ 
sent in infiltrating ground waters. The result is that, un­ 
til exchanger compositions completely adjust to the ca- 
tionic composition of infiltrating ground waters, a pro­ 
gressive decrease in aqueous calcium and magnesium 
concentrations, accompanied by a concurrent increase in 
sodium concentration, will occur as water flows through 
the aquifer.

ENVIRONMENTAL ISOTOPES

STABLE ISOTOPES

Many elements exhibit natural variations in their 
isotopic compositions because of the fractionation of iso­ 
topes during phase transitions and chemical and bio­ 
logical reactions. These isotopic fractionations are due to 
slight differences in the physical and chemical properties 
of different isotopes of an element, and are directly pro­ 
portional to relative differences in their masses. As a 
result, isotopic fractionation of this type is most pro­ 
nounced among elements with atomic masses less than 
or equal to that of calcium. The hydrologically signifi­ 
cant elements considered in this report are hydrogen, 
carbon, oxygen, and sulfur.

The magnitude of isotopic fractionation associated 
with a particular process is indicated by the fractiona­ 
tion factor (a):

a=RA/RB

where RA and R B are the appropriate equilibrium iso­ 
topic ratios in phases A and B. Fractionation factors

may be calculated by means of statistical mechanics or 
measured experimentally; they generally approach unity 
with increasing temperature.

Isotopic composition is expressed in 5(Del) notation as 
per mil differences in the measured isotopic ratios of 
sample and standard. For example, the relationship for 
carbon isotopes is:

5 13C=
3C/12C)

sample

3C/12C),
-1

standard

X1000

The carbon isotope ratios may be replaced by 2H/1 H 
(D/H), 18O/16O, or 34S/32S ratios to obtain the correspond­ 
ing 5 values for these other elements. Typical standards 
used in evaluating isotopic composition include the 
SMOW (standard mean ocean water, for 5 18O and 5D) 
(Craig, 1961a), PDB-1 (CO2 gas produced from a belem- 
nite of the Cretaceous Peedee Formation for 6 13C) (Craig, 
1957) and Canon Diablo troilite standards (troilite from 
the Canon Diablo meteorite, for 534S) (Jenson and Nakai, 
1963).

OXYGEN AND HYDROGEN

Natural variations in the 5 18O and 5D values of water oc­ 
cur from differences in the vapor pressures of waters 
containing different isotopes of oxygen and hydrogen. 
Water containing lighter isotopes will exhibit a signif­ 
icantly greater vapor pressure than water containing 
heavier isotopes. As a result, vapor formed from liquid 
water will be depleted (decreased 5) in 18O and D, and the 
remaining liquid will be enriched (increased 5) in these 
heavier isotopes. Because of this fractionation, 518O and 
5D vary characteristically as a function of latitude, eleva­ 
tion, condensation temperature, and distance inland, and 
can, therefore, be used as indicators of ground-water 
source and temperature of the recharge waters. Devia­ 
tions from expected meteoric water compositions (Craig, 
1961b; Gat, 1980) in natural systems are indicative of 
evaporation and transpiration, mixing with nonmeteoric 
waters, or of isotopic exchange with the hydroxyl groups 
of silicate minerals at elevated temperatures.

CARBON

Stable carbon isotopes provide an extremely useful 
tool in the study of ground-water chemistry, aiding in 
the determination of controlling chemical reactions and 
mass transfer. Carbon isotopic data places an additional 
constraint on proposed mass transfer models, in that a 
geochemical model must correctly predict both the 
chemical and isotopic composition of a system.
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In some instances, the relative importance of chemical 
control of ground-water chemistry by carbonates or 
aluminosilicates may be evaluated using 6 13C data. In 
temperate climates, plants use the Calvin photo- 
synthetic cycle, which produces organic carbon with 6 13C 
values of -25±5 (Rightmire and Hanshaw, 1973). CO 2 
produced in the unsaturated zone by the oxidation of 
this type of plant material should also have 6 13C values 
of approximately  25. Ground water in the unsaturated 
zone will exhibit 613C values representative of equilibra­ 
tion between dissolved bicarbonate, the predominant 
carbonate species between pH 6.4 and 10.3, and an 
essentially infinite gaseous reservoir of CO 2 . 
Equilibrium fractionation of 13C between HCO~ and
k^2<gi' aHco~-co.,, was reported by Deines and others 
(1974) to be 1.0092 at 10 °C, leading to a 9.2 per mil 13C 
enrichment in 6 13 C _ over 6 13 C CO , or a value

HCO 3 2igi
of  16 for bicarbonate in unsaturated zone waters. On 
reaching the water table, ground water is effectively 
isolated from the CO2 gas reservoir, and isotopic evolu­ 
tion proceeds under conditions that are closed with 
respect to exchange with that reservoir. Freshwater 
diagenetic carbonates, which are common in transitional 
sandstones, have 6 13C values of  4.8 ±5.1 (Keith and 
Weber, 1964), whereas CO2 derived from the oxidation of 
sedimentary organic carbon would have 6 13C values in 
the range of  28 ±4 (Craig, 1954). Congruent dissolution 
of calcite (reaction 21) or dolomite (reaction 22) driven by 
the oxidation of organic carbon (reactions 1-6) would 
liberate bicarbonate with a 6 13C value of 16, allowing 6 13C 
solution to remain approximately constant, as seen from 
mass balance considerations:

'final

m final

where m T is the molality of total inorganic carbon in 
solution.

Dissolution of aluminosilicates (reactions 24-27) also 
driven by the oxidation of organic carbon (reactions 1-6) 
would generate bicarbonate of the same isotopic compo­ 
sition as the organic carbon from which it was derived, 
causing the <5 13C of the evolving ground water to asymp­ 
totically approach a value of  28:

'con

finalm

Using similar arguments, Wigley and others (1978) ex­ 
amined the isotopic evolution of a system controlled by 
dedolomitization, the incongruent dissolution of 
dolomite to form calcite (reaction 23). Again assuming an 
organic carbon CO 2 source and a <5 13Ccarbonate value 
representative of either freshwater or marine 
(613C=-0.2±2.0) (Craig, 1954) carbonates, the authors 
calculated that solution 6 13C will asymptotically increase 
during closed (to a CO 2 gas reservoir) system conditions, 
reaching a final value representative of equilibrium bet­ 
ween input and output <5 13C values. Consideration of car­ 
bon mass balance and isotopic evolution should, 
therefore, allow for a distinction between the above 
types of reactions in a system where CO2 is being pro­ 
duced, but does not exist as a discrete gas phase.

Carbon isotopes may also be used to substantiate ac­ 
tive methanogenesis (reactions 7 and 8) in aqueous 
sytems. Methane generated during these microbially 
mediated reactions is strongly depleted in 13C with 
respect to CO 2 (Claypool and Kaplan, 1974), with 
aCOCH = 1.071 at 25°C (Bottinga, 1969). The activity of 
methanogenic bacteria would therefore be evident form 
the presence of methane and also from the 13C enrich­ 
ment of dissolved carbonate. Migration of methane into 
an aquifer could not produce a similar increase in the 
6 13C of dissolved carbonate species, as Sackett and 
Chung (1979) have demonstrated that CO2 and CH4 do 
not attain isotopic equilibrium at low temperatures.

SULFUR

Sulfur isotopes can be used in geochemical studies to 
calculate the amount of sulfate reduction (reaction 6) 
that has occurred in an aquifer. Anaerobic bacteria, 
such as Desulfouibrio sp., reduce SO^ 2 to form H2S, 
which is depleted in 34S with respect to SO" 2 . The re­ 
maining sulfate is therefore enriched in 34S, and <534Ssulfate 
will increase accordingly. If both <534Ssulfide and <534Ssulfate 
values are known, calculated mass transfer in the sulfur 
system can be used to compute the expected final 
<534 Ssulfate value, as demonstrated by Plummer and others 
(1983). Because <534Ssulfide determinations were unsuc­ 
cessful in both study areas examined here, a discussion 
of this method is beyond the scope of this paper.

Sulfur isotopes have another use in hydrologic 
studies. Holser and Kaplan (1966) measured the 634S 
values in numerous samples of marine evaporate rocks 
of Phanerozoic age, and concluded that the 634S value of 
marine sulfate varied significantly during this period. 
Sulfate derived from marine sediments of one age will 
therefore differ from that derived from sediments of 
another age, so that differences in sulfur isotopic 
composition can be used to identify sulfate associated
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with leakage between strata of different ages. However, 
considerable overlap exists between marine sulfates of 
different ages, so the age of the strata from which the 
sulfate was derived may not be unequivocally deter­ 
mined in many cases.

RADIOACTIVE ISOTOPES

TRITIUM

Tritium ( 3H) is a naturally occurring, radioactive iso­ 
tope of hydrogen, which is produced in the upper at­ 
mosphere by the interaction of nitrogen with cosmic 
ray-generated neutrons (n):

13N+n= 12C+ 3H (30)

The newly created tritium then combines with oxygen 
to form water, which is subsequently dispersed 
throughout the hydrosphere. As a result of the atmos­ 
pheric testing of hydrogen bombs, naturally produced 
tritium has been far overshadowed during the past 25 
years by much higher levels of artificially produced 
tritium. These artificial tritium levels, which are be­ 
tween one and three orders of magnitude greater than 
pre-bomb levels, serve as a hydrologic tracer with which 
relatively young waters may be identified. Tritium con­ 
centrations on the order of 10 picocuries per liter (pCi/L) 
or less (2-4 tritium units or less; 1 TU=1 tritium atom 
per 10 18 hydrogen atoms) are indicative of waters with 
ages of greater than 25 years, whereas greater concen­ 
trations indicate the presence of waters younger than 25 
years in age.

CARBON-14

The measurement and adjustment of carbon-14 ages 
of waters from confined aquifers remains the most suit­ 
able and widely used method of ground-water dating. 
Past attempts to use other radioactive isotopes, such as 
39Ar and 32Si (Oeschger and others, 1974) have met with 
limited success, although refined analytical techniques 
may allow the routine use of such dating schemes in 
future studies.

Carbon-14 is produced in the upper atmosphere by the 
interaction of cosmic ray-produced neutrons with stable 
isotopes of carbon, oxygen, and nitrogen. The most 
significant of these is the reaction between slow cosmic 
ray-produced neutrons and nitrogen:

14N+7i= 14C-HH. (31)

The 14C atoms are incorporated into molecules of carbon 
dioxide and then rapidly mixed throughout the at­ 
mosphere, attaining constant concentrations represent­ 
ative of steady-state equilibrium.

Carbon-14 dating is based on the principle that, upon 
isolation from the atmospheric 14C reservoir, the concen­ 
tration of this unstable isotope begins to decrease from 
radioactive decay by beta emission to 14N:

(32)

In ground-water systems, 14 C concentrations may also 
be altered by mixing or interaction with other carbon 
sources, so that the accuracy of a date is dependent on 
one's ability to successfully isolate the effects of radioac­ 
tive decay from those of other processes that change 14C 
content. In the absence of such processes, the equation 
for determining time (t, in years) since isolation from the 
atmosphere based on the 14 C activity is:

t,.
v"^

0.301
log

where:

t, = 14 C half life, 5,730 years
A= measured 14C activity, in percent modern

carbon
AND= 14C activity to be expected in the absence of 

radioactive decay, in percent modern 
carbon.

Estimation of AND is dependent on quantitatively deter­ 
mining the magnitude of carbonate sources and sinks in 
the aquifer system. Under favorable conditions, this can 
be accomplished through the use of geochemical mass 
transfer models.

Wigley and others (1978) divided carbon mass transfer 
into three stages for the purpose of 14 C dating:
1. Evolution in the unsaturated zone, where infil­ 

trating ground water is open to isotopic ex­ 
change with an effectively infinite, gaseous CO2 
reservoir.

2. Congruent dissolution of carbonates (reactions 21 
and 22) in the saturated zone, where ground 
water is assumed to be closed to exchange with a 
CO2 gas reservoir.

3. Incongruent dissolution of carbonates (reaction 
23) in the saturated zone, with closed system 
conditions continuing.

The effects of these three stages are dependent on iso­ 
topic fractionation between gas and aqueous phases, car­ 
bon mass transfer, and isotopic fractionation between
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aqueous and solid phases. Substitution of expressions 
representing the effects of each of the three evolutionary 
stages into the above decay equation yields:

t= 19035
100 613C2 -<513C. 

log^+log (  -   ) +
A d^C

log(
/36 13C-613C.+

where:

d^C^ solution <5 13C at the end of stage 1, 
613C2 = solution 5 13C at the end of stage 2, 
<513C,= dissolving carbonate <513C,

|3= composite parameter representing reaction
progress, 

eps= additive fraction factor between solution
and precipitate, 

F= ratio of carbon input to output rate.

For a detailed derivation of this expression and ex­ 
amples of its use, the reader is directed to Wigley and 
others (1978). Application of the above expression to 
analytical data and computed mass transfer allows an 
estimation of ground-water age, which in turn can be 
used to derive flow rates and aquifer constants.

GEOCHEMICAL COMPUTER MODELS

WATEQ2

The computer program WATEQ2 (Ball and others, 
1979; 1980) was used to compute the equilibrium dis­ 
tribution of aqueous species and then calculate mineral 
saturation indices for the sampled ground waters. This 
PL/1 code is a revised and expanded version of 
WATEQ, the computerized aqueous chemical model of 
Truesdell and Jones (1974). The method of calculation 
involves solution of mass action and mass-balance equa­ 
tions through an iterative back-substitution on cation 
and anion mass-balance equations. Options are pro­ 
vided for calculation of activity coefficients using either 
the Debye-Hiickel or Davies equations.

WATEQ2 allows for consideration of ion association 
and solubility equilibria for several trace metals (Ag, 
As, Cd, Cu, Mn, Ni, Pb, and Zn), solubility equilibria for 
various metastable solids, and polysulfide speciation. 
Calculations of redox potential from various couples and 
from propagated standard deviations for many ion ac­ 
tivity products are also provided. The program utilizes 
an extensive, low-temperature thermodynamic data 
base, which has been updated by using recent compila­ 
tions of critically evaluated data (Ball, 1979; 1980).

Input data consist of laboratory determinations of 
total concentrations of major, minor, and trace 
elements, and field-measured temperature, alkalinity, 
and pH values. Eh may be determined in the field using 
a platinum electrode (Langmuir, 1971), or may be cal­ 
culated from any of several appropriate redox couples 
(reactions 12-16). The significance of the calculated 
saturation indices is determined by the propagation of 
analytical errors, with saturation being considered any 
value of SI within the 95 percent confidence interval of 
zero. For many minerals, 95 percent confidence lies 
within several tenths of zero; for others, saturation may 
be implied at greater than one unit deviation from zero 
because of the poor precision of analytical results near 
the detection limit.

PHREEQE

Reaction simulation and mass transfer modeling of 
aquifer geochemistry was accomplished using PHREE­ 
QE (Parkhurst and others, 1980), a FORTRAN computer 
program designed to simulate chemical reactions. 
PHREEQE utilizes an ion-pairing aqueous-speciation 
model similar to that in WATEQ2 to simulate aqueous- 
solution chemistry. It can equilibrate an initial solution 
with one or more mineral or gas phases, calculating the 
final equilibrium solution composition, Eh and pH, as well 
as the associated mass transfer between solid, aqueous, 
and gaseous phases. The code also allows the user to add 
net stoichiometric reac- tions to a solution, to mix solu­ 
tions of different composi- tion (constant volume), or to 
titrate one solution with another (additive volume).

PHREEQE was used to simulate changes in ground- 
water chemistry associated with equilibration of an in­ 
itial rainwater solution with ion exchangers and various 
mineral phases. A computational problem arises in the 
attempt to mathematically equilibrate a given solution 
with Na/Ca and Na/Mg exchange, and with the mineral 
phases calcite and dolomite, simultaneously. Both ion- 
exchange and mineral-equilibrium equations specify a 
a +2/a +2 ratio, indicating that the four equations

Ca Mg

simulating these reactions are not independent, and a
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unique algebraic solution is not available. In natural 
systems, an additional variable is provided by the sur­ 
face composition of the exchanger, resulting in an addi­ 
tional equation. PHREEQE is currently unable to con­ 
sider the variable surface composition of an exchanger; 
therefore, simultaneous equilibration with Na/Ca and 
Na/Mg exchange in combination with calcite and 
dolomite equilibration was accomplished in a stepwise 
manner. Solutions were first equilibrated with calcite 
and dolomite, followed by equilibration with ion ex­ 
change. This two-step procedure was repeated until the 
resulting solution composition had stabilized, and the 
saturation indices of calcite and dolomite were within 
analytical uncertainty of zero. Comparisons of this step- 
wise method and simultaneous mineral-ion exchange 
equilibration for calcite-ion exchange and dolomite-ion

exchange simulations result in similar mass transfers 
and final solution compositions via the two methods.

ISOTOPIC EVOLUTION EQUATIONS

A. U.S. Geological Survey FORTRAN computer pro­ 
gram was used to calculate carbon isotopic evolution 
associated with simulated mass transfers. This code 
utilizes a finite difference method to solve the isotopic 
evolution equations of Wigley and others (1978), 
yielding final 613C and AND values from initial 613C and 
13C measurements, simulated carbonate mass transfer 
and solution composition. Fractionation factors have 
been calculated from the temperature-dependent func­ 
tions of Deines and others (1974).
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