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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.

> S A

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 6!*0 and D 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

C1



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

TABLE 1.— Pertinent chemical reactions—Continued

Reaction Reaction
Oxidation-reduction number Ion exchange number
Oy + CH,0 = CO, + H,O ) Ca*?+Na,EX =2Na* + CaEX’ (28)
4NO; +5CH,0 + 4H* = 2N, +5CO,  + TH,0 @) Mg+ Na,EX = 2Na " * + MgEX (29
NO; +2CH,0+2H" =NH, + QCOQ(g) +H,0 3) Reaction
4Fe(OH),, + CH,0 +8H" = 4Fe* 2, COyy + 11H,0 4 Nuclear transmutation number
2MnO, + CH,0 + 4H* =2Mn*2+CO,_,(z)+BH{_,O (5) T (30)
SO;#+2CH,0+H" =HS™ +2C0, +2H,0 6) “N+n-C+'H (€
CH,COOH = CH*(E) + COZ(g) @) Reaction
COQ(S’) * 4H2(g) - CH*(g) + QHQ? . (8) Radioactive decay number
- +2 - +
FeSy+ 7120y + Hy0 = Fe 24 250, %+ 2H ©) T 2
(pyrite) ‘
FeS, +14Fe*®4+8H,0=15Fe*?+250, %+ 16H* (10 ;
2(c) 2 4 EX-lon exchange site
{pynte)
)
CH,, +20,,=H,CO; + H,0 (11
Reaction .
Eh redox couples number | The methods and equipment used to evaluate these
parameters are listed in table 2.
Oy + 4#H* +4e™ =2H,0 ; E" = 1.229 volts (12)
Fe(OH),,, = Fe*’+30H " : PKroom, = 3739 (13)
FeCO, ,=Fe*?+CO; 7, PKpco, = 10.22 (149 MAJOR AND MINOR ELEMENTS
Fe*?+e” =Fe*?, E'=0.771 volts (15)
SO;*+10H" + 8¢~ =H,8"+ #H,0 ; E"=0.301 volts (16) Major and minor element samples were filtered
. through 124-mm (millimeter) diameter, 0.45-um (mi-
Reaction brane filters using a GeoFilter variabl
Dissolved carbonate equilibria number | €T ometer) 'menl' rane IS usmng a ?O T variable
speed peristaltic pump and backflush filter plate. Trace
CO,, + H,0 =H,COY 1n element samples were filtered through 124-mm diam-
H,CO|=HCO, +H* (18) eter, 0.10-um membrane filters in order to decrease the
HCO; -CO,*+H* (19) amount of suspended matter in the sample (Kennedy
oo and others, 1974; Jones and others, 1974). These
. o . caction | samples for major, minor, and trace element analyses
Mineral dissolution and weathering number .
were then preserved and stored for later analysis by the
CaSO,2H,0, = Ca*?+S0;%+2H,0 (20) U.S. Geological Survey National Water Quality Labo-
(gvprum) ‘ ratory in Arvada, Colorado, in accordance with standard
CaCO,,+H" =Ca”"+HCOy @1) | U.S. Geological Survey procedures outlined by Brown
(calate)
CaMg(COy), +2H " ~Ca* P+ Mg** + 2HCO; @) and _o!:hers (1970) and Skougstad and others (1978).
oomer, Precisions for these analyses at the 95 percent con-
CaMg(CO,),,, + 2H" = CaCO,  +Mg**+HCO; @23) | fidence level are 1.96 standard deviations (o) or the de-
(dolomite) (calarte) tection limit (table 3), whichever is greater.
K, Mg, ;AL ;Si, ;0 (OH), | +3.15H,0 + 1.1H* =
(lhte)
1.15A1,8i,0(OH), +0.6K* +0.25Mg* %+ 1.2H SiQ" 24
PALOLO s 0% @9 DISSOLVED GASES
3Na, AL, ,Siy ;0,((OH)y + H* + 11.5H,0 = '
(Na-montmonllonic) Dissolved-gas samples were collected at selected
. :0 . .
3.5AL,81,04OR), , + Na* + 4H,SiO; () [ wells, using evacuated glass flasks of the type described
(haohnutc) by Hobba and others (1977). The samples were collected
3KALSI,O, (OH), , + 3H,0 + 2H" = 3AL,Si,0(OH), , +3K* (26) y 0 ( ) p 0

(muscovite)

NaAISizOBM +6.1H,0+ LLIH" =
(albite)

LAAOH),], -[SiO ),

(allophanc)

(kaolinite)

+Na® + 2.6H4Si()‘:

am)

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 measurernents made at the well site in non-flowing water, unless otherwise noted]

Parameter

Analytical method

pH

Temperature
(1), in degrees
Celsius (°C)

Specific conductance
(SpC), in micro-
siemens per centi-
meter (uS/cm at
25°C)

Dissolved oxygen
(DO), in milligrams
per liter (mg/L.)

Orion Research’ Model 399A Ionanalyzer 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.

-1° to
51°C in 0.1°C increments. Measured in flowing

Mercury thermometer, calibrated from
water at well head.

Yellow Springs Instruments Model 33 salinity-
conductivity-temperature meter.

Yellow Springs Instruments Model 57 oxygen
meter. Calibrated in air at temperature of sample
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.

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; ug/L., micrograms per liter; mg/L, mulligrams per liter]

Alkalinity
(bicarbonate,

Potentiometric titration with 0.01639N H,S0,.

Sample filtered through 0.45-micrometer mem-
carbonate), in milli- brane filter. Endpoints determined with inflec-
grams per liter tion points in first derivative of titration curve.

(mg/L)

The use of brand names m this report 1s tor information only and does not constitute endorsement
bnthe U'S Geologieal Sunvey

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 (6**C): The reagent used to precipitate
dissolved carbonate species from the sample was
prepared in the following manner: 454 g of strontium
chloride hexahydrate (SrCl,-6H,0) were dissolved in 2 L
(liters) of reagent-grade ammonium hydroxide. Dis-
solved carbon dioxide precipitates and settles out of
solution as SrCO,, allowing the supernatant to be de-
canted and stored for later use at the sampling site.

Standard
deviation® Relative  Detection
Parameter (X = parameter  deviation limit Units
concentration) (percent)
Aluminum ------ 0.073X + 14.97 - 10 ug/L
Ammonium -—-—— -— 17 0.01 mg/L.
Arsenic -----—-—- - 10 1.0 ug/L
Barium -------—- 0.069X +69.1 - 100 ug/L
Boron --—-—--—— 0.079X + 17.1 -— 20 pueg/L
Bromide -------- - 3 1 mg/L
Cadmium -----—- 0.192X + 0.09 - 1.0 pg/L
Calcium ~——-—--- 0.057X + 0.34 -— 1 mg/L.
Chloride -------- 0.057X + 0.25 16 .1 mg/L
Chromium ~----- 0.173X + 2.44 ——— 10 ug/L
Copper ———=-=--- — 23 1.0 ug/L
Fluoride ———— 0.109X + 0.01 - .1 mg/L
Iodide —————-—-—- - 88 .01 mg/L
Iron ——=——-=-—-—- 0.056X + 23.90 - 10 pg/L
Lead ———m—mmmmmm 0.097X + 1.45 — 1.0 pg/L
Lithium —==-=---- 0.048X + 4.84 - 10 pug/L
Magnesium —--—— 0.043X + 0.13 — A mg/L
Manganese ~-—-—— 0.049X + 9.59 -— 10 pg/L
Molvbdenum --—- 0.072X + 0.45 — 10 pg/L
Nitrate --------- -— 22 0.1 mg/L.
Nitrite ————=——-—— - -— .01 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 pg/L
Silica ======m—-— 0.031X + 0.60 - .1 mg/L
Sodium -----—--- 0.039X + 0.45 - 1 mg/L
Strontium ---—-—— 0.104X + 15.4 - 10 ug/L
Sulfate ———==-—=-- 0.001X + 2.92 -— 5 mg/L
Sulfide ---------- -— - .1 mg/L
Uranium -------- - -— - —
Vanadium -----—- 0.069X + 0.422 - 1.0 ug/L
Zing ————======—= 0.034X + 16.6 - 10 pg/L

"Standard deviations calculated from above expressions and parameter (oncentration, n units

spearfied

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 CO, with the atmosphere.

2. Oxygen-18 (6'%0), deuterium (6D), and tritium (CH):
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 (6*'S_ ., 6*S__,): Samples for determina-

tion of sulfur isotopqic 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-um 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 (“C). 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 (SrCl,-6H,0)
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 (C) 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 funnellike device with raw-sample water
delivered through a garden hose, taking care to avoid
any splashing that might result in exchange with at-
mospheric CO,. During filling, the top of the funnel was
capped by a plastic cover to minimize exchange of CO,
with the atmosphere. When the funnel was nearly full,
500 mL of the CO,free NaOH solution was added,
followed by the addition of 500-mL of the CO,-free SrCl,
solution. Several grams of ferrous ammonium sulfate
[Fe(NH4)2(SO4)2~6HZO] 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 um 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 m%s (cubic meters per
second) and Spring Creek averaged 4.15 m¥/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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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 (Zimmerman, 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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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.—AMinerals and other phases present in the Kootenar Formation, central Montana
|From Ballard. 196, Muller, 1959, Suttner, 1968, 1969, Vine, 1956)

Mineral Idealized chemical formula
Quartz ———=—=———-----— Sio,
Calcite ————-—=-~-=-- CaCOy
Siderite ~~——————~~———- FeCO,
Dolomite -—-=--—==== CaMg(COy),
Hematite ---——-—--—- F('QO3
Ilite ------=-—--——- K“ GMgn 25A12 3()Si3 501()(OH)2
Kaolinite —=—-——=—-——~ ALSi,O,(OH),
Zircon ————-—————mm—m ZrSi0,
Tourmaline group ---- -—=
Garnet group ~——-—--- -—-
Leucoxene —--——————- Secondary Ti oxides

Organic matter ------

CH,0

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

REGIONAL AQUIFER-SYSTEM ANALYSIS

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 2.4X107° to 2.7X10~* m?s.
Feltis (1977) measured an intermediate transmissivity
value of 1.2X10~* m?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:

v=(—T/bo)(dh/dl),

where:

f=effective porosity (assume 0.20);
dh/dl=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].

TABLY 5. — Flow rates calculated for the Kootenai Formation in the Judith Basin, Montana

|Data hom Felos (1977) and | F Levings (U'S - Geologeal Sunvev, wntten commun |, 1981)]
dh dl Flow rate
Sample location (meters) (meters) (meters per year)
- - 120 11,100 2.6
3 - 140 19,000 1.7
J15 - 290 38,900 1.8

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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TABLE 6.—Concentrations of dissolved major elements in waters from the Kootenai Formation, Judith Basin, Montana
|Concentanons m milligrams per hter (mg/L) unlgss otherwise speatied °CL degrees Celsis, g$/cm, microsiemens pet centimeter, < indheates concentratons below detection It ton that anabyan|

Specific

Calcium, Magnesium, Sodium, Potassium, Chloride, Sulfate, Bicarbonate, Carbonate, Temperature, conductance,

Sample Ca Mg Na K Cl SO, HCO, CO, pH T SpC (uS/cm

Na+K ("C) at 25°C)
J2 - 55 15 18 4.1 1.7 24 275 <1 7.59 15.0 454
K —— 84 25 22 5.4 3.0 160 241 <1 7.83 12.0 678
Jt - 120 29 34 2.9 2.2 300 269 <1 7.62 8.3 925
J5 - 83 24 22 2.1 2.2 150 303 <1 7.68 8.4 715
J6 - 200 51 20 2.5 2.1 510 268 <t 7.58 8.4 1,250
J8 - 98 31 29 5.1 2.4 210 248 <1 7.80 12.8 745
J1O —————= 39 8.4 2.7 2.5 2.3 9.2 135 <1 6.87 8.2 273
Ji - 44 15 41 2.7 1.6 62 273 <1 7.70 8.7 198
N2 - 8.7 3.2 240 2.9 7.4 320 201 4 8.49 16.8 1,130
J13 - 19 2.0 170 2.2 2.9 45 396 2 8.48 11.7 663
J14 e 51 19 62 3.0 1.4 89 309 <1 7.82 9.4 394
Ji15 3.1 .9 190 1.9 4.9 64 443 4 8.55 13.4 792
Jib ———-— 2.4 5 200 1.7 2.6 1.2 505 5 8.57 9.+ 750
J17 e 43 18 100 7.7 3.8 160 292 <l 7.60 10,9 762
) P{— 6 0 230 1.2 5.9 72 420 21 8.8 15 813
‘]'le ————— 4.2 0 160 3.0 .2 76 340 6 8.5 14 748
Jat 4 159 4 51 335 12 — 16 610
R S— 4.1 2 153 — 8 46 351 0 8.2 1 630
S — 101 39 0 12 60 177 0 - —— 750

"kelun (1977)
“Felus (197 )

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

TRl ¥ 7.—Concentrations of dissolved minor and trace elements in

{Concentrations m mcogranss por hier unless otherwise speafied, me/L. nulbigrams

Dissolved
Bromide, oxygen, Fluoride. Todide.
Sample Aluminum, Arsenic, Barium, Br Cadmium.  Chromium, Copper, o, F 1 Iron. Lead.
Al As Ba (mg/L) cd Cr Cu (mgiL) (mg/L) (mg/L) Fe Pb
<10 <1 <2 <01 <1 <10 1 <01 06 <hu s <1
<10 <t 20 <1 <1 <10 <1 < 1 v 0l 1000 <t
<10 <l 10 <1 <l <10 <1 1 i < 0] i <1
<10 1 30 <1 <1 20 <1 <1 i < il Hh <1
<1 <1 10 < 1 <l <0 <1 <1 5 < 1 7 <1
<t <1 50 <1 <1 <10 <1 1 5 01 LH) <1
<10 2 300 <1 <1 <10 4 7 2 < 01 i <l
<o I H0 <1 <1 20 1 <1 t < 01 S20 <1
< <t 20 1 <1 10 1 <1 [ 0l ol <1
<10 1 10 <! <1 <m <1 t 12 < 0l i <1
<10 1 30 <1 <1 < <1 <1 R < 01 M <1
<to 1 Rl ! <t 20 <1 <1 [ o 0 <1
<10 1 o0 <1 <1 1 <1 <1 26 02 <10 <1
<10 <l 20 <1 <1 <0 ! -- b1 o1 110 <1
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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

waters from the Kootenai Formation, Judith Basin, Montana

C13

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. Areal 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.

per hiter. <indicates concentrations below detccnon Imme for that analvais|
Nitrite plus
nitrate, Organic Phosphate, Sulfide
N02+ NO carbon, PO4 Silica, (mg/L as
Lithium, Manganese, Molybdenum, (mg/L, as [o} (mg/L as Selenium, Si0,, Strontium. hydrogen Uranium, Vanadium, Zinc,

Li Mn Mo nitrogen) (mg/L) phosphorus) Se (mg/ii Sr sulfide) U \4 Zn

4 <! <10 <001 0.8 0o <1 -= <1 () <] <1 <4
70 0 <10 < 01 7 < 01 <1 “47 1.100 t 16 <1 840
40 8O <1l < (H b < 01 <1 64 1500 ? 13 <1 i
20 80 < 1 < {1 25 < 0 <1 b b 1.300 <1 o7 <1 o
S0 110 <10 < 01 30 < 01 <1 8a 3300 <1 18 <l 0
70 30 <10 < o1 2 < o1 <1 84 1,300 <1 (1) <1 I3
20 <1 <10 33 74 04 <1 10 730 2 il 1 n
40 1 <10 < 01 34 < 01 <1 74 1,100 <1 10 <1 130
130 + <o < ot 11 < in <1 84 780 <] I <1 n
120 2 <M 06 10 02 <l 87 870 < 1 20 <l 0
60 20 <10 < 9 ol <1 78 2,100 <1 - <l 8
a0 4 <10 < 01 3 o1 <1 90 270 <1 18 <1 M
0 K <10 <m 36 02 <1 71 250 3 1 <1 <3
140 20 <10 05 3 <.01 <1 81 1,100 4 4 <l t0
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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}), 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]? 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 pH,
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 (KCl), 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, eastern

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 CO, and the sub-
sequent dissociation of H,CO,°, the hydrolysis of
aluminosilicates will result in an increase in pH but no
increase in C, beyond that contribution supplied by the
addition of CO,. 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 C,, above and beyond that sup-
plied by the addition of CO,, thus serving to distinguish
between these two groups of dissolution reactions.
Because the relative concentrations of H,CO,°, HCO;,
and CO;? are dependent on the pH of the solution (reac-
tions 17-19) apparent increases in HCO; and CO;? may
be due to increases in pH accompanied by dissociation of
H,CO,°, rather than to actual increases in dissolved car-
bonate species. Calculation of total inorganic carbon (C,)
clarifies this point, in that C, 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 C,. A transect
along line A-A’ in figure 13 demonstrates that C,
generally increases downflow, although a small decrease
may be noted north of Big Spring Creek. The observed

increases in C, 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 CO, (reaction 17) or CH, (reaction 11) may also
increase C;.
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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
O, and NO, supplies significant quantities of CO,
(=0.54 mmol/L) to oxygenated waters, but the rapid
consumption of these oxidants and the absence of H,S
in the Second Cat Creek sandstone suggests that the ox-
idation of organic carbon by O,, NOj;, or SO;* does not
generate significant quantities of CO, far beyond the

outcrop area. Sulfate reduction or the coalification of
lignite may produce high CO, partial pressures (P, ) in
Morrison or Kootenai strata adjacent to the Second Cat
Creek sandstone. The uncharged nature of CO,,, and
H,CO? would allow these species to diffuse through
microfractures and between clay particles of the shale
confining beds into aquifers with lower CO, partial
pressures, whereas the bulk of any H,S 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 1n milligrams per liter unless otherwise noted, °C, degrees Celsius})
Calcium,  Magnesi Sodium, P Bicarb. Sulfate, Chloride, Temperature,  Dissolved

Formation Ca Mg Na K HCOz SO4 CI pH T solids Comments
Na+K °C)

Mornson ——————————- 5.9 1.6 380 30 448 480 12 80 249 1,330 Grasstange, Montana !

Morrison ——- 68 18 370 3.0 400 480 11 80 150 1,279 Grassrange, Montana

Madison --- 2032 52 22 196 549 9 - - 1,030 Juchth Basin (()mposil({'.

Madison ---------—- 130 40 36 10 200 330 24 74 196 710 Vanck Warm Spring

'Collected by the U S Geological Survey from wells located about 45 kilometers due east of Lewistown
*Mean composttion of eight samples taken within the Judith Basin Analyses from Zimmerman (1966) and Feltis (1973)

3Silc 9 from Busby and others (U S Geological Survey, wnitten 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
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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 H,S is evident. Sulfate is nearly depleted, and
C, 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 CO, 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 CO, might indeed be free to migrate from
organic-rich to organic-poor zones within the formation.
Migration of CO, into the aquifer would increase the
acidity of waters present and allow for dissolution of car-
bonate minerals, which would further increase C,. The
stabilities of calcite, dolomite, and magnesite (MgCO,) in
ground waters of the Kootenai Formation may be in-
vestigated by calculating the stability fields of these
minerals in the system Ca-Mg-CO,-H,0. 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-
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FIGURE 14.—Stability diagram for the system Ca-Mg-CO,-H,0
at 25°C, with compositions of waters from the Kootenai Forma-

tion, Judith Basin, Montana, superposed.
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tection (<15 ug/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 107387, the stabilities of illite,
kaolinite, montmorillonite, and chloride may be calcu-
lated in terms of log [(aMg”)/am)Z] and log [(aKJ/(aHJ].

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
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FIGURE 15.—Stability diagram for the system Mg-K-SiO,-ALO,-
H,O0 at 25°C, with compositions of waters from the Kootenai For-
mation, Judith Basin, Montana, superposed. Thermodynamic data
from Helgeson (1969). ay; ,00=107%*".
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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
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FIGURE 16—Stability diagram for the system Mg-K-SiO,-Al,0,-
H,0 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-
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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 (SrCO,) or celestite (SrSO,),
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.—Oxudation potentials calculated for waters from the Kootenai Formation,
Judith Basin, Montana. using O;-H,O, Fe(OH)y, -FeCO, or SO, *-H,$
redox couples

[Oz‘ oxvgen, H O, water, Fe(OH)'ﬂamV ferric hydroxide; FCCOT siderite. SO; 2, sulfate; H2S.
hydrogen sulfide; mV, millivolts]

Calculated Eh

Sample (mV) Redox couple
| R — - 230 8O, %-H,S

| — —214 S0, *-H,8

| (— - 207 SO, *-H,8

I —— 44 Fe(OH), . -FeCO,
e — 51 Fe(OH), , -FeCO,
J8 - -1 FC(OH)g}(am)'FeCO:,‘
J10 ——eeee e 848 0,-H,0

RIS P — 38 Fe(OH)3(m)—FeCO3
J12 e - 101 Fe(OH), ,,-FeCO;4
J13 - - 62 FC(OH)g(am)“FeCO3
| A— 23 Fe(OH),,,, -FeCO,
JIS ————————— ~-77 FC(OH)3(am)“FeCO3
[T — - 283 80, %-H,S

| — - 214 8O, *-H,S
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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 H,S and CH, 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 O, 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 H,S 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
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rhodochrosite (MnCO,) 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
N,(>40 mg/L), Ar(>1 mg/L), and O,, 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 Pcoz
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 CO, during
measurement. CO, outgassing would tend to make the
measured pH higher than the actual in situ value due to
the redistribution of HCO; and CO;? 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 sandstome of the Kootenai Formation,
eastern Judith Basin, Montana

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

Carbon

Sample Oxygen dioxide Nitrogen Argon Helium Methane
mg/L atm mg/L atm mg/L atm mg/L atm mg/L atm mg/L atm
J10 - 7.2 0.12 55 0.022 20 0.79 0.80 0.010 0.000 0.000 0.00 0.0000
J13 — e 5 .009 3.4 .0016 31 1.33 1.09 .015 .002 .001 .02 .0006
J15 .03 .0006 2.7 .0013 31 1.39 1.13 .017 003 .002 .02 .0006
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{reactions 17-19). Using field-measured alkalinities, bi-
carbonate activity coefficients calculated using
WATEQ2, and K., and K, [Henry’s Law constant for
CO, dissolution (reaction 17) and the first dissociation
constant for H,CO,° (reaction 18), respectively] for the
appropriate temperature (Jacobson and Langmuir,

1972), pH values may be calculated from the measured
P

co,’

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 (N,) indicate initial satura-
tion with atmospheric N, in the recharge area (P, =0.7
atm); N, values increase and then level off at hxgher 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 N, between J10 and J13, as well as
a levehng off of N, concentrations after nearly all of the
NOj; 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,, however, suggesting that another
mechanism may be responsible. Thorstenson and others
(1979) postulate that high N, concentrations in the Fox
Hills-basal Hell Creek aquifer of the Dakotas may be
the result of upward leakage or diffusion of N, from gas
pools at depth, but the presence of N, 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 (P,,=8.12X10-?
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TaBLE 11.—Comparison of field-measured pH values and pH values calculated from
measured Py in water samples from the Second Cat Creek sandstone of the Kootenat
Formatwn, eastern Judith Basin, Montana

pH, pH,
Sample field measured calculated Difference
D — 6.87 6.69 0.18
K J——— 8.48 8.30 18
J15 8.50 8.45 .10

atm at 1370 m elevation, 4.3X10~* cubic centimeters
Ar/cubic centimeter H,O; 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, 6'®*0 and 6D measurements of
ground waters from the Kootenai fall slightly below the
worldwide meteoric water line of Craig (6D=85*0+10;
1961b), but roughly correspond to the composition of
North American continental precipitation as reported
by Gat (1980) (6D=7.956'*0+6.03), indicating the
presence of only meteoric water in the aquifer. Gat also
reports the data of Yurtsever (1975), who has compiled
680 values for continental precipitation and correlated
them with mean surface temperatures, allowing a deter-
mination of recharge temperature to be made. Kootenai
5'*0 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 680 and éD
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 6**S measurements were obtained for all ex-
cept two Judith Basin samples, but low concentrations
of H,S precluded the measurement of sulfide §*S
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TABLE 12.—Isotopic ratos or activities of isotopes in waters from the Kootenar Formation, Judith Basin, Montana

|pCVL, picocuries per hiter; < indicates concentrations below detection imit tor that analysis|

Oxygen Hydrogen Carbon Sulfur, SO/ 2 Tritium Carbon-14
Sample (6'%0) (6D) (8YC) (6%9) (pCi/L) (percent modern)
IR — -18.8 - 143 -16.6 20.6 1.0 <13
J3 - -188 - 143 -11.6 22.0 1.9 1.8
e -19.1 - 148 -9.6 7.6 8.5 11.3
J5 -188 - 146 -11.6 6.6 6.9 34.1
J6 el -19.1 - 145 -93 10.4 5.1 29.8
J8 o -19.0 - 147 -14.0 13.2 <29 1.3
e ——— - 18.2 - 141 -16.0 4 410 >98.8
B -20.0 - 154 -10.2 3.3 5.3 18.4
J12 mmme -18.0 - 138 -7.1 11.9 6.5 <.8
J13 mmm -18.2 - 138 -7.9 - <21 <.9
J14 —mmmm e -20.1 - 154 -10.1 8.6 <4.3 10.0
T ——— ~17.6 - 137 -9.4 2.6 <2.8 <.9
J16 e -19.4 - 149 - 14.4 - 6.0 1.6
A — -18.2 - 139 -9.2 9.0 <2.2 <l.4
130

-140

~150

DEUTERIUM/HYDROGEN ISOTOPIC RATIO (8D, SMOW)

~160

-21 -17

OXYGEN-18/0OXYGEN—-16 ISOTOPIC RATIO (8180, SMOW)

values. Sulfate 6*‘S 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 §%S
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 6*S values across Big Spring
Creek must be rejected. Because &4S 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
6%S, might occur in only one well, J17, where H,S was
present, and so would not account for higher 534S values
in all three wells near the South Moccasin Mountains.
Differences in both the 6%*S 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
613C 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 6*!S values in waters from the Second Cat Creek sandstone of the Kootenai Formation, eastern Judith
Basin, Montana.

the beginning of closed (to a CO, gas reservoir) system
conditions (J10), to values ranging from —7.1 to —9.4
in the basin. If CH, was migrating into the aquifer and
being oxidized by 0, to form CO, (reaction 11), 6!3C
values would be expected to decrease basinward from
the isotopically light nature of CH, (Claypool and
Kaplan, 1974). The oxidation of methane as a CO,
source can therefore be considered negligible.

Wigley and others (1978) conclude from modeling
studies that 6"°C 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 §*C
evolution model corresponds with 8°C trends in the
Second Cat Creek sandstone. As the limiting §*C solu-
tion value is dependent on input and output 6'3C 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 o-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
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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 (MnCO,) 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 Albite Allophane Kaolinite Illite Calcium
silica montmorillonite
J2 - — -— — — -— -—- -—- -—-
J3 0.42 +0.08 ~0.12:0.08  -095:0.08 -257+0.89 -0.2710.70 1.32+1.71 1.36+1.98 0.61 +2.01
J4 - 30+ .10 -.25+ 10 -1.09%+ .10 -3.26+ 9 -.28+ .67 A7 .72 .01 +2.00 ~.39+2.02
J5 ~mmme— 32+ .10 - 244 10 -1.08+ .10 -3.34+ 91 -.27+ .68 74+1.72 04+1.99 - 334202
[ — A4+ .08 - .11+ 08 - 95+ .08 -3.11+ .89 -.26+ .67 1.01+1.71 48+1.98 16 +£2.01
[ — 37+ .08 - 17+ 08 -1.00+ .08 -2594 .89 -.29% .69 1.29+1.71 1.24+1.98 51 £2.01
[ — 50+ .08 -.05+ 08 - 904+ .08 -4.52+ .90 - 36+ .59 1.05+1.71 - 314198 - .0442.00
L 36+ .10 -.19+ 10 -1.03+ .10 -2.88+ .90 -.26+ .35 87+ 1.71 .30+ 1.99 ~.15+2.01
J12 e 29+ .08 -.221+ 08  -1.05+ .08 -143+ .89 -.74% .77 48:1.71 67+1.98 ~.42+2.01
| F 5 E— 37+ .08 ~.16+ .08 -1.00+ .08 -141+ .89 -.37+ 77 J7:171 .87+1.98 ~.00+2.01
B —— 37+ .09 -.18+ 09  -1.02+ .09 -250+ .90 -.25% .70 .95+ 1.71 614198 02+2.01
P — 36+ .08 .17+ 08 -1.01+ 08 -134+ .89 -.51¢ .78 65 +1.71 .71:1.98 ~.23+2.01
P —— 32+ .10 -22+ 10 -1.07% .10 -155% .90 -.29% .78 52+ 1.72 34+ 1.99 -.52+2.02
RV — 36+ .09 ~.18% .09  -1.02+ 09 -239% .89 -.28+ .67 1L14+1.7 85+1.98 1812.01
Mean and
standard
deviation 0.37 £ 0.06 ~0.174£0.06  -1.014£0.06 -2.53+0.93 -0.3410.14 0.88 +£0.27 0.55 + 0.48 -0.05+0.35
TABLE. 14.—Saturation indices of carbonate and sulfate minerals in waters from the Kootenai Formation, fudith Basin, Montana
Carbonates Sulfates

Sample

Calcite Dolomite Siderite Rhodochrosite  Strontianite Gypsum Celestite
J2 0.16 £ 0.06 -0.08+0.08 -0.22+0.10  -2.80+8.20 -4.09+6.95 -2.00+0.12 -5.46+6.95
T 41+ .06 41+ .08 31+ 07 -1.13+ .25 -.95% .10 -1.10+ .06 -1.68+ .10
J4 -- 29+ .06 03+ .08 ~.06+ 07 -111% .14 ~1.06+ .10 -.75+¢ 06 -1.33+ .10
) — 30+ .06 13+ .08 ~ .16+ .09 - .94+ .14 ~1.63+ .10 -1.12+ .06 -.98+ .10
J6 ——mmm e 41+ 06 29+ .06 -.23: 08 -1.07% .12 - .81+ .10 - .41+ .06 -.86% .10
J8 44+ 06 52+ .80 -.07+ .09 -128% .31 -.90+ .10 ~.95+ .06 -1.52+ .10
J10 - -1.06+ .06 ~2.74+ 08  -12.13+2.08 -3.88:8.20 231+ .10 -2.46+ .27 ~2.941+ 30
L 06+ .06 -.28+ .08 -.08+ .09 -18t+ .86 933 .10 -1.68+ .08 - 190+ .10
J12 A5+ .08 07+ 12 -~ 12+ 39 -1.38+2.08 -.32: .12 -1.83+ .08 -1.51+ .10
K 07+ .12 ~ 14+ .16 - 31+ .73 -1.54+4.12 - 112+ 4.12 -2.77+ .12 -2.22% 42
J14 e 28+ .06 21+ .08 33+ .07 1.36+ .45 -.59+ .10 -1.50+ .06 - 1.6l .10
15 - 01+ .14 - 42+ 24 - .16+ .73 -1.11+2.08 - 54+ .14 284+ .14 -239+ .14
S —— - .08+ .18 -77+ .39 - 66+208 -1.21£2.76 -.55+ .14 -4.111 .61 -3.80+ .61
L — - 045 .06 -3+ .08 ~.72+ 19 -1.60+ .45 -1.11+ .10 -1.36% .06  -1.651% .10
Mean and
standard
deviation 0.19+ .18 -0.03 +0.36! ~0.16+0.30" -130+0.25"% -0.79+0.40"%  -1.78+0.99 -1.89+0.82°

'Calculated wathout 110

)
“Calcutaed without ]2

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 (k;) of 17.4 for Mn*? 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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where x and L denote solid and solution phases, respec-
tively. From this relationship and average manganese
(0.60 umol/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:

Ca,_,Mn, CO,=(1—x)Ca*2+xMn*2+CO;?,

AGY =xRT In x+(1—x)RT In(1—x),

ideal mix
and
AG? 1y cateite =AGieat mix T AGY carcive T
X(AG‘:MD+2—AG‘:Ca+2—-RT Ink),
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, fudith Basin, Montana

[Free energy for the phase Mn, o Ca, ,,,CO; calculated by assuming an ideal sohd solution

(Berner, 1975)]
SI calcite SI Mn calcite

Sample (CaCOy) (Mny, 4,,Cay 45,CO;)

| I 0.41 0.34

J4 o .29 .21

e —— .30 .22

[ ——— .36 .33

J8 ~me o 44 .37

) J U EES—————— .06 -.02

J12 - .15 .09

J13 e .07 -.01

J14 e .28 .20

J15 —mmmee -.01 -.08

D ——— -.08 -.16

J17 e ~.04 -.12

Mean and

standard

deviation 0.19+0.18 0.11+0.19
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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 dissiminated 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 (SrSO,) 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, H,0),Mn,O,/], hollandite (BaMn,O),
cryptomelene (KMn,O,,), coronadite (PbMnyO, ),
todorokite [(Mn, Ca, Mg)Mn,0,-H,0], and birnessite
[[Na, Ca, KMn,O,,-3H,0]. 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 ug/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
(y-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 (Fe,0,) is grossly
oversaturated in all samples. Goethite (FeOOH) is over-
saturated in oxidizing and moderately reducing waters,
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TABLY 16.—Saturation indices of iron oxyhydroxides and sulfides in waters from the Kootenar Formation, fudith Bavin, Montana

|Fe(( )Hi‘(‘““). amorphous ferre hvdroxide, [-\-S(‘""I amorphous tertous subide K\I' solubilies product]
Sample Oxyhydroxides Sulfides
Hematite Goethite F e(OH)z(am)l Pyrite FeS(dm)-
Sulfide absent
]y 12.80 + 0.34 3.94+0.17 -0.16 £ 0.17 - -
Jo 12.68 + .32 3.88+ .16 -.22+ .16 -— e
J8 - 124+ 34 3.7¢+ 17 -.05+ .17 - -
JH o 1412+ 417 14.60 +2.09 49+ 2.09 -—= ---
J e 1299+ 34 +.01+ 17 - .07+ .17 - -
2 e 11.80+ .82 342+ 4 ~. 10+ 41 - -
3 11.98 + 1.48 3952+ .74 -3t 74 - -
J 13.65+ .32 +.36+ .16 33+ .16 - -
JI e 12,09+ 1.48 306+ .74 -.18+ 7% - -
Mean and standard
deviation 12.73+0.77 3.89+0.39 -0.03+0.27 - -
Sulfide present
J2 e 3.3% +0.35 ~0.81+0.18 -+.46+0.18 11.01+£0.24 136+ 0 15
"B ———— 5744 32 40+ .16 344+ 16 6.81+1.71 - .81+ .86
e —— 391+ .32 - 51+ .16 ~46l+ .16 10.78+ .86 100 43
Jlo wmm - 335+ 417 -.79+£2.09 - 4.8242.09 8.75+2.16 SH 2010
J17 244+ 48 - 1.25+ .24 -517+ .24 10,41+ 48 D5+ 29
Mean and standard
deviation 3.75 + 1.23 -0.59+0.61 - 4.50 +0.65 9.35+1.77 0.50 +0.82

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),, | with crystalliza-
tion to the more stable goethite or hematite occurring
over a period of time (Langmuir and Whittemore, 1971).
Using a K of 10735 for the reaction 13, which is
characteristic of aged Fe(OH), 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),,., whereas lower values of —39 to —44 imply
dissolution of, or equilibrium with, more stable oxy-
hydroxides. The occurrence of log IAP’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),,. 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, ) is
near saturation. Deviations from zero for FeS_  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-H,0-CO, 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 O,, NO;, and DOC within a short
distance from the outcrop, coupled with increasing con-
centrations of dissolved N, and C,, is indicative of
biologically mediated O, and NO; reduction reactions.
The paucity of organic carbon in the aquifer, as well as
the absence of H,S and the simultaneous saturation
with respect to both Fe(OH),,  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 H,S, 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
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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 C, 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 (a +)2/(ac +2) and (a rla o)
molar activity ratios in the modeled solutions to their
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 O,
and CO, 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),,,, in the unconfined aquifer, and
with Fe(OH)smm) and siderite in the confined aquifer
system, to allow simulation of iron concentration and
Eh poising. A K_ of 10-%, which is characteristic of an
aged precipitate, was chosen for Fe(OH),, .

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 CO, in the soil zone. To
match the calculated C; concentration in sample J10,
CO, 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 CO, would
require equilibration of infiltrating waters with CO, par-
tial pressures of 107157 to 10~!%® atm in the unsaturated
zone. Garrels and MacKenzie (1971, p. 141) report soil
zone P, values on the average of 10~2° and as high as
10" atm, which is consistent with the model results.

Following equilibration with mineral phases and
the appropriate ion-exchange constants for J10,
0.537 mmol/LL carbon with an oxidation state of zero
was added to the solution to allow for the reduction of
0, and NO; 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 CO,, the reduction of O,
and NO; by organic carbon, and the equilibration with
minerals and ion exchange to account for the observed
increases in C..

Subsequent simulations required an additional car-
bon source, if modeled and observed C, 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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FIGURE 22.—Comparison of calculated total inorganic carbon con-
centrations with modeled concentrations for mineral equilibration
with no CO, dissolution, following the reduction of O, and NOj,
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 sideritein J11, J13, and J15.

Quantities of CO, were dissolved along the simulated
flow path to match observed C; 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 CO, production
and Na/Mg exchange, simultaneously precipitating
calcite:
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EXPLANATION
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FIGURE 23.—Comparison of field-measured pH values with modeled
pH values for mineral equilibration with CO, 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 J11, J13, and J15.

CaMg(CO,),+H,COs+Na,EX
=CaC0,+2HCO; +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

C33

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 J11 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 J11 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), . and siderite. In addition, the solu-
tion was equilibrated with FeS, , rather than siderite
and Fe(OH),,,,,, to simulate the chemistry at well J17. It
was discovered that although 0.20 millimoles of CO, per
liter had to be dissolved to adequately describe the
geochemistry at well J14, 0.26 and 0.65 millimoles of
CO, per liter had to be exsolved from the solution to ap-
proximate the chemistry at well J17, and 0.65 milli-
moles of CO, 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 C; 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:
RAIN WATER 0.24 mmot.’L O2
MEAS. 0.05 mmol/L HALITE
Ca [0.03 0.56 mmol.’L GYPSUM
Na |0.01 0.12 mmot ‘L Ca(NO3)2
2.01 mmol/L C02
Cl 10.004 0.54 mmol /L CH,0
SO, 10.03 2.02 mmolt/L DOLOMITE
4 5.34 umol /L Fe(OH)3(am)
Cy 10.04 4.4 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
v
SAMPLE J11 —P SAMPLE J13 #{ SAMPLE J15
wEAs JmooeL| DISSOLVE: wEAs. [mooeL| D ISSOLVE: MEAS. [MODEL
0.03 mmol.’L HALITE 0.06 mmol/L HALITE
Ca [1.1 1.2 0.74 mmol 'L CO, Ca 10.12 10.12 0.08 mmol /L GYPSUM Ca (0.08 |0.09
Mg |0.62 [0.69 | 1.02 mmol/L DOLOMITE | Mg [0.08 [0.08 | 0.40 mmol/L CO, Mg (0.04 [0.04
Na |18 |19 Na |7.4 |7.4 | 4% mmol’L DOLOMITE [y "Ta 3 (8.7
PRECIPITATE: PRECIPITATE:

Cl 10.04 10.05 | 1.05 mmol/L carcite | C! [0.08 10.08 | 437 mmolL caLcire | C! 0.14 10.14
S04 [0.64 [0.59 | 0.01 umol/L Fe(OH)3 . | SO, [0.47 [0.59 | 0.00 umol/L Fe(OH)y I SO, [0.67 0.67
) 0.36 umol /L SIDERITE
CT 47 47 8.46 umol /L SIDERITE CT 65 65 umol /L CT 73 73

ADSORB: ADSORB:
Fe 1.0093{.0095| 1.08 mmol/L Ca Fe |.0005[.0010| 0.17 mmol/L Ca Fe |.0005(.0007
pH [7.70 |7.76 | 163 mmol/L Vg pH |8.48 |53 | 046 mmol/L Mg pH [8.55 [8.64
DESORB: DESORB:
En_[0.038]0.032 " 1) ol L Na Eh [0.062:0.068 5 ot L Na Eh [0.077}0.088

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

sulfate and decrease C,, 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 CO, 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 PC02

of the unsaturated zone would have to be approximately
107*% atm, as compared to the atmospheric P, of

10-%* atm. Although the unsaturated zone P, required

for degassing is somewhat low, it does not appear to be
prohibitively so, and may allow CO, 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 mso4/ma 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 CO, outgassing:

CaMg(CO,),+Na,EX+H,COj
=CaCO0,+2Na*+MgEX+2HCO;,
2HCO; +2Na*+CaEX

=C0, 1+CaC0,+H,0+Na,EX .

2(g)
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SAMPLE J11
MEAS, IMODEL MORRISON

Ca |11 (1.2 MEAS.

Mg [0.62 |0.69 Ca | 0.16

Na |1.8 1.9 Mg | 0.07

Cl [0.04 10.05 Na 16.3

$0,4{0.64 [0.59 Cl |32

Cr |47 |47 SO4| 5.0

Fe |.0093|.0095 Cr |70

pH [7.707.76 pH [ 8.0

Eh ]0.038|0.032

¥ ] ! 3

MIX: SAMPLE J14 MIX: -  SAMPLE J17 MiX: —»{ SAMPLE J12
9%(:{23 ‘li;llc:rr\:vsac:srwater e 18;22 |‘\Jﬂ1oélt'r:/\;?)tr?‘\'lvater L %ZZ \I\J/:O7I'I"iNSE:)tI$rV\/ater Mea oo
e o o SR sotoure oo T et cowonte e ToaeT or
e s P UL N s v S s v
e O e L N N N S EE
1.76 mmol 'L CALCITE 1.40mmoll/’L'CALCITE Ct |0.11 10.12 0.84 mmol ’,L>CALCITE Cl |021]022
BT e [ i B AR LU - R B K
D%‘ég%nzqo'l N Fe;r 0.016 0A010 D%';JB‘SOR%TOVL " FeT 0.025 6012 D%SS&?BTOVL e FeT 0625 0617
0.95 mmol 'L Ca S 0.88 mmol/L Ca . i 0.23 mmol 'L Ca i i

pH | 7.82|7.68 pH }17.60 {7.68 pH | 8.49} 8.42

Eh |0.0230.036 Eh }0.214{-0.235 Eh 10.101£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 (umol/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 6°C value of ground-water carbonate.
The same model may also be used to calculate the ef-
fects of mass transfer on the activity of “C in ground
waters, which then allows for adjustment of raw !“C
ages, based on the dilution and precipitation of the
radioactive isotope.

Other models of “C evolution in natural systems, in-
cluding those of Vogel (1970), Tamers (1975), Mook
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FIGURE 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 Garnier (1979), neglect the ef-
fects of C precipitation in carbonate minerals, and
thereby lead to adjusted “C 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 §*C

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

The §'*C values for carbonate sources were estimated
from measurements reported in the literature for com-
parable materials. A 6"*C value of —28=+4 (Craig, 1954)
was chosen for sedimentary organic carbon and the CO,
derived from it, and a freshwater carbonate 6°C of
—4.8%5.1 was used for Kootenai dolomite and calcite
(Keith and Weber, 1964). Keith and Weber (1964) also
reported 6°C values with a mean of —2.50 for fresh-
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FIGURE 27.—Comparison of measured §'3C values and the range of
modeled 8!°C values for water from the southern flow path of the
Second Cat Creek sandstone, eastern Judith Basin, Montana. The
range of modeled '3C values reflects the uncertainty in the actual
8'3C 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 6'*C carbonate source values estimated above, the
computed mass transfer between samples (fig. 24), and
the initial observed 6'3C of the ground water (table 12),
to compute the 6°C values of three successive samples
on the southern flow path, assuming the incongruent
dolomite dissolution model. Agreement between pre-
dicted and observed §°C values is excellent within the
uncertainty of the isotopic composition of the carbonate
sources (fig. 27), and therefore supports the validity of
the CO, 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 “C 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 J11, and
> 20,000 years for sample water J13. The C 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).
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TaBLE 17.—Comparison of radiometric and hydrologic flow rates for ground waters of
the Kootenar Formation, eastern Judith Basin, Montana

Hydrologic flow rate, Radiometric flow rate,

Sample Kootenai Formation Second Cat Creek sandstone
(meters per year) (meters per year)

J e 2.6 2.3

R ———— 1.7 <9

e — 1.8 —

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 m?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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Ficurr 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



C40

REGIONAL AQUIFER-SYSTEM ANALYSIS

B B’
3000
VERTICAL EXAGGERATION 4X
BLACK HILLS
MONOCLINE
(72}
] 1500 =
[
w FORT UNION F
§ TANCE FORMATION
= 0 N\ FOX HILLS SANDSTONE
. PIERRE SHALE
z
=
[
< UNDIFFERENTIATED MESOZOIC
2 —1500 - " AND PALEOZOIC SEDIMENTS
o 0 5 10 15 KILOMETERS
L [ 1 J
PRECAMBRIAN BASEMENT National Geodetic Vertical Datum of 1929
—3000

Modified from Breckenridge and others, 1974.

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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F1GURE 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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TABLE 18.—AManerals identified by X-ray diffraction in samples of Fox Hills Sandstone
from the Powder Rwer Basin, Wyoming

Idealized
Fraction Mineral chemical formula
Whole rock ——===-===—--—- Quartz —---- Si0,
Albite --—--—- NaAl,Si,0,
Microcline -- KAIS1,O,
Muscovite ~-- I\'Al$Si‘OW(OH)2
Calcite ~----- CaCO,
Dolomite ——-- CaMg(COi)._7
Clay (<2 micrometers) —--- Kaolinite —--- Al'_,Siz()_‘(OH)q
Smectite —--- -
Chlorite ——--- Mg, Si,O, (OH),
Sulfide --————-—--=——=--—- Pyrite -———=--- FeS,
Heavy ——-——=mmmmmm e Rutdle -----—- TiO,

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 1.6X107¢ 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 2.2X1073, Darcy’s Law may be used
to calculate average flow rates of 0.16 to 1.08 m/yr for
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TABi L 19.—Alinerals of the Fox Hills Sandstone identified in prevous studies (Dobbin

and  Reeside.  1930; Robinson and  others, 1964). but not detected 1 X-ray
dffraction analyses
Idealized
Mineral chemical formula

Ferric oxvhvdroxides ——--

Fe(OH),. FeOOH. Fe,0,

Siderite ————mmm——m e FeCOj,

Beidellite —-——mmmmmmeee Na, AL(Si, Al JO,(OH),
Biotite ————-——==——-—-- K(Mg.Fe),AlSi O, (OH),
Tourmaline —---~---—— —

Garnet ——————==——=———- -

Zircon ——————mm—mm ZrSio,

Apatite ——————m—m——— e Cay(PO,), (F.CLLOH)

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, Pl through P18, 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 P1,
P8, and P12 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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F1GURE 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 P17, 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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Tasrr 20.—Concentrations of dissolved major elements in waters from the Lance-Fox Hills aquifer. Powder Riuer Basin, W yomung
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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 P17, 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
([Cal+[Mg)/[NaJ 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]/[NaJ? ratios with younger
recharge waters having high log ([Ca]+{Mg]V/[Na]?
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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Tanr v 21.—Concentrations of dissolved minor and trace elements in
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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 O, (reac-
tion 9) or ferric iron (reaction 10), but these oxidants are
essentially absent after the appearance of H,S in the
aquifer. Therefore, neither gypsum dissolution nor
pyrite oxidation can adequately explain increases in
sulfate concentration after the appearance of H,S.
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). Sulfatereducing 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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waters from the Lance-Fox Hills aqufer, Powder River Basin, Wyoming
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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
CO, 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=0mYV),
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 WATEQ?2. Calculated C, values, plotted in
figure 41, indicate that increases in bicarbonate and car-
bonate concentrations are representative of increases in
C, along the flow path. Comparison with the deep basin
samples indicates that this trend should continue with
further ground-water evolution. Concentrations of C.
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 C, concentration may be
the result of oxidation of organic carbon by O,, NO;, or
SO;? reduction processes, coalification of lignite,
methanogenesis, migration of CO, or CH, into the aqui-
fer, or the dissolution of carbonate minerals. Although
0, and NO; reduction processes undoubtedly produce
CO, in the outcrop area, these compounds are rapidly
consumed and unavailable for reaction downdip. The
presence of H,S 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;? 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
CO,. Migration of CO, into the aquifer is also possible,
although oxidation of migrating CH, as a CO, source is
unlikely because CH, 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 CO, 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,
Wyorhing.

Dissolution of carbonates would lead to further in-
creases in C, (reactions 21-23); hydrolysis of alumino-
silicates (reactions 24-27) would not. A phase diagram
for the system Ca-Mg-CO,-H,O 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_ ,,)Ma ,,) ratio
significantly greater than unity, implying that dolomiti-
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
lay sio)—log (a_ )@ .) 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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Fi1GURE 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
0,-H,0O (reaction 12) or SO;2-H,S (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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F1GURE 39.—Sulfate concentrations in waters from the Fox Hills Sandstone, Powder River Basin, Wyoming.

the flow path, O, and NO; are consumed (fig. 45) fol-
lowed by the appearance of H,S 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 N,, Ar, and O, 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 P13

differ by 2.0 mg/L, and the analyses for sample P15 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-CO,-H,0
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-SiO,-
ALO,-H,0 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 CO, partial pressures with
P, 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-
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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.

Takt1 22 —Ovdation potentials calculated for waters from the Lance-Fox Hills
aquifer, Powder River Basin, Wyomung, wing Osz _,O or SO{ H _,S redox
couples

1O -HLO osvgnewaier, SO;=H S sulfae-bvdiogen sulfide, mb il olt]

Calculated Eh

Sample (mV) Redox couple
S P ~ 307 SO, *-H,8
L —— - 317 SOy JQHZS
P mmmmmm e - 3012 SO, *-H,8
Pt o 809 0,-H0
R - 203 SO, *-H,8
— - 219 SO[-H,S$
801 0,-H,0
P8 oo ~ 302 SO, *-H,8
PO oo ~ 314 SO, *-H,8
|E T —— ~ 208 S50/ ‘LHQS
|} R—— - 322 SO, *-H,S
3 (L — - 321 SO, *-H,8
| L3 A —— - 201 SO, *-H 8
Pl —mmmmmmme 788 0,-H,0

S — 769 0,-H 0

| S| —— 808 0,-H0
I ~321 SO, *-H/S
P18 —cmmmmmmeem - 187 SO, J‘H‘:S

sults 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 (PNzatm=O.69), sug-
gesting that Lance-Fox Hills ground waters become en-
riched in N, 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 N, by denitrifying bacteria (reaction
2), thereby increasing N, 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 P17, 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 paleorecharge 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-
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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, P17. 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 P15, 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 P17. Methano-
genic bacteria generate CH, by either acetate fermenta-
tion (reaction 7) (Carothers and Kharaka, 1980) or CO,
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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TanLL 23.—Concentrations and partial pressures of dissolved gases i water samples from the Lance-Fox Hills aquifer. Powder River Bavin, Wyoming

[T, mnlhgrams por o atn atmospheocs|
Carbon
Sample Oxygen dioxide Nitrogen Argon Helium Mcthane
mg/L atm mg/L atm mg/L atm mg/L atm mg/L atm mg/L atm

R 0.5 0.009 47 0.021 22 0.93 (.76 0.010 (.000 0.000 (.00 0.0060
P13 —=rmmm e 04 0008 23 .010 25 1.05 .83 011 060 000 03 001
Y — 1.3 024 13 006 21 86 74 010 000 000 03 .0m
P16 - - 3.6 065 33 014 21 .85 Y, 009 000 000 .00 000
P17 - 3 010 7.2 007 10 .70 .38 008 001 001 9.7 R

Tanvy. 24.—Comparison of field-measured pH values and pH calculated from measured
P, tor water samples from the Lance-Fox Hills aquifer, Powder River Basin,
Hr'ym‘nm‘g

pH. pH,
Sample field measured calculated Difference
P4 e 7.15 7.23 -0.08
P13 - 7.59 7.50 .09
P13 -~ 8.03 8.05 -.02
Plo -~ 7.42 7.47 -.05
| L T A —— 8.18 8.22 - .04

Taprt 25.—hotopic ratioy or activities of wotopes in waters from the Lance-Fox Hills
aquifer, Powder River Basin, VWyoming

I L preocunes por fince, < ates comeenttations below dewcenon i tor thar anadysis|

Oxygen Hydrogen Carbon Tritium Carbon-14
Sample (6'%0) (6D) ©¢’c) (pCi/L)  (percent
modern)
Pl = -20.5 - 158 - 10.60 <5 1.3
P2 - -19.4 - 149 - 11.05 <5 >6.2
P3 - -19.1 - 147 -10.10 <53 11
P4 e -18.7 - 144 ~11.15 <hH 4.9
Py —---- -189 - 145 -12.35 6 66.3
P6 —wmm——— -18.2 - 140 - 12,90 <5 81.4
P7 - -18.5 - 143 - 11.40 58 61.6
Py === -18.3 - 143 -12.80 <5 16.3
PO e - 19.6 - 151 -5.95 <5 <2.7
P10 - =~ -19.8 - 151 -11.85 22 42.4
Pt - -19.2 - 147 -11.25 <5 <21
P12 - -20.7 - 160 - 13.45 <5 3.4
P13 - -18.8 - 144 -12.85 <5 52.7
P14 —————- -17.5 - 136 -10.35 560 97.0
P15 ————- -19.2 - 114 —11.45 50 26.4
Plo —————-- - 18.5 —- 141 -12.50 25 42.9
P17 - - 19.0 - 145 -3.75 <5 <1.0
P18 - -18.7 - 143 -13.65 <35 -

observations of natural systems, Nissenbaum and
others (1972) suggested that, despite the stability of
CH, over CO, 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)
(6D=17.956'¥*0+6.03), indicating the presence of only
meteoric waters in the aquifer (fig. 47). Values for 680
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'®0 and 6D 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 §13C
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, §'3C 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 CO, reservoir but receiving CO, 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 CO, gas phase would result in 63C
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 P17, exhibit 63C values
of —6.0 (P9) and —3.8 (P17), 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 3C 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 CH, and CO, does not occur at aquifer
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temperatures; therefore, migration of methane would be
unable to produce these isotopic variations. Similarly,
oxidation of migrating CH, to CO,, which is not known
to occur in the absence of molecular O,, would tend to
lower 8*C values from the addition of the isotopically
light CO, 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—CQ, 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 walers from the Lance Formation and the Fox Hulls Sandstone, Powder River Basin, Wyoming

Amorphous
Sample Quartz Chalcedony silica Albite Allophane Muscovite Chlorite Beidellite Kaolinite
Lance Formaton
0.31£008 -021+008 -0.72+008 -113+072 —08b+066 ~ 1861212 -0 754182 —( 38+ 166 0094137
46+ 07 - 08 07 -.59%+ .07 -104+138 ~ 80+1.32 — 1984402 284+ 340 - 24313 ~ b2 73
35+ 08 - 18+ .08 - 68+ 08 S131+138 —1244137 —301+402 - 16+313 —133+3 13 ~B2427%
66+ 06 A2+ 06 -39+ 06 —1% 4129 - 354100 - 9642 74 - 783185 11442 14 1374255
58+ .06 04+ 06 - 48+ .06 -223+¢ 52 01+ 38 15+ 1 48 -433+101 1911116 210+ 97
b4+ 06 10t .06 - 42+ 06 -228+146 - 384107 -123:274 —709+184 gy 214 1314290
Mean and
standard
deviation 050 +0.15 —040+0.14 ~05550 14 —156+055 —0.60+0 45 1484+ 1.07 3994339 0924122 0bhsl 10
Fox Hulls Sandstone
P2 028+ 0.08 —022+008 -073+008 —122:072 1244066 237212 1185214 ~077+1 66 —0 264137
P3 36+ .07 - 152 .07 - 6by .07 - 09 27 - 15% 15 85+ .5¢ - 369£590 187+ 46 198+ .34
71x 05 - 17+ .05 -~ 34% 05 -279+137 - 37+ 99 - 841401 ~8.63+2 68 1294312 1524273
63+ 06 09+ .06 - 42+ 06 -208+129 -.37+ 98 - 74+274 -726:18% 1064214 136 +2 56
47+ 08 -.08+ .08 - 593 08 -215+138 -.383109 —1 144402 —b 15264 234313 81273
82+ 07 - 03: 07 - Str 07 -293+1 48 — 394105 S110+402 ~399+269 181313 Y273
25+ 07 - 22+ 07 - 73%+ 07 —118+ 52 -1.56+ 45 —208+148 ~481+5097 - 594117 - OB+ 98
46+ .08 -.08+ .08 - 60t 08 -165+1138 384109 -1535+402 —521+26Y 314313 784273
P11 30 07 - 19: 07 - 70+ 07 - 724+ 34 — 1My 27 -133+ 87 256459 08+ 69 42+ 56
P15 - 123 08 - 12+ 08 - 63+ 08 S5+ .41 0+ 28 5+ 99 ~3 74 72 185+ 8t 200+ 67
P16 -- 48+ 08 - 07+ .08 - 58+ 08 ~2244+1.30 - 40+ 97 ~158+275 S539+183 38+2 14 88+ 56
P17 —- 24+ .06 - 19: 06 - 09 0o ~1.27+ .42 -205+ 34 -187+116 -317+179 - 43y 02 o+ 78
Mean and
standard
deviation 043+015 -009+012 —006010 12 - 1.58+0.87 -0684+060 ~110:0 9% 484210 —0.4810 88 0874076
TABLE 27.—Saturation indices of carbonate, sulfate, and phosphate minerals in waters from the Lance Formation and the Fox Hills Sandstone, Powder Riwver Basin, Wyoming
Sample Calcite Dolomite Siderite Rhodochrosite Strontianite Gypsum Celestite F-apatite F-CO3 apatite MnHPO,
Lance Formation
Pl ——omeo e 0134021 -0.03+0 31 0 40 + 0.56 -0.513 140 -070+0.28 -2924021 -296:028 -113+111 315213 -024£0.72
0+ .11 - 48+ 44 - 544208 -.273+ 45 -.68: 19 -215+ .11 -2.35% 19 - -— -—-
14+ .19 - 28+ .37 -_3()12'03' - 44+ 1.06 -7+ 28 -253+ 19 -262+ 28 -109+1.01 2964+ 101 - 1%+ 55
- 21+ 06 - 74+ 08 -.28+ .11 - 143 06 -1.17¢ 10 — 144+ .06 162+ 10 -— -— ——
13+ 05 02+ 07 -11.76 + 1.06 - 48+ .08 -1.13+ 60 -230+ 20 -279% .22 -170+138 2.00+248 72+ 23
16+ 05 07+ 07 20+ .06 - 33+ 06 -.80+ 09 ~1143 05 ~1.33: 09 -—- - -—
Mean and
standard
deviation 011017 -0 2440.32 - 0.10£039°  -0344+0.14° -087+022 -208+067 -22810.66 ~131+034 2704062 0124052
Fox Hills Sandstone
0204025 ~0.04£0 40 0.3540.73 -053+167 ~065+028 ~285+025 -288+0.28 - 1.405107 2124205 ~043+085
- 04+ .25 -100¢1 13‘ 66+ .30 -.58+140 - 76+ 28 -297+ 26 -290+ .28 -2138+133 42+ 2.5 - 3+ 72
041 05 - 21 .07 -950+ .07 - 52+ 06 ~106+ 09 — 141+ 06 -1741 .10 - 147+ 74 231+ 1.31 80+ 12
oz 05 -.30: 07 - 46+ 13 - 8l% 1t - 08+ 10 ~180+ 08 -202+ 11 -2.53+138 414248 14+ .23
11+ 06 02+ 08 43+ .07 -.561 .12 - .81+ 10 -188+ 07 203+ .11 - - ——
09+ 05 143 .07 - 1144+ .56 -2.411+276 -.82+ 10 171+ 07 -185+ 10 - — -—
13+ 22 - 67+113 70+ 39 -.79+276 - 51+ 21 -312: 2 -290+ 21 -308+128 — 1794242 - L07+1.41
33+ 05 44+ 07 43+ 06 -.81+ .12 - 69+ 10 - 57+ 05 - 83+ .09 -—- -— -—=
07+ 29 ~67x1 14! - 014208 ~.55+2.08 - 64+ 31 -3 11+ 29 -299% .31 - 1.38+ 150 1494290 - 224 1.07
8+ 06 583 08 ~1126+ 39 -121+ 86 - 58+ 11 ~119% 06 -148: 11 140+ 73 3481127 - 8l 45
- 38+ 05 78+ .06 -1030+ 09 -.64+ 08 - 483 09 - 49+ 05 - 58+ 09 - -— -
P17 =mmmmmee 16+ 1o — .15+ .36 12+ 106 - 70+140 - 53+ 16 ~470£15 —4441 150 -3.00+1.02 -322+189 - 79+ 73
Mean and
standard
deviation 016016 - 00940.53 028£0.38°  —067+019° ~071+018 —215412% -2224106 —208:075 0654222 ~034+060

1
Calculated assuming minor element concentration equals analytcal detection limut.
2Calculmed without oxidized samples—P4, P7, P14, P15, and P16

potassium mica, is near saturation, indicating possible | sericitic alterations of a similar composition, are
ground-water equilibration with this phase. Apparent | unstable under current geochemical conditions and
undersaturation may indicate that muscovite, as well as | 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 C,, 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
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Tasrt 28.—Saturation indices of a 3.(-mole percent manganese calcite sohd solution in
walers from the Lance-Fox Hills aguifer. Powder Riwer Basin, Wyoming

[Trec enenn ton the phose \lnm K («“u,(I()} was calculated by assuming an deal sohd soluton
" : i
(Bomar 1973

Saturation indices

Sample
Calcite Manganese calcite
Lance Formation

Pt 0.13 0.07
P8 .30 .23
P12 14 .08

0 - .21 -.26
I 13 .06
PI8 cmmm o 16 09
Mean and standard deviation ~ 0.11+0.17 0.04+0.16

Fox Hills Sandstone

0.20 0.15
P3 - - .04 -.09
P4 04 -.03
P5 .00 -.07
1 .02
P7 .09 -.05
P9 13 .07

8 .33 24
P11 07 .02
S .48 .37
P16 ~————— oo -- .38 .29
.16 09
Mean and standard deviation ~ 0.16 + 0.16 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 Sr,,Ca, ,,,CO, 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 [Ca,(PO,),F] and a cryptocrys-
talline carbonate fluorapatite [Ca,, Na,, Mg, (PO, ,
(COy)y 5, F23.0H, 55, PK,=—120.7] (Chien and Black,
1975), suggest saturation with respect to an apatite
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TABLL 20, —Saturation indices of a () 2-mole percent strontum calate solid solution in
walers from the Lance-Fox Hilly aqufer. Poeder River Basin, Wyorming

Ca

{hce ancrg ke e phasee St
(IR

g O, w calculated by assiinmg an adeal sold salution

Banae 19770

Saturation indices

Sample
Calcite Strontium calcite
[Lance Formation

Pl —mm e 0.13 0.06
P8 — .30 .21
P12 ~— 14 06
P13 -.21 - .30
Pl cmmmmmoem 13 04

o 16 .07
Mean and standard deviation - 0.11 +£0.17 0.02+0.17

Fox Hills Sandstone

P2 -—= 0.20 0.13
P3 —m o -.04 -.11
P4 (04 -.06
P3 - .00 -.09
P6 - -— 11 01
P7 - - .09 -.01
po- - 13 06
P10 .33 .23
P11 .07 .00
P13~ 48 .38
P16~ .38 .28
P17 - 16 08
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 P17, 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 (MnHPO,) 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 in 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), (pK=38.5) is indicative of active precipita-

3(am)
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tion of this phase (IAP=—37.1 to —38.1) (Whittemore
and Langmuir, 1975), possibly due to the oxidation of
pyrite by O, (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 4.2410.76 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  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 O, and NO; in combination
with the production of additional N, and C, is indicative
of biologically mediated O, and NO; reduction reac-
tions. Saturation indices for Fe(OH),,, 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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TABLY 30.—Saturation indices of iron oxyhydroxides and sulfides in waters from the Lance-Fox Hills aquifer, Powder Ruwver Basin, Wyoming
[h-(()H)“ e amorphous {ame hvdrosde, Fch““m, amorphous terrons sultide. K\‘, solubilits prodect]
. . . b
Sample Hematite Goethite Fe(OH),, * Pyrite FeS )
Sulfide absent

P4 —rmm o 18.89 + 0.32 6.98 + 0,16 3.06 4 0.16 -— —
16.41 4 1.15 5.741 .57 173+ 57 — —
P14 e 16.01 +2.15 5.5+ 1.07 1.57 + 1.07 - -
P13 ~mm oo e 17.05+ .82 606+ 4 206+ 41 — -

P16 ——— - 18.36 + .34 6.71+ .17 2,70+ .17 -— -
Mean and standard deviation - 17.34 + 1.24 6.21 + 0.62 2.22 4+ 0.64 — ——=

Sulfide present

P1—- - 6.79 + 1.15 0.91 + 0.57 -2.68 + 0.57 8.60 + 1.02 1.00 +0.70
P2-——— 6.70 + 1.48 86+ 74 248+ 7% 8.87+ .81 1.22+ .75
P3 6.99 + .67 1.0+ .33 -243+ .33 881+ .91 1,15+ .52
P5 - 257+ .39 ~-1.18+ .20 ~-5.10+ .20 918+ .87 — 11+ 45
P6 - +.36+ .32 - .28+ .16 -4+34+ .16 11.03+ 08 1.39+ .30
P8 -~ - 5.34 + 4.17 20+ 2.09 -5.68 +2.09 8.85+2.13 74+ 2,00
PO - 7.024+ .82 1.00 + 41 -1.87+ .4 8.06 + 94 B9+ 568
P10 - +.88 + .31 -.02+« .16 ~406+ .16 10.32 + .86 8o+ 43
Pl - e 6.21 + 4.17 .61 +2.09 - 251+ 2.09 7424225 A3 4212
P12 e 6.46 + 4.17 .75 +2.00 ~2.95 4 2.09 8.46 1+ 2.13 B+ 2.00
P13 - 345+ .36 -.75+ .18 -+69+ .18 8.20+ .59 -.02+ 31
P17 - 494 +2.15 - .07 +1.07 - 2224 1.07 6.6+ 1.37 02+ 1.15
P18 —mmmmmm e 3.31+ .31 - 81+ .16 ~4.77+ .16 10,20+ 1.71 A+ 86
Mean and standard deviation - 531 +1.33 0.17 +0.76 -%3.37 ¢ 111 8.82+1.19 0.63+ 058

Ko=w
W

Koo ™
W

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 O, 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 6'°C values, indicates the activity of
methanogenic bacteria. In the reducing ground waters,
saturation with respect to both siderite and Fe(OH),, |
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]/[NaJ? 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 (aclﬂ)/(a,\,;r)2 and (aMg+2)/(a P
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 (Na,SO,)
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_
and siderite in reducing waters, and with Fe(OH),,,,
(pK,,=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 CO, and
O, using PHREEQE and was used as the initial solu-
tion for the following reaction simulations. In order to
attain C, values identical to those calculated for outcrop
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area waters, the unsaturated zone P, before equilibra-

tion with mineral phases were required to be on the
order of 10~'? atm for the carbonate simulations and
107%9 atm for the aluminosilicate simulations. Thorsten-
son and others (1979) measured a P, of 1077 atm in
the unsaturated zone at Gascoyne, North Dakota, in-
dicating that although these modeled CO, concentra-
tions appear somewhat high, they are realistic for
lignitic sediments of the type found in the study area.
The O, 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 C, concentrations for
the downdip samples, indicating that additional CO,
sources must be present. As a result, CO, was added to
the simulated ground waters in order to match the cal-
culated C, 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 CO,. A problem arises at this
point, however, regarding the choice of CO, sources. If
CO, is derived from a maturing high-volatile organic
carbon, the associated mass transfers for siderite and
ferrous sulfide will be relatively low. Alternatively, if
CO, is produced within the aquifer during oxidation of
organic matter by sulfate reducing bacteria, H,S will be
generated in quantities of roughly half the amount of
CO, 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 CO, 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 redudtion (fig. 51) CO, 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:

REGIONAL AQUIFER-SYSTEM ANALYSIS

1107 EXPLANATION

@ CALCULATED CONCENTRATION
.~~~ MODELED CONCENTRATION

10.0 A ®

DOLOMITE

CALCITE+DOLOMITE

—

CALCITE

KAOLINITE+Na MONTMORILLONITE

ALLOPHANE

TOTAL INORGANIC CARBON, IN MILLIMOLES PER LITER

7.0 4 KAOLINITE+MUSCOVITE, KAOLINITE+MUSCOVITE +Na MONTMORILLONITE
7 P6 P2 P3 P11

6.0 +- T T L Ay T T -
0 10 20 30 40 50 60

DISTANCE FROM QUTCROP 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, dissolution following the reduction of O2 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 P11 also include equilibration with
amorhous ferrous sulfide and siderite; simulation P7 includes
equilibration with amorphous ferric hydroxide.

1107 EXPLANATION

® MEASURED pH
~~~ MODELED pH

10.04 KAOLINITE+MUSCOVITE, KAOLINITE+MUSCOVITE +Na~-MDNTMORILLONITE

DOLOMITE
9.0 catoime

CALCITE+DOLOMITE

8.0

pH
.

7.0

DISTANCE FROM OUTCROP ALONG NORTHERN FLOW PATH, IN KILOMETERS

KAQLINITE +Na--MONTMORILLONITE

ALLOPHANE

FIGURE 49.—Comparison of field-measured pH values with mod-
eled pH values for mineral dissolution with CO, 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 P11 also include equilibration with
amorphous ferrous sulfide and siderite; simulation P7 includes
equilibration with amorphous ferric hydroxide.
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IN WATER SAMPLE P? SAMPLE P6 SAMPLE P2
peas] DISSOLVE: wEas Twoo ] DISSOLVE: WEAS. Moo OISSOLVE: MEAS [MOD.
0.24 mmol/L O 0.10 mmol/L GYPSUM 0.40 mmol/L HALITE
. 2 . . 0.72 }0.78 Ca [0.05]0.04
Ca 10021 11 mmoi/L HALITE €2 1.3 114 1 .65 mmol /L CO, Ca 0.82 mmol/L Na,SO,
Na [0.01] 0.57 mmoi/L GyPsum [ M8 117 {18 | 414 mmol/L CH,O Mg 1066 10.71] 0,13 mmol/L CO, Mg |0.0210.02
C!_[0.002 0.03 mmol/L Ca(NO3), | Na |1.0 |1.1 | 0.90 mmoi/L DOLOMITE { Na 6.1 6.3 | 0.62 mmoi/L DOLOMITE | Na |13.0[13.0
$0,[0.01] 351 mmoi/L O, Cl |0.160.11] 5.7 umol/L SIDERITE ¢ 10.07 [0.11] 1.4 umol/L SIDERITE o lo.51 lo61
Cy [0.04 ‘;‘22 "‘"‘°'§L CDgzO g | S04 0.8 [0.68 1.1 umol/L FeS, ) SO, [0.69 | 0.69|PRECIPITATE: so,[16 |15
oo E‘:;‘/LLFB(OLS:‘ ™ < 68 [6:8 |PRECIPITATE: c; [83 [83] 0% mm::/lL/LF CSALC'TE C; [9.3 [9.3
3(am) NG3[0.066]0.055 0.92 mmol/L CALCITE S 3/0.0090.002 8.3 umol/L FeS g, Fas[o 0180007
PRECIPITATE: ADSORB: ADSORB:
1.31 mmol/L CALCITE | Op [0.0620.063" "% /L Ca Fe [0.0180.007 1 0o mmol/L Ca Fe |.0005/.0003
ADSORB: Fe |.0007[.0004 1.96 mmol/L Mg pH |7.71 |7.65] 1 32 mmol/L Mg pH |8.9118.79
0.09 mmol/L Ca pH | 7.50(7.41 |DESORB: Eh [0.219}{0.228HESORB: Eh }0.317}0.310)
0.38 mmol /L Mg Eh 10.8010.850] 5.26 mmol/L Na 4.68 mmol/L Na ]
DESORB:
0.96 mmot /L. Na *
SAMPLE P3 | SAMPLE P11
DlSSOLVE MEAS . |MOD. DISSOLVE MEAS ]MOD.
o.;4 mmol;L HALITE Ca To.0a [o.03] 003 mmcI;L ;gtgj , Ca 10.0310.03
0.38 mmol/L CO 0.12 mmol/L |
2
0.26 mmot/L DoLOMITE | M8 10-0010-00} o 04 umoi /i Fes |8 19.0010:00
0.59 umol/L Fes(a ) Na [14.4 |14.0 Na 113.9]14.3
* m
PRECIPITATE: Cl 10.85 |0.65 | PRECIPITATE: Cl [0.68)0.68
0.14 mmol/L CALCITE  [50,[1.6 [1.5 | 0.11 mmol/L CALCITE [ S0,[1.5 |1.5
- 0.58 umol /L SIDERITE  ["E 175 3 70 1 0.15 umol /L SIDERITE G- 11001102
ADSORB: 5H,5(0.006[0.001| ADSORB: EHZS 0.003]0.002
0.13 mmol/L Ca 0.02 mmol/L Ca
0.27 mmol /L Mg Fe [.0014{.0003 0.12 mmol/L Mg Fe |.0002|.0002
DESORB: pH |8.77 |8.76 | DESORB: pH |8.92|8.82
0,79 mmol/L Na Eh +0.3020.308 0.28 mmoi/L Na en [0.322}0.317

FiGURE 50.—Calculated mass transfer for the calcite-dolomite-cation exchange-CO,, 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 (umol/L); Eh in volts.

2CaMg(CO,),+FeCO, +2CH,0+S0;2+2Na,EX+Ca*?

=3CaCO,+FeS+4HCO; +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 CO, 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 5'3C value
of Keith and Weber (1964) (—4.8%5.1), and the organic
6'3C value of Craig (1954) (—28*4) were chosen to repre-
sent the isotopic composition of carbon sources in the
aquifer. These estimated 6°C source values were ap-
plied to the mass transfers calculated in figures 50 and
51 to yield downgradient 8°C 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 6'®C wvalues. Therefore, carbon isotopes do not
allow for differentiation between these two carbon
sources. Modeled and observed §3C 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 6'3C values may be caused by several in-
fluencing factors, the most significant of which is the
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RAIN WATER SAMPLE P7 p|  SAMPLE P6 | SAMPLE P2
meas, DISSOLVE: MEAS.| MOD. D|SSOLVE'~/ MEAS.|MOD. %‘SSOLVE/:L HALITE MEAS JMOD.
0.24 mmol /L O. 0.38 mmol/L GYPSUM .40 mmo
2 ca {0.72 {0.78 Ca |0.05[0.05
Ca 10921 511 mmol/L HALITE Ca 1.3 114 | 69 mmol/L CH,0 2 0.94 mmol/L Na,SO,
Na |0.01 0.57 mmol/L GYPSUM | M3 |17 118 | 0.85 mmol/L DOLOMITE | Mg |0.66 0.7} 0.13 mmol/L CH,O Mg |0.02]0.02
Cl_[0.002 0.03 mmol/L Ca(NOg), | Na |1.0 1.1 | 0.28 mmol/L SIDERITE | Na [6.1 |6.3 | 0.59 mmol/L DOLOMITE | Na [13.0]13.2
$04(0.01 3.51 mmol/L CO, ct |o.as]0.11 ct |0.07 |0.11} 66. umol/L SIDERITE ct |o.51 1051
C; |0.04] 0-18 mmol/L gHzo e | 504 0.5 [0.58 | PRECIPITATE: $0,0.69 | 0.69| PRECIPITATE: S0,[16 [1.6
. L DOLOMIT
(2)32 umnr:\;I//L Fe?og) CT 68 |68 1.20 mmol/L CALCITE CT 83 |83 (;535 mm:)/llfLFCSALCITE CT 9.3 |9.3
- 3(am)™No,0.056(0.056 0.27 mmol/L. FeS ) SH,8[0.008fo.002 " UMV T am) >H,5(0.015/0.001
PRECIPITATE: ADSORB: ADSORB:
1.31 mmol/L CALCITE | Op |0.0620.062" """ 1 ca Fe [0.0180.007 ¢ 99 mmol/L Ca Fe_[.0005[.0003
ADSORB: Fe |.0007.0004 1 96 mmol/L Mg pH |7.71 | 7.65] 1 29 mmol/L Mg pH | 8.91|8.79
0.09 mmol/L Ca pH | 7.50{7.41 | pESORB: En [0219]0.228 nESORB: €n }0.317/0.309
0.38 mmot/L Mg Eh |0.801}0.850] 5.28 mmol/L Na 4.56 mmol/L Na
DESORB:
0.96 mmoi/L Na *
SAMPLE P3 SAMPLE P11
DISSOLVE: VEASmoD.| DISSOLVE: MEASIMOD.
0.14 mmol/L HALITE ca 10.04 |0.03 2(1)? mmo:;IL_ ggtg,;,ﬁ ca {0.03]0.03
0.19 mmol/L Na,SO .11 mmo
2594
0.36 mmol /L CH,0 Mg 1000 19-90] .09 umot /L Fes gy Mg |0.000.00
0.19 mmol /L DOLOMITE | Na |14.4 |14.1 Na |13.9[14.4
0.18 mmol/L SIDERITE | cI |0.65 |0.65 cl |oesloss
PRECIPITATE: 804 16 |1.5 |PRECIPITATE: S0,4[1.5 |1.5
0.14 mmol/L CALCITE c; [103 [10.1 0.11 mmol/L CALCITE c; [10.0]10.2
. ERITE
0.18 mmol/L FeS St15]0.006[0.001 0.17 umol/L SIDERIT 1,5]0.003/0.002
ADSORB: ADSORB:
0.06 mmol/L Ca Fe {.0014/-0003| 4 50" mol/L Ca Fe |.0002{.0002
0.20 mmol/L Mg pH |8.77 |8.81 | 0.11 mmol/L Mg pH |8.92]8.85
DESORB: Eh |0.302[-0.311|DESORB: Eh [0.322}0.318

0.51 mmol/L Na

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 (umol/L); Eh in volts.

uncertainty of siderite §°C values and the lenticular
nature of the flow system. Siderite has been shown to
vary in 6'3C from highly negative (Hodgson, 1966)
(613C=—33.3) to moderately positive (Fritz and others,
1971) (6"¥C=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 6'°C values to be equivalent to
freshwater carbonate 6'3C values (Weber and others,
1964). Variations in siderite 6'*C values might cause
significant variations in §°C 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 §*C
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 CO, 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 P11 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 6'C 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



GEOCHEMISTRY OF GROUND-WATER IN TWO SANDSTONE AQUIFER SYSTEMS

EXPLANATION

RANGE OF MEASURED CONCENTRATION
AT 95 PERCENT CONFIDENCE

e MODELED CONCENTRATION

CONCENTRATIONS IN MILLIMOLES PER LITER

2.0+

1.0

e

CALCIUM

0-0 T T Y 1 ¥ ¥

2.07

1.0 1

——

MAGNESIUM

0-0 T T YA T T T

207

104

SODIUM

.

[ P11

P2 P3
0 Ll L] . T 1 ] T 1
0 10 20 30 40 50 60
DISTANCE FROM QUTCROP
ALONG NORTHERN FLOW PATH, IN KILOMETERS

Ce61

0.02
s
O 0.014
@«
0.00 N 7 pomnd
5
2 11.0
Iy .
g 1
O
Z 9.0
<
Q
o
O
2 ||
» 7.0 4 ¢
<
[
O T T T T I 1
— /
2.09
Al
-
[T
<
w 1.0
_
2
7
0.0 T T 1 L] L] ]
1.0
L | |
i |
& 0.5 /
|
I
(&)
p71P6 P2 P3 P11
O-O 14 T T 1 '| T T - 2
0 10 20 30 40 50 60

DISTANCE FROM QUTCROP
ALONG NORTHERN FLOW PATH, IN KILOMETERS

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 CO,
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 CO, 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 §'3C values similarly, with modeled
isotopic compositions corresponding favorably to meas-
ured 6'3C values for both processes.
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FIGURE 53.—Comparison of measured §'3C values and the range of
modeled §'°C values for waters from the northern flow path of the
Fox Hills Sandstone, Powder River Basin, Wyoming. The range of
modeled 6!3C values reflects the uncertainty in the actual 6'*C com-
positions of aquifer carbon sources.

TaBLE 31.—Comparison of radiometric and hydrologic flow rates for the Lance-Fox
’ Hills aquifer of the Powder Rwer Basin, Wyoming

Hydrologic flow rate Radiometric flow rate

Sample (meters per year) (meters per year)
P2 o 0.16-1.08 1.07
P3 o= .16-1.08 a1
Pl —mommmoe .16-1.08 <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, may be
migrating into the aquifer from adjacent carbonaceous
strata. In the Lance-Fox Hills aquifer, the presence of
H,S and large quantities of carbonaceous material, as
well as the ubiquitous nature of sulfate reducing bac-
teria, supports the hypothesis that CO, is generated
primarily within the aquifer, probably through the
reduction of sulfate.

REGIONAL AQUIFER-SYSTEM ANALYSIS

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 6°C 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 P,
values may be significantly different than those calcu-
lated from field-measured pH due to exchange with at-
mospheric CO, between the time of sample collection
and measurement. Calculation of pH from measured
P, 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 CO, 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 MnHPO, 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]* 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
880 and 6D 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 (Keq):

@ (g

“ (ag)h (g

EQUILIBRIUM CONSTANTS

The K  for a reaction of 25° Celsius (°C) and one bar
total pressure may be calculated from the difference in
the standard free energies of formation (AG?) between
products and reactants:

AG? reaction =LA G? products - ZAG? reactants,
AGY o =dAGY +eAGY — (bAG‘f’B +cAG?C) ,
G? reaction == RTr ln Keq ’
where:
— Joules
R=gas constant (8.3147 ———————), and

mole °Kelvin
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%,) and the heat capacity of reac-
tion at constant pressure (AC%,):
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1 2
" 2.303RT / pex 7, 4T
- 2
Tl’
1 T
+ 3038 /2 %axr,dIn T,

where T, represents the temperature of interest and T,
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),
equals zero:

log Keq T2=log KeqT_—( — - ).

Except when AHY, 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 AGY,:
—ZAH?

f reactants *

AHY, =FAH?

f products

AHY, =(dAHY +eAH?)—(bAH?, +cAH?) .

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 (Z;) of the respective ions
in solution:

I=%ZmZ .
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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 (v, to yield the effec-
tive concentrations, or activities, of the species:

a=ym,.
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:

._AZi2I‘2
logy=—F5—;
&% 1+ BI-
or the Davies equation:
log v=—AZ2 ( I )+0.21;
i P14I

where A and B are constants dependent on the tempera-
ture of the solution, and &, 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:

a="P..

1 1

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:

C15

H,0=H*++0H",
CaS0,-2H,0,,=Ca**+S0;2+2H,0,
CaS0,9=Ca**+80;?,
CaOH*=Ca*2+0H",
HSO,-=H*+S0,.

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-Huckel 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-Huckel 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 ,+m_ _+m_ . =m__+m_ _,+m __
Ca'~ CaSO4 CaOH SO4 CaSO4 Hsoq
and charge balance:
2m ,,+m_ .+m .=2m_ _,+m __+m _
Ca CaOH H SO, © HSO OH

4 4

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
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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:

CaCO0,,,+H+=Ca**+HCO; ;

3lc)
(calcite)

so the corresponding mass action expression would be:

(a o (@, )

04
K =

P (aH +) equilibrium .

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

(aca+2) (aH

coa’)
IAP=

(aH+) calculated .

Comparison of the calculated IAP value with the
equilibrium K_ value will allow a determination of the
saturation state of a mineral. The saturation index (SI)
relates measured compositions to the equilibrium state,
and is defined as:

IAP
SI=1 =),
og (K )

sp

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
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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,,) is related by its Henry's Law solubility constant
(K,,.) to the partial pressure of that gas (P, ) in an adja-
cent gas phase by:

a
—_ 8
K,=—=

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

a

gas

K .
& NP,

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
9K 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 CO, 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,O 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:

0,,+CH,0=C0, +H,0 (1)
4ANO; +5CH,0+4H+=2N, +5C0,,+7TH,0  (2)
NO;+2CH,0+2H*=NH,*+2C0,,+H,0  (3)

the more reducing iron-manganese zone is encountered.
Fe(I1I) and Mn(II1)-Mn(IV) oxyhydroxides, stable in
the oxygen-nitrate zone, are reduced to Fe(ll) and
Mn(1I):

4Fe(OH),,,+CH,0+8H*=4Fe*2+CO,,,+11H,0, (4)

2(g)

C77
2MnO,+CH,0+4H+=2Mn*2+CO,,+3H,0.  (5)

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

SO;2+2CH,0+H+=HS-+2C0, +2H,0,  (6)

2lg)
followed by acetate fermentation or CO, reduction to
form methane:

CH,COOH=CH, ,+CO,, -

42

Cco, +H

2(g) 2(g)

=CH, +2H,0. (8)

4(g)
The hydrogen required to reduce CO, 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 [FeS, ] can act to reduce both oxygen:

2(c}

FeS,,+(7/2)0,,+H,0=Fe**+280;2+2H*  (9)

2(g)

and ferric iron:
FeS,,+14Fe*?*+8H,0=15Fe**+250;2+16H*. (10)

(pyrite)

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

CH, +20

4g) 2g)

=H,CO,+H,0.
(11)

In this study, Eh was calculated using the appropriate
oxidation-reduction reactions in conjunction with the
Nernst-Peters equation:
0.0592 (oxidized)

=0
Eh=E*+ (reduced) ’

log

where:

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

n=number of moles of electrons transferred,

(oxidized)

=the mass action expression for the com-
(reduced)

bined half reactions.

For the oxygen-nitrate zone, the appropriate reaction in-
volves the O,-H,O redox couple:
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0,,,+4H*+4e-=2H,0 ; E'=1.229 volts, (12)

Eh=1.229—0.0592pH—0.0148 log (a,, , (P, ).

The Fe(IT)-Fe(ITI) couple (Doyle, 1968a; Whittemore
and Langmuir, 1975) was used to calculate Eh when
neither O, nor H,S were present, as in many of the
Judith Basin samples. Amorphous ferric hydroxide
[Fe(OH), ] and siderite [FeCO, ] 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), . and siderite are in equilibrium with the solu-
tion, deciding on a pK_ range of 37 to 39 for the
Fe(OH),, . 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),,,=Fet*+30H™  pKp oy, =37-39, (13)

FeCO, ,=Fe**+CO;% PKpeco, =10.22, (14)

Feti+e~=Fe'% E%=0.771 volts . (15)
Adding reactions and substituting into the Nernst equa-

tion, the Eh expression becomes:
Eh=0.771 +0-0592(PKFe003—PKFe@H)a(m_3 logla )

+3 log (aco_z)) . (16)

WATEQ2 was used to calculate a .- and a which

were in turn substituted into the above expréssion to
evaluate the Eh of these waters. Saturation indices for
siderite and Fe(OH),, . 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),,, , was calculated to be +60 milli-
volts of the intermediate (Per(om&‘am)=38) value.

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

SO;?+10H*+8e~=H,S°+4H,0; E°=0.301 volts, (16)
Eh=0.301—0.0740pH—0.00740 log(ay, J)(ay; ,)/lag, ) -

Although recent evidence suggests that electroactive
polysulfide (S;?) and thiosulfate (S,0;%) 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-H,S
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couple will result in minimal errors of approximately 50
millivolts.

MINERAL DISSOLUTION AND WEATHERING

The CO, 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 (C,) concentrations in the
aquifer, and decreases pH through dissociation of the
carbonic acid (H,COY) formed:

CO,,,+H,0=H,C0Y, (17)
H,CO=HCO;+H*, (18)
HCO; =CO;*+H* . (19)

Although some mineral dissolution reactions can pro-
ceed without the consumption of acidity:
CaS0O,-2H,0,,=Ca**+S0;2+2H,0, (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:

CaCO,,+H*=Ca*>+HCO; , (21)
(calcite)
CaMg(CO,),, +2H*=Ca**+Mg+*+2HCO; ,  (22)
(dolomite)
CaMg(CO,),,, +2H*=CaCO0, +Mg+*+HCO; , (23)
(dolomite) (calcite)
and aluminosilicates:
K,, Mg, AL, Si; O, (OH), +3.15H,0+1.1H*=
(illite)
1.15ALSi,0,(0OH), +0.6K*+0.25Mg*>+1.2H Si0%, (24)
{kaolinite)
3Na, Al .S, ,0,,(OH), . +H*+11.56H,0=
(Na-montmorillonite)
3.5A1,Si,0,(0OH),, +Na++4H,SiO,°, (25)

(kaolinite)

3KALSi,0,,(OH),,+3H,0+2H*=

{muscovite)
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3A1,8i,0,(OH), ,+3K* , (26)
(kaolinite)
NaAlSi,0,,, +6.1H,0+1.1H*=
(albite)
1.4 [AIOH),] o, [SIO,} yum+Na* +2.6H,SI0,0.  (27)

(allophane)

The coalification of lignite and other carbonaceous
materials also results in the generation of CO,, as well as
in the release of considerable quantities of CH,
(Teichmuller and Teichmuller, 1979). Experimental work
by Foster (1950) has demonstrated the importance of
CO, 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 (pH__ ), so the oxide has a tendency to ad-
sorb major anions below the pH,,, and major cations
above.
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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*>Nat>Li*
Ba*?>Sr+2>Ca*?>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, K, . Thus, for
the following absorption-desorption reactions:

Ca*?+Na,EX=2Na*+CaEX, (28)

Mg+?+Na,EX=2Na*?+MgEX, (29)
where EX represents the negatively charged exchange
site, the corresponding mass action expressions are
given by:

(@ ) (agpx)
o ) Feax)
ex
(. +o) (ay,,ex)
and:
(@ +)* (@yyey)
Navg _Na'  MEPX
ex
(ay,+2) (g ex)
where ay, oy, c,gx, and ay .y represent the activities of

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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Tasit. 32.—Cation exchange capactties (CEC) of several clay mineral groups and iron
and manganese oxyhydroxides

[Grm (1968, Donald Langmun Colurado School of Mines oral commun | 1980)
CEC
Material (milliequivalents per
100 grams at pH 7)
Kaolinite ———---———----- 3-15
Glauconite 11-20
Hlite, Chlorite —- 10-40
Smecutes (montmorillonite) =====—eceeaenu 80-150
Vermiculite ======— e 100-150
Mn(IV) and Fe(IH) oxyhvdroxides —------ 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 («):

«=R,/R,,

where R, and R, are the appropriate equilibrium iso-
topic ratios in phases A and B. Fractionation factors
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may be calculated by means of statistical mechanics or
measured experimentally; they generally approach unity
with increasing temperature.

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

(13C/t ZC)sampIe .

130= | "'sample
e (PCI2C) yangara

X1000

The carbon isotope ratios may be replaced by H/'H
(D/H), 80/*€0, or 3*S/°2S ratios to obtain the correspond-
ing 6 values for these other elements. Typical standards
used in evaluating isotopic composition include the
SMOW (standard mean ocean water, for 6'*0 and 6D)
(Craig, 1961a), PDB-1 (CO, gas produced from a belem-
nite of the Cretaceous Peedee Formation for 6'*C) (Craig,
1957) and Canon Diablo troilite standards (troilite from
the Canon Diablo meteorite, for 5**S) (Jenson and Nakai,
1963).

OXYGEN AND HYDROGEN

Natural variations in the 620 and 6D 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 6) in '*0 and D, and the
remaining liquid will be enriched (increased é) in these
heavier isotopes. Because of this fractionation, 60 and
8D 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°C data. In
temperate climates, plants use the Calvin photo-
synthetic cycle, which produces organic carbon with §*C
values of —25+5 (Rightmire and Hanshaw, 1973). CO,
produced in the unsaturated zone by the oxidation of
this type of plant material should also have §'°C values
of approximately —25. Ground water in the unsaturated
zone will exhibit 6'3C 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,.
Equilibrium fractionation of *C between HCO,; and

COyp ®uco; -co,, was reported by Deines and others
(1974) to be 1.0092 at 10°C, leading to a 9.2 per mil 3C
enrichment in §'°C _ over 6‘3CCON o+ or a value
of —16 for bicarbonate il unsaturated zone waters. On
reaching the water table, ground water is effectively
isolated from the CO, 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 §3C values of —4.8+5.1 (Keith and
Weber, 1964), whereas CO,, derived from the oxidation of
sedimentary organic carbon would have §°C 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'*C value of 16, allowing §'3C
solution to remain approximately constant, as seen from
mass balance considerations:

13 —_—
6 Cfinal
13 13
c 3 C C 6 Ccarbonate+6 CCO:,
T T p— T -
m " 8PC i T T M ) 2 )
C
T
m “gna

where m"" 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 8'°C of the evolving ground water to asymp-
totically approach a value of —28:

c c C
T 13 T p— T 13
050" Conig T =10 )0 Cco2

final
C
T
m final

o1C
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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, source and a 6C_, ... value
representative of either freshwater or marine
(613C=—0.2+2.0) (Craig, 1954) carbonates, the authors
calculated that solution §'*C will asymptotically increase
during closed (to a CO, gas reservoir) system conditions,
reaching a final value representative of equilibrium bet-
ween input and output 6'*C 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 CO, 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 *C with
respect to CO, (Claypool and Kaplan, 1974), with
%co,-cy=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 *C enrich-
ment of dissolved carbonate. Migration of methane into
an aquifer could not produce a similar increase in the
813C of dissolved carbonate species, as Sackett and
Chung (1979) have demonstrated that CO, and CH, 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 Desulfovibrio sp., reduce SO;? to form H,S,
which is depleted in S with respect to SO;2. The re-
maining sulfate is therefore enriched in 3¢S, and 6*S_ ..
will increase accordingly. If both &S, and &S ..
values are known, calculated mass transfer in the sulfur
system can be used to compute the expected final
8S_ 5. value, as demonstrated by Plummer and others
(1983). Because 6*S_,,, 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 6*S
values in numerous samples of marine evaporate rocks
of Phanerozoic age, and concluded that the §*S 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 (°H) 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):

BN+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'® 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
¥Ar and Si (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:

1UN+n=1C+1H. (31)
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The *C 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 “C reservoir, the concen-
tration of this unstable isotope begins to decrease from
radioactive decay by beta emission to “N:

C=UN+4" - (32)
In ground-water systems, “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 '“C
content. In the absence of such processes, the equation
for determining time (t, in years) since isolation from the
atmosphere based on the “C activity is:

where:

t., = 1C half life, 5,730 years
A= measured “C activity, in percent modern
carbon
A= 1C activity to be expected in the absence of
radioactive decay, in percent modern
carbon.

Estimation of A, 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 1“C dating:

1. Evolution in the unsaturated zone, where infil-
trating ground water is open to isotopic ex-
change with an effectively infinite, gaseous CO,
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
CO, 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:
51302_6130'
o1C,—61C,

t=19035 | log( 1%))Hog (

B89, —89C.t T2
log ( ',
B89C,~89C.+ T2

where:

613C, = solution 6'°C at the end of stage 1,
0"3C,= solution 6'°C at the end of stage 2,
613C, = dissolving carbonate 6'3C,
8= composite parameter representing reaction
progress,
eps= additive fraction factor between solution
and precipitate,
I'= 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 WATEQZ2 (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-Huckel or Davies equations.
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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
aCa,,z/aMng2 ratio, indicating that the four equations
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
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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 6"°C and A,,, values from initial 6*C 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).



