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ABSTRACT

Water produced with coalbed natural gas (CBNG) attains its char-

acteristic sodium-bicarbonate composition through a series of pro-

cesses, including dissolution of salts, precipitation of salts, pyrite

oxidation, ion exchange, sulfate reduction, and methanogenesis. Af-

ter CBNG-produced water is discharged to the surface, interaction

with the atmosphere will initiate the precipitation of calcite, iron

hydroxide, and barite among other minerals. The interaction of

CBNG-produced waters with semiarid Powder River Basin soils can

mobilize accumulated salts,which, through infiltration, can then reach

the water table, potentially affecting the quality of the groundwater.

Themobilization of the soil-based salts may render the composition

of the water recharging the near-surface groundwater very different

from the initial chemical composition of theCBNG-producedwater.

Additionally, prolonged exposure toCBNG-producedwater can cause

the salinization and sodification of soils surroundingCBNG-produced

water ponds and streams carrying CBNG-produced water. This can

impact the quantity of biomass and the species composition of the

vegetation in proximity to CBNG-produced water discharge loca-

tions. The high sodium to calcium and magnesium ratio in CBNG-

producedwater requires carefulmanagement to prevent sodification

of irrigated soils when it is used as an irrigation source. In many

instances, irrigation with CBNG-produced water requires the addi-

tion of soil amendments such as gypsum and sulfur to maintain the

fertility and physical qualities of the soil. An understanding of the

geochemical evolution of CBNG-producedwater is necessary to antic-

ipate and address these potential environmental issues associated with

production of CBNG.

INTRODUCTION

Coalbed natural gas (CBNG) production is the process of extracting

natural gas from coal beds by depressurizing the coal through the
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removal of the coal aquifer water. The lower pressure

allows the natural gas, almost entirely composed ofmeth-

ane, to desorb from the coal and to be collected and used

as an energy source (DeBruin et al., 2004). The increas-

ing rate of CBNGproduction over the last 20 yr has had

important influences onWyoming’s economy and envi-

ronment.One area undergoing intensiveCBNGproduc-

tion is the Powder River Basin in northeast Wyoming

(approximate latitude 43–46j north and longitude 105–
107j west). The Powder River Basin is a semiarid geo-

logic structural and hydraulic basin bounded on the

south by the Laramie Mountains, the west by the Big-

hornMountains, and on the northeast by theBlackHills.

The Paleocene Fort Union Formation is the target of

much of the CBNG production in this area (Bartos and

Ogle, 2002).

In 2005, more than 17,000 CBNG wells were in

place in the Powder River Basin (Wyoming Oil and

Gas Conservation Commission) and more than 3000

more wells planned to be installed by 2010 (DeBruin

et al., 2004). During 2005 in the Powder River Ba-

sin, 88.62 billion liters of water was produced during

CBNG production (Wyoming Oil and Gas Conser-

vation Commission) with an estimated 7 trillion liters

of water expected to be produced over the lifetime of

the development (DeBruin et al., 2004). How this wa-

ter is managed subsequent to production has varied

through time by producer, by environment, and by reg-

ulation. Presently, CBNG-produced water in the Pow-

der River Basin is disposed into surface drainages, on-

channel impoundments, off-channel impoundments;

dispersed into the air by sprayers; used for surface and

subsurface irrigation; re-injected; and treated (Wheaton

and Donato, 2004). Depending on the disposal meth-

od, CBNG-producedwater has the potential to impact

groundwater, surface water, and soil quality.

The addition of approximately 7 trillion liters of

water to a semiarid watershed such as the Powder River

Basin has the potential to impact the ecology and environ-

ment. However, the nature and magnitude of these im-

pacts are not clearly understood and accordingly have been

the focus of numerous studies over the last decade. This

article summarizes Powder River Basin CBNG-produced

water research and describes the geochemical evolution

of CBNG-produced water from recharge to production,

surface discharge, and uptake into the shallow subsurface

aquifers, soil, and vegetation. Throughout this process,

the chemical composition of the water is dynamic.

Environmental concerns have the potential to slow

the production of CBNG in the Powder River Basin in

Wyoming and Montana. The Montana Board of Envi-

ronmental Review adopted rules in early 2006 that pro-

hibit the degradation of surface water flowing from

Wyoming toMontana. This includes the Powder River,

the Little Powder River, and the Tongue River, water-

sheds undergoing intense CBNG development inWyo-

ming (Buccino and Jones, 2004; Neary, 2006). Under-

standing the geochemical evolution ofCBNG-produced

water throughout the whole cycle is key to drafting ap-

propriate regulations, preventing environmental degra-

dation, and anticipating potential remediation after ces-

sation of CBNGproduction. Currently, most regulation

is basedon the initial chemical compositionof theCBNG-

producedwater (Buccino and Jones, 2004). This article,

however, demonstrates that, in most situations, the sub-

sequent changes to the water caused by its interaction

with the atmosphere and local soils will ultimately de-

termine the impact on the environment of the Powder

River Basin.

Several previous studies summarize the geochem-

ical evolution of groundwater in Powder River Basin

aquifers like those accessed during CBNG production

(Lee, 1981; Van Voast and Reiten, 1988; Clark, 1995;

Van Voast, 2003; Wheaton and Donato, 2004). These ar-

ticles document how water recharging coal aquifers

metamorphoses into the sodium-bicarbonate–dominated

water which is associated with CBNG-produced water.

We expand on the theories presented in these articles

and present an alternative to the commonly expressed

process of cation exchange to explain sodium concen-

trations. Extensive data from the PowderRiver Basin are

presented to illustrate geochemical changes. The pre-

sent article then extends these studies by describing the

geochemical changes in CBNG-producedwater through-

out the entire hydrologic cycle from the initial recharge

of coal aquifers to the reintroduction of the produced

waters into near-surface aquifers. In summarizing the

geochemical changes of CBNG-produced water that oc-

curs after the water is discharged to the surface, we have

integrated a wide variety of research in water and soil

chemistry. Research investigating the fate of theCBNG-

produced water is important because it is the ultimate

composition of the water and the geochemical interac-

tions that occur that must be taken into account when

regulating discharge or attempting to prevent environ-

mental degradation caused by CBNG-produced water.

EVOLUTION OF WATER CHEMISTRY IN THE
POWDER RIVER BASIN

Groundwater evolution within the coal aquifers of the

Powder River Basin can be considered in four stages
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(Figure 1). First is the redissolution of salts that have

accumulated in the unsaturated, semiarid soils of the

basin such as gypsum, calcite, thenardite, and possibly

epsomite (Harris, 1987; Natural Resources Conservation

Service [NRCS], 2004). Next, the water dissolves gyp-

sum and salts in the aquifer and incorporates products of

pyrite oxidation. Third, sulfate reduction consumes sul-

fate and generates bicarbonate: this increase in bicarbon-

ate causes the precipitation of calcite, reducing calcium in

solution. Lastly, methanogenesis occurs with the gener-

ation of methane.

Recharge of Coal Aquifers and Initial Dissolution Reactions

The Powder River Basin extends more than 55,000 km2

(21,236 mi2) in Wyoming and Montana within the

unglaciated part of theMissouri Plateau of the northern

Great Plains. The Powder River Basin was formed dur-

ing the Laramide orogeny during the Paleocene and

Eocene (Hunter, 1999), and is bounded by the Bighorn

Mountains and theCasper arch to thewest, the Laramie

Mountains to the south, the Black Hills to the east, and

theMilesCity arch to the north. InWyoming, the axis of

this asymmetrical basin trends north-northwest and is

west of the basin center, creating shallowly dipping

beds on the eastern margin (approximately 0.5–5j)
and steeply dipping beds on the western edge (approx-

imately 20–25j) (Denson et al., 1980; Flores and Bader,

1999). The recharge of Fort Union coal aquifers occurs

mainly along themargins of the basinwhere the coals are

exposed at the surface. Clinker beds, baked and hardened

sedimentary rocks that are formed by burning of under-

lying coalbeds, crop out extensively, particularly along

the margins of the basin. The rock is highly fractured

and permeable and is considered to be a major source

of recharge in the Powder River Basin coals (Heffern

and Coates, 1999).

The semiarid Powder River Basin receives an aver-

age of 42 cm (16 in.) of precipitation per year (NRCS,

2004; Micale andMarrs, 2006), whichmakes the evap-

orative concentration of salts and their subsequent dis-

solution a dominant process in the evolution of water

recharging aquifers. The redissolution of evaporite salts

will cause the water to take on chemical characteristics

indicative of arid basins. Evaporation and transpiration

cause the salts associated with rain to accumulate in the

soil. During heavy rain events or significant snowmelts,

these salts will be brought into solution and reach the

Figure 1. Summary of geochemical processes occurring in coal aquifers used for coalbed natural gas (CBNG) production.
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water table (Drever and Smith, 1978). Additionally,

mechanical weathering and oxidation of geologic ma-

terial will provide an additional source of solutes that

may be brought into solution (Van Voast and Reiten,

1988). Groundwater in clinker aquifers tends to be

calcium-sulfate or calcium-bicarbonate type and lower

in total dissolved solids (TDS) than groundwater in

unburned sandstones and shales, possibly because the

clinker is less reactive than unbaked sedimentary rocks

and therefore less soluble (Heffern and Coates, 1999).

Additionally, as a major source of recharge in this area,

the clinkermay be regularly flushed of soluble salts. The

dominant ions in the recharge water will be biased to-

ward those that composed the most soluble salts, par-

ticularly sodium and sulfate species (for example, then-

ardite) (Brinck and Frost, 2007a). Drever and Smith

(1978) showed that the occasional heavy rains in arid

basins will partially redissolve the salts deposited in the

soil and vadose zone, and the composition of this water

will be dominated by sodium and chloride then sulfate

and potassium.Calcium, bicarbonate,magnesium, and

silica tend to remain as solids and hence form a minor

fraction of the dissolved constituents. The nonmarine

origin of the Powder River Basinmay be the reason that

little chloride is found in the groundwater in this area

(Van Voast, 2003).

In addition to the dissolution of salts, watermoving

through the soil will pick up carbon dioxide (CO2)

from the soil air, which is in higher concentrations than

atmospheric CO2 because of plant respiration (Chapin

et al., 2002). Higher concentrations of CO2 will de-

crease the pH of the water through the liberation of

hydrogen ions (H+) (Fetter, 2001):

CO2 þH2O ! H2CO3 ð1Þ

H2CO3 ! HCO�
3 þHþ ð2Þ

HCO�
3 ! CO2�

3 þHþ ð3Þ

This decrease in pH promotes further dissolution re-

actions as described below.

Dissolution of Salts and Pyrite Oxidation

As the pH of the water decreases because of increased

dissolved CO2, phases such as calcite (CaCO3) and

dolomite (CaMg(CO3)2) become more soluble. The

dissolution of these phases will add calcium, magne-

sium, and alkalinity to the water and will raise the pH

by consuming available hydrogen ions (Clark, 1995):

CaCO3
ðcalciteÞ

þ Hþ ! Ca2þ þHCO�
3 ð4Þ

CaMgðCO3Þ2
ðdolomiteÞ

þ2Hþ ! Ca2þ þMg2þ þ 2HCO�
3 ð5Þ

Weathering of silicates (particularly volcanic ash) may

also occur in the soils of the recharge area, providing a

source of dissolved sodium. Low measured Si concen-

trations in Powder River Basin coal aquifer water may

indicate a subsequent reprecipitation of silica species.

The oxidation of pyrite (FeS2), a mineral common-

ly associated with coal (Evangelou, 1998), will increase

the sulfate concentration of the groundwater (Lee, 1981;

Clark, 1995):

4FeS2 þ 14O2 þ 4H2O ! 4Fe2þ þ 8SO2�
4 þ 8Hþ

ð6Þ

If calcite is present (and it is almost ubiquitous in soils of

the Powder River Basin) (NRCS, 2004), the acidity pro-

duced by pyrite oxidation will be neutralized by calcite

dissolution. The total reaction (including precipitation of

iron as a ferric oxide) is summarized by

4FeS2 þ 15O2 þ 8CaCO3 ! 2Fe2O3 þ 8Ca2þ

þ 8SO2�
4 þ 8CO2 ð7Þ

The net result is the addition of Ca2+ and SO2�
4 to the

water. Significant pyrite oxidation will occur only in the

vadose zone: at greater depths in the aquifer, the sup-

ply of molecular oxygen, originating with the oxygen-

saturated precipitation, will be limited by both chem-

ical and biological consumption.

The dissolution of gypsum will add both calcium

and sulfate ions to the water. Dissolution may occur at

any point in the aquifer because it is not affected by

the availability of oxygen or by the pH of the water:

CaSO4 � 2H2O
ðgypsumÞ

! Ca2þ þ SO2�
4 þ 2H2O ð8Þ

By adding calcium ions to the water, the dissolution of

gypsum can drive the precipitation of calcite. Gypsum,
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which is more soluble than calcite (Drever, 1997), can

provide calcium ions in excess of the saturation point

of calcite. These calcium ions will then precipitate

with bicarbonate maintaining undersaturation with re-

spect to gypsum. Groundwater has the ability to reach

equilibrium with calcite fairly quickly as was shown by

Mazor et al. (1993). Water samples from the Casper

aquifer in southeast Wyoming were found to be satu-

rated with respect to calcite within 2 km (1.2 mi) of the

recharge zone.

Sources of Sodium

Sodium in CBNG-produced water is commonly attrib-

uted to the weathering of and cation exchange with

sodic shales and clays (such as volcanic ash), species

prevalent in the Fort Union Formation (Lee, 1981; Van

Voast and Reiten, 1988; Van Voast, 1991; Bartos and

Ogle, 2002, and references therein; Van Voast, 2003).

The evolution of groundwater from calcium and magne-

sium to sodium-dominated water caused by cation ex-

change with the surrounding aquifer material has been

observed in several studies in aquifers of various lithol-

ogies (Plummer et al., 1990; Allen and Suchy, 2001;

Guo and Wang, 2004; Andre et al., 2005; Yamanaka

et al., 2005; Zhu et al., 2007). In waters of theWyodak

coal aquifer, acquisition of sodium is essentially com-

plete within the first 4 km (2.4 mi) (Figure 2). The

larger data set illustrated in Figure 3 showsmore scatter

in sodium concentration (probably because the sam-

ples were not taken from a single coal aquifer), but

again, acquisition of sodium appears to occur mostly in

the first few kilometers. The predominance of sodium

in the produced waters is not primarily a result of a

source of sodium in the deeper part of the aquifers,

where methane generation is occurring, but reflects a

loss of calcium as a consequence of sulfate reduction.

Cation exchange that preferentially takes up cal-

cium and magnesium and releases sodium would only

be expected to occur in a system where the ratio of dis-

solved calcium (or magnesium) to sodium is relatively

high. This is not the situation in coal aquifer water in

this part of the Powder River Basin, even a short dis-

tance from the recharge zone (Figure 2). However, cat-

ion exchange may well be a source of sodium close to

the recharge area, where the dissolution of calcite or

gypsum would cause high calcium concentrations and

sulfate reduction has not caused the precipitation of

calcium as calcite.

Direct enrichment of sodium can occur through al-

teration of feldspars or volcanic ash as well (Lee, 1981):

9H2Oþ 2H2CO3 þ 2NaAlSi3O8
ðalbiteÞ

! 2Naþ þ 2HCO�
3 þ 4H4SiO4 þAl2Si2O5ðOHÞ4

ðkaoliniteÞ

ð9Þ

The low concentrations of dissolved silica in coal aquifer

groundwater suggest that alteration of silicates is not an

important process in the subsurface; however, alteration

of silicates in the soil zone may be significant: silica re-

leased would be immobilized by evaporation (Drever

and Smith, 1978).

Reduction of Sulfate

Anaerobic conditions will cause the bacterial reduc-

tion of sulfate, which decreases the concentration of

sulfate and increases the concentration of bicarbon-

ate. The organic carbon source in this situation is the

subbituminous coal represented by CH2O. For pH

below 7:

2CH2Oþ SO2�
4 þ 2H2O ! H2Sþ 2HCO�

3 ð10Þ

Figure 2. Summary of cation and anion data from wells in the
upper Wyodak coal aquifer in the Powder River Basin from Frost
et al. (2001, 2002) and Pearson (2002). All concentrations are in
milliequivalents per liter and total dissolved solids are in milli-
grams per liter.
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For pH above 7 (Lee, 1981; Van Voast and Reiten,

1988)

2CH2Oþ SO2�
4 ! H2OþCO2 þHCO�

3 þHS�

ð11Þ

or in the presence of iron (Clark, 1995)

15CH2Oþ 2Fe2O3 þ 8SO2�
4 þH2CO3

! 4FeS2 þ 16HCO�
3 þ 8H2O ð12Þ

Sulfate-reducing bacteria are common in the Powder

River Basin (Dockins et al., 1980; Lee, 1981). The in-

crease in bicarbonate from the reduction of sulfatemakes

calcium carbonate and magnesium carbonates less sol-

uble andwill causemuch of the remainingCa andMg to

precipitate as carbonates. This further reduces the con-

centrations of Ca and Mg and will tend to decrease the

TDS of the groundwater. Additionally, the lower sulfate

concentration will allow barium and strontium to remain

in solution. In the presence of sulfate, these species form

very insoluble salts (Hem, 1985; Drever, 1997). Water

coproduced with CBNG is commonly associated with

high levels of the trace element barium (Rice et al., 2002)

perhaps because of these low sulfate concentrations.

Oxidation, Reduction, and Methanogenesis

Reduction and oxidation reactions, commonly referred

to as redox reactions, are microbially mediated pairs of

reactions that transfer electrons (Clark and Fritz, 1997).

During oxidation, electrons are donated by a reduced

form of an element forming the oxidized species plus

one electron; for example, Fe2+ can be oxidized to Fe3+,

which produces one electron (Essington, 2004). Similar-

ly, this reaction can proceed in the opposite direction

in which Fe3+ is reduced by accepting one electron to

form Fe2+. Coal aquifers are reducing environments be-

cause of the readily available organic carbon (a reduced

form of carbon) (Deutsch, 1997; Essington, 2004).

The anaerobic oxidation of kerogen or coal by bac-

teria is a complex, multistep process involving consor-

tia of different microorganisms. The familiar anaerobic

organisms that we think of, sulfate reducers or ferric

iron reducers, cannot directly use the macromolecular

organic matter that is coal or kerogen. They rely on other

organisms to break this material down to the small mol-

ecules that they can use. A simplified version of the

process (following Chapelle, 2001) is as follows. Fer-

mentative bacteria cleave off aliphatic side chains from

the solid organic matter to form low-molecular-weight

organic acids, such as acetic (CH3COOH) and lactic

(CH3CH(OH)COOH), plus molecular hydrogen.

They derive energy from this process. For a simple hy-

drocarbon (ethane), the stoichiometry of the reaction

would be

CH3CH3
ðethaneÞ

þ 2H2O ! CH3COOH
ðacetic acidÞ

þ 3H2 ð13Þ

The hydrogen and the low-molecular-weight acids are

consumed by other microorganisms, which oxidize the

organic acids to CO2 and hydrogen to water, reducing a

terminal electron acceptor such as sulfate or ferric iron

in the process. The various oxidizing bacteria compete

for the available hydrogen: the ones that succeed are the

ones that derive the most energy from the oxidation re-

action. They drive the hydrogen concentration down to

the lowest concentration that they can use. The more

energy available to an organism from oxidation of hy-

drogen, the lower the hydrogen concentration it can use

(Figure 4). Thus, the various terminal electron accep-

tors are used in succession, with the ones that yield the

Figure 3. Summary of iron and sodium concentrations and
saturation indices from wells in coal aquifers in the Powder
River Basin from Frost et al. (2001, 2002) and Pearson (2002).
TDS = total dissolved solid.
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most energy (for metabolic processes) being used first.

The reduction of nitrates and manganese oxides occurs

before the reduction of iron oxides, which is followed

by the reduction of sulfate and ultimately the reduction

of bicarbonate. The reduction of bicarbonate is not the

only pathway to methane formation; another impor-

tant pathway is acetate cleavage:

CH3COOH ! CH4 þCO2 ð14Þ

The concentrations of low-molecular-weight acids in

groundwaters are typically very low (they are used as fast

as they are produced), but they are very important inter-

mediaries in microbial processes.

In addition to biogenic methane, aquifers may also

contain thermocatalytic methane, which is generated

through the breakdown of high-mass hydrocarbons at

the higher temperatures in deep aquifers (Clark and

Fritz, 1997). Both biogenic and thermogenic methane

have been isotopically identified inWyoming coal beds;

however, only biogenic methane is found in the Fort

Union Formation coals (Gorody, 1999; Bartos and Ogle,

2002; DeBruin et al., 2004).

Time and Length Scales of Groundwater Evolution:
Evidence from Powder River Basin Data

Water quality results presented by Frost et al. (2001)

indicate that the coal aquifer water in the Powder River

Basin reaches a sodium-bicarbonate–dominated char-

acter within 4 km (2.4 mi) of the recharge zone. This

agrees well with the observations of Van Voast and

Reiten (1988) and Bartos and Ogle (2002). Van Voast

andReiten (1988) found that areas of high ion exchange

and reduction activity such as theDecker,Montana, area,

reached a sodium-bicarbonate nature within a few ki-

lometers down gradient from the recharge zones. Bartos

and Ogle (2002) analyzed several coal wells and found

all to be of sodium-bicarbonate type, two ofwhichwere

6 and 8 km (3.7 and 4.9 mi) from the recharge zone.

Several groundwater samples from the Jacobs Ranch

Mine, a coalmineon the eastern edgeof thePowderRiver

Basin, were interpreted by Frost et al. (2001) to repre-

sent water recharging the coal seams, which are used for

CBNG production further into the basin. Most of the

recharge to the coal aquifers in the Powder River Basin

has been attributed to the clinker outcrops in the Ro-

chelleHills escarpment (Rice et al., 2002).Additionally,

Figure 4. Measured hydrogen concentrations (and corresponding equilibrium Eh values at pH 7) for a typical succession of terminal
electron acceptors in anaerobic conditions. Data are from Chapelle (2001). Parenthetical values along the x axis represent the approximate
Eh at pH 7 for the given H2 concentrations.
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Pearson (2002) compiled water quality data from wells

throughout the basin, some of which were interpreted

by Frost et al. (2002) in terms of distance from the re-

charge zone in the clinker outcrop. Figure2 is a summary

of the water quality from only those wells that were

completed in the upper Wyodak coal zone (a part of

the Fort Union Formation). Of the water samples sum-

marized in Figure 2, four are from the JacobsRanchMine

(Frost et al., 2001) and 27 samples are compiled from

Pearson (2002) and Frost et al. (2002).

The data illustrate how coal aquifer water in this

part of the Powder River Basin is depleted in Ca, Mg,

and SO4 within 4 km (2.4 mi) of the recharge zone

(Figure 2). Sulfate concentrations drop precipitous-

ly within the first 2 km (1.2 mi). However, sulfate-

reducing bacteria cannot directly oxidize kerogen or coal.

Sulfate reduction in groundwater is therefore typically

a slow process (Drever, 1997). A rough estimate of the

rate of groundwater flow is provided by tritium data

because groundwaters older than approximately 50 yr

will not contain elevated tritium contents associated

with aboveground nuclear detonations. In the eastern

Powder River Basin, no tritium was measured in wells

more than 3 km (1.8mi) from recharge (Swanson et al.,

2000). This suggests that approximately 50 yr or less

is sufficient to reduce nearly all the available sulfate

along the first 4 km (2.4 mi) of flow. A general rela-

tionship between a reduction in sulfate concentration

and increase in bicarbonate concentration in the first

4 km (2.4 mi) of recharge is observed (Figure 2). After

4 km (2.4 mi), sulfate is nearly absent from the aquifer

water and therefore bicarbonate has no additional input

after that point (equations 10–12). Similar trends in de-

creasing calcium and magnesium concentrations from

the edge of the basins to the center and an almost de-

pleted sulfate concentration in produced water have

been identified in most of the major CBNG-producing

basins in the United States (Van Voast, 2003).

The TDS of the coal aquifer water drops sharp-

ly within the first 4 km (2.4 mi) before leveling off

(Figure 2). The initial elevated TDS is most likely

caused by the dissolution of salts in the recharge zone;

the following decrease in TDS correlates with decreas-

ing sulfate reflecting sulfate reduction and decreasing

calcium reflecting calcite precipitation as predicted by

the oversaturation of calcite (Figure 3).

Unlike other water quality indicators, iron concen-

tration tends to increase with increasing distance from

the recharge zone (Figure 3). This is presumably caused

by a reduction of ferric-iron-containing minerals in the

aquifer. In the absence of dissolved sulfur species (after

sulfate reduction is complete), dissolved ferrous iron

concentrations will increase until siderite precipitates.

Darling and Gooddy (2006) in their study of English

groundwaters noted a correlation between increasing

methane concentration and iron concentration. Addi-

tionally, they saw trends in some methane-bearing wa-

ters having high bicarbonate and low sulfate concentra-

tions. The saturation indices for calcite indicate that it

is oversaturated or near saturation from the first water

sample taken 0.4 km (0.2 mi) from the recharge zone

(Figure 3). Gypsum is undersaturated throughout the

first 10 km (6.2 mi) of the flow path. One reason may

be that gypsum is not present in the aquifer; alternatively,

gypsum may be dissolving, but because of the over-

saturation of calcite, the calcium ions introduced from

the dissolution of gypsum quickly precipitate as calcite

maintaining undersaturated conditions for gypsum. In

this part of the Powder River Basin, the coal aquifers

reach equilibrium with calcite by the first monitoring

well, less than 1 km from the recharge zone. A similar

situation was found in the Casper aquifer in southeast

Wyoming, which reached saturation with calcite within

2 km (1.2 mi) of the recharge zone (Mazor et al.,1993).

INTRODUCTION TO ATMOSPHERE AND PONDS

Water coproduced with CBNG is dominated by so-

dium and bicarbonate. This is true not only in the Pow-

der River Basin (Rice et al., 2000) but also in the five

other major CBNG-producing basins in the United

States, including the Black Warrior Basin in Alabama

and the San Juan Basin in Colorado and New Mex-

ico (Van Voast, 2003). The nonmarine origin of the

Powder River Basin results in CBNG-produced water

with bicarbonate as its only major anion. Other CBNG-

producing coal basins have marine influences in their

depositional history, and therefore have both chloride

and bicarbonate as major anions in produced water

(Van Voast, 2003).

Comparison of CBNG-Produced Water and Powder River
Basin Surface Water

The chemical composition of produced water is im-

portant when considering how it will interact with the

environment to which it is discharged. The chemical

interactions of CBNG-produced water with surface wa-

ter and soil chemistry are an important environmental
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concern. The Powder River runs roughly through the

center of the Powder River Basin and is the main hy-

drologic channel for the basin. Clark et al. (2001) com-

pared the major ion chemistry of the Powder River wa-

ter sampled at Arvada, Wyoming, to water produced at

one CBNG well. Here, we present a more extensive

compilation of water quality measurements of samples

taken from the Powder River Basin between 1946 and

2005 (Figure 5). The sampling locations are located

on the Powder River near Kaycee, Sussex, Buffalo, and

Arvada,Wyoming, andMoorhead,Broadus, Powderville,

Mizpah, and Locate, Montana. These data are available

online at the U.S. Geological Survey’s National Water

Information System (U.S. Geological Survey).We com-

pare the geochemical characteristics of the Powder River

to the characteristics of CBNG-produced water from

Fort Union coal in the Powder River Basin as presented

by Rice et al. (2002). The number of samples used to

produce the median and 90th and 10th percentiles pre-

sented for pH, sodium adsorption ratio (SAR), iron,

Figure 5. Major ion chemistry for the Powder River (open circles) and coalbed natural gas (CBNG)-produced water (closed circles).
Circles represent the median value; gray rectangles represent the range between the 10th and 90th percentiles. Powder River data are
from the U.S. Geological Survey and CBNG data are from Rice et al. (2002). TDS = total dissolved solid; SAR = sodium adsorption ratio.
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TDS, calcium, magnesium, potassium, sodium, chlo-

ride, sulfate, fluoride, and bicarbonate is between 693

and 2096 for the PowderRiver (U.S.Geological Survey)

and 70 and 83 for CBNG-produced water (Rice et al.,

2002). The range in the number of samples used for

comparison is because of the variation in the complete-

ness of the published analyses.

The Powder River has more calcium, magnesium,

chloride, and sulfate thanCBNG-producedwater. Addi-

tionally, the Powder River has less bicarbonate, a higher

pH, and a lower average SAR than CBNG-produced

water (Figure 5). The CBNG-produced water has rela-

tively high concentrations of the reduced species Fe2+

and Mn2+ compared to surface waters because the coal

aquifer is in general a reducing environment (Rice et al.,

2000). Total dissolved solids were measured in Powder

River water as the residue from filtered water on evap-

oration at 180jC (in mg/L). The TDS was calculated

as the sum of constituent parts in CBNG-produced wa-

ter using approximately half the bicarbonate (0.4917)

(Hem, 1985) to ensure numerical values comparable

to evaporative TDS values (Rice et al., 2000). The two

water types have similar TDS; however, the TDS of

CBNG-produced water varies by basin location. The

TDS generally increases from the southeast part of the

basin to the northwest and is associated with increases

in sodium and bicarbonate concentrations (Rice et al.,

2000, 2002).

The temperature of the CBNGwater does not vary

seasonally and is commonly around 20jC (Figure 6)

(Rice et al., 2002). The shaded region in Figure 6 rep-

resents the range of temperatures between the 10th

and 90th percentiles of the 83 measured samples from

Rice et al. (2002). Seasonal variation in the temper-

ature of the Powder River, using the same data set stip-

ulated previously (U.S. Geological Survey), implies that

surface water in this area falls within the normal range of

CBNG-produced water temperatures from approxi-

mately May to October (Figure 6).

Geochemical Evolution of Pond Water

When natural gas production first started in the Pow-

der River Basin, CBNG-produced water was primarily

discharged into constructed reservoirs or into existing

surface drainages (Clark et al., 2001). Currently, sev-

eral methods are employed in the disposal of CBNG-

produced water, including impoundments (ponds) ex-

cavated within existing channels, impoundments off

existing channels, surface and subsurface irrigation, re-

injection, sprayers (atomizers), and treatment (Whea-

ton and Donato, 2004). In all CBNG-produced water

disposal situations, save for reinjecting produced water

into subsurface aquifers, the produced water will be

interacting with the atmosphere and soil. Several stud-

ies have described the geochemical evolution of CBNG-

produced water discharged to ponds (Figure 7) and

streams (McBeth et al., 2003; Patz et al., 2006; Brinck

and Frost, 2007a; Jackson andReddy, 2007a, b;Milligan

and Reddy, 2007).

Figure 6. The median temperature for the
Powder River is plotted as a solid line; the
90th and 10th percentiles are represented
by dashed lines. The dotted line is the me-
dian value for coalbed natural gas (CBNG)-
produced water and the shaded area rep-
resents the range from the 90th to the 10th
percentile. Powder River data are from the
U.S. Geological Survey and CBNG data are
from Rice et al. (2002).
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All studies (McBeth et al., 2003; Patz et al., 2006;

Brinck and Frost, 2007a; Jackson and Reddy, 2007a, b;

Milligan and Reddy, 2007) found that the discharged

CBNG water increases in pH from around 7 to around

8 in impoundments. This increase in pH is uniform-

ly attributed to the degassing of CO2 as the CBNG-

produced water interacts with the atmosphere (equa-

tions 1–3 in reverse). The amount of increase in pH

(highest reported pH values in pond water were above 9)

varies by study and by watershed. McBeth et al. (2003)

attributed the variability in the final pH of the pond to

the alkalinity of the soils in which the pond is con-

structed. The highest pH values are found in ponds con-

structed in themore alkaline, calcareous soils. Pondwater

pH may also be controlled by calcite precipitation, ac-

tivity of wetland plants, and evaporation (McBeth et al.,

2003). Additionally, the dissolved oxygen content of the

CBNG-producedwater increases fromCBNG-produced

water to pond water in all studies in which it was mea-

sured (Patz et al., 2006; Milligan and Reddy, 2007). As

a result, the redoxpotential for thewater increases from

CBNG-produced water to ponds (Jackson and Reddy,

2007a;Milligan andReddy, 2007).TheCBNG-produced

waters, in general, have negative redox potentials (re-

ducing), andpondwaters, in general, havepositive redox

potentials (oxidizing) (Milligan and Reddy, 2007).

The increase in pH that occurs during the CBNG-

produced waters’ internment in the constructed im-

poundments results in several subsequent changes in

pondwater geochemistry. Two studies found thatCBNG-

produced water was near- or oversaturated with re-

spect to calcite (Brinck and Frost, 2007a; Jackson and

Reddy, 2007a), and it was noted that the saturation in-

dices increased for calcite from CBNG-produced water

to pond water (Brinck and Frost, 2007a). The initial over-

saturation in conjunctionwith an increase in pH,which

would drive the saturation index up, causes the precipi-

tation of calcium in the form of calcite. Decreases in cal-

ciumconcentration fromCBNG-producedwater topond

water are attributed to the precipitation of calcite by

Brinck andFrost (2007a) and Jackson andReddy (2007a).

Some trace element concentrations vary between

the produced water outfall and the containment ponds.

Trace element data compiled fromMcBeth et al. (2003),

Patz et al. (2006), Brinck and Frost (2007a), Jackson

and Reddy (2007b), andMilligan and Reddy (2007) are

plotted on Figure 8. The concentrations presented here

are approximate because all the studies were conducted

slightly differently. Patz et al. (2006) measured CBNG-

produced water in streambeds and downstream from

holding ponds, whereas the other studies collected the

pondwater from the actual holding ponds. Some studies

Figure 7. Summary of geochemical changes that occur when coalbed natural gas (CBNG)-produced water is held in an impound-
ment. Arrows directed to the floor of the pond and rip rap indicate the precipitation of minerals out of CBNG-produced water and
pond water. Upward arrows indicate the loss to atmosphere of gas. Downward arrows across the surface of the pond indicate the
incorporation of atmospheric gases into pond water. Arrows crossing the floor of the pond indicate incorporation of soil minerals into
pond water. Solid upward arrows represent increasing concentrations of the species in the pond water.
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only presented average concentrations, which repre-

sented up to eight samples but were included in this

compilation as one measurement. The number of sam-

ples used to calculate the mean 10th and 90th percen-

tiles ranged from 15 (molybdenum) to 30 (boron and

manganese).

Relatively high barium concentrations are gener-

ally associatedwithCBNG-producedwater (Rice et al.,

2002). The concentration of barium in CBNG-produced

water decreases as it interacts with the atmosphere and

surface environment (Figure 8). Barium, in the form of

Ba2+ (Jackson and Reddy, 2007b), remains in aqueous

form in coal aquifers because sulfate reduction has

removed sulfate ions that would cause barium to pre-

cipitate as the very insoluble species barite (BaSO4).

Geochemical modeling suggests that CBNG-produced

water is near saturation with barite (McBeth et al.,

2003; Jackson and Reddy, 2007b). By bringing the

coal aquifer water to the surface in the form of CBNG-

produced water, the water can interact with soil that

provides a source of sulfate allowing barium to precip-

itate as barite. Lower barium concentrations in pond

water as opposed to the CBNG-produced water are ob-

served throughout the Powder River Basin (McBeth

et al., 2003; Brinck and Frost, 2007a; Jackson and Reddy,

2007b; Milligan and Reddy, 2007).

Increasing pH will cause other elements to precip-

itate as well. The CBNG-produced water is near sat-

uration for MnCO3, Cr(OH)3, and ZnCO3 (McBeth

et al., 2003). This causes the concentrations of Mn

Figure 8. Trace element concentrations in
coalbed natural gas (CBNG)-produced wa-
ter and pond water. Data are compiled from
McBeth et al. (2003), Patz et al. (2006),
Brinck and Frost (2007a), Jackson and Reddy
(2007b), and Milligan and Reddy (2007).
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(Figure 8), Cr, and Zn in CBNG-produced water to

decrease from discharge point to the pond. Decreasing

concentrations ofMn, Cr, or Zn fromCBNG-produced

waterdischargepoint to thepond is alsoobserved through-

out thebasin (McBeth et al., 2003; Patz et al., 2006;Brinck

and Frost, 2007a).

Not all trace elements, however, decrease on inter-

actionwith the atmosphere. Themore alkaline pH that

is found in pond water as opposed to CBNG-produced

water results in more mobility in the anionic trace ele-

ments such as arsenic, molybdenum, boron, selenium

(Figure 8), and fluoride (McBeth et al., 2003; Patz et al.,

2006; Jackson and Reddy, 2007b). The concentrations

of these anionic species are primarily controlled by ad-

sorption and desorption reactions (Jackson and Reddy,

2007b). These species are more mobile in alkaline nat-

ural waters because common adsorption media, min-

eral oxides and hydroxides, take on a negative charge in

alkaline environments, which decreases the adsorption

of anionic species. Additionally, within some ponds, a

general trend of increasing concentrations of arsenic,

barium, and boron with time is observed (Jackson and

Reddy, 2007b; Milligan and Reddy, 2007). However,

this trend appears to bewatershed dependent because it

was not seen in all ponds. Further work should be done

to determine the original source of these trace ele-

ments, whether the arsenic, molybdenum, boron, sele-

nium, and fluoride enter the pond through the CBNG-

producedwater or aremobilized from the pond floor. If

the original source is the soil with which the water is

interacting, it may be possible to construct CBNG-

produced water impoundments in locations that min-

imize the accumulation of the trace elements of con-

cern such as arsenic and selenium.

Trends in concentration changes in aluminum as

the CBNG-produced water entered the pond system

are varied (Figure 8). Some studies found that con-

centrations of aluminumwere generally greater in pond

water than in theCBNG-producedwater (McBeth et al.,

2003; Brinck and Frost, 2007a; Jackson and Reddy,

2007b); however, some ponds were found to have lower

concentrations of aluminum than the CBNG-produced

water discharged to them (Jackson and Reddy, 2007b).

Geochemical modeling indicates that most aqueous alu-

minum is in the form Al(OH)4
� (Stumm and Morgan,

1996; McBeth et al., 2003; Jackson and Reddy, 2007b).

Jackson and Reddy (2007b) identified aluminum as an

element whose concentration is primarily controlled by

dissolution and precipitation, although in one situation

wherein substantially more aluminum in the pond water

was observed compared to the CBNG-produced water,

it was speculated that sulfuric acid added to the water

prior to disposal resulted in higher aluminum mobility

and therefore higher aqueous aluminum concentrations.

Rice et al. (2002) predicted the precipitation of

Fe2+ and Mn2+ on CBNG-produced waters’ interaction

with oxygen. Many studies found that the concentration

of iron decreased fromCBNG-producedwater to pond

water (Patz et al., 2006; Brinck and Frost, 2007a); how-

ever, McBeth et al. (2003) found higher concentrations

of iron in pond water as compared to the CBNGwater

produced in the area. Data compilation, however, sug-

gests an overall decrease in iron concentration from

CBNG-produced water to pond water (Figure 8). A

common water collection practice includes filtration

in the field using 0.45-mm filters (McBeth et al., 2003;

Patz et al., 2006; Brinck and Frost, 2007a, in press;

Jackson and Reddy, 2007a, b; Milligan and Reddy,

2007); however, Rice et al. (2000), affiliated with the

U.S. Geological Survey, used 0.1-mm filters. Colloids

range in size from0.001 to 100 mm, therefore a 0.45-mm
filtration can allow colloidal Al(OH)3 and FeOOH

into the collected water sample (Stumm and Morgan,

1996). Subsequent acidification prior to measurement

on an inductively coupled plasma mass spectrometer

(ICP-MS) can cause aluminum and iron to desorb re-

sulting in higher measured concentrations than were

actually in aqueous form in the aquifer. Filtration effects

on aluminum and iron concentrations (the filtration

artifacts) are discussed in depthbyHorowitz et al. (1996).

Filtration artifacts may be one of the reasons mixed

trends have been found in the geochemical evolution

of aluminum and iron in pondwater. To prevent this prob-

lem and more accurately represent aluminum and iron

concentrations, field collection techniques should incor-

porate the use of large surface area membrane filters

(Horowitz et al., 1996) or 0.1-mm filters, which would

excludemoreof the colloidal formsof aluminumand iron.

Decreases in iron concentration are attributed to

the precipitation of iron hydroxide; visible red staining

is found in the vicinity of many CBNG-produced water

discharge points. Introducing CBNG-produced water

to the atmosphere allows the reduced ferrous iron to be

oxidized to ferric iron:

4Fe2þðaqÞ
ðferrousÞ

þ O2ðgÞ þ 4Hþ ! 4Fe3þðaqÞ
ðferricÞ

þ 2H2OðlÞ ð15Þ

Ferric iron then precipitates as solid:

4Fe3þðaqÞ þ 12H2O ! 4FeðOHÞ3ðsÞ þ 12Hþ
ðaqÞ ð16Þ

Brinck et al. 165



The aluminum and iron concentrations in ponds mon-

itored by McBeth et al. (2003) were found to exceed

the aquatic life and drinking water limits, respectively.

Jackson and Reddy (2007a) sampled several ponds

throughout the Powder River Basin from2003 to 2005.

They found increasing concentrations of sodium and

bicarbonate in the pondwater, which they attributed to

evaporative concentration. Indeed, they attributed the

corresponding increase in electrical conductivity pri-

marily to increases in sodium and bicarbonate concen-

trations. Increasing concentrations of sodium coupled

with decreasing concentrations of calcium caused by

the precipitation of calcite will cause the SAR to in-

crease, which has negative implications for the irri-

gation potential of pond water (discussed in the fol-

lowing section). In those ponds that experienced a

significant evaporative concentration of sodium, in-

creasing values of SAR were also found (Jackson and

Reddy, 2007a).

INTERACTION WITH SOIL

Water coproduced with CBNG interacts with Powder

River Basin soil when it is discharged to unlined ponds,

flows through stream channels, or is used as an irri-

gation source. Wyoming groundwater protection laws

do not allow groundwater to be degraded below its

original use classification (Wyoming Department of

Environmental Quality). This is a concern when CBNG-

produced water is allowed to infiltrate in on-channel or

off-channel ponds and in stream channels. Additionally,

Wyoming state regulations require the beneficial use of

produced water, which includes agricultural uses such

as irrigation (Wyoming statute 41-3-101;Wyoming Leg-

islative Service Office). In irrigation situations, the

CBNG-produced water has the potential to impact the

chemical and physical properties of the soil of the ir-

rigated field.

Potential Effects on Groundwater

Infiltration of CBNG-produced water through soil

and geologic material to near-surface aquifers has been

shown to mobilize accumulated available salts and carry

them to the water table (Wheaton and Brown, 2005;

Brinck and Frost, 2007a), potentially raising the salinity

(as measured by the TDS) of the groundwater. How-

ever, distinct differences in the magnitude of salinity

increases were found in monitoring wells screened in

near-surface aquifers below ephemeral channels, flood

plains, and below off-channel ponds in the Powder River

Basin (Frost and Brinck, 2005; Wheaton and Brown,

2005; Brinck and Frost, 2007a).

In a study of CBNG-produced water discharged

at the headwaters of Beaver Creek, little to no increase

in TDS was found directly below this once ephemeral

drainage now carrying CBNG-produced water (Brinck

and Frost, 2007a). However, an increase of approxi-

mately 5000 mg/L was found in wells monitoring the

groundwater below the flood plain associated with the

same stream channel (Brinck and Frost, 2007a). A

greater increase of 10,000 mg/L was measured in wells

monitoring groundwater below a holding pond that was

excavated off any existing channels in the hills above

Coal Creek (Frost and Brinck, 2005; Wheaton and

Brown, 2005).

These differences in the salinity of the groundwa-

ter impacted by CBNG-produced water discharge can

be attributed to the hydrologic history of the soils

interacting with the CBNG-produced water and not the

salinity and chemistry of the water itself. In the Beaver

Creek location, the TDS of the CBNG-produced water

ranged from1267 to 1390mg/L; at theoff-channel,Coal

Creek pond site, the TDS of theCBNG-producedwater

was 995mg/L inDecember 2003 (Wheaton and Brown,

2005). The increase in TDS measured in the impacted

groundwater of the alluvial and Eocene Wasatch For-

mation aquifers was much higher than that of the asso-

ciated CBNG-produced water infiltrating to the aquifer

(5000 vs. 1300 mg/L at Beaver Creek and 10,000 vs.

1000 mg/L at Coal Creek). The increased salinity of the

shallow aquifers is attributed to the mobilization of soil

salts upon introduction of CBNG-produced water. In

the case of the ephemeral stream, the soils directly below

and near the channel experienced saturated conditions

during spring runoff, thus experienced periodic flush-

ing of salts prior to CBNG-produced water discharge.

In contrast, the flood plain experienced saturated con-

ditions and salt mobilization only during rare flood-

ing events. Additionally, the soil and geologic material

below the off-channel pond had never experienced sat-

urated conditions prior to the introduction of CBNG-

produced water. Progressively more salt had built up

in each of these situations; the salt was then mobilized

with the introduction of CBNG-produced water, im-

pacting the groundwater salinity in proportion to the

salt buildup in the soil.

Increases in TDS in the aquifer below the flood

plain are caused primarily by increases in sodium, mag-

nesium, calcium, alkalinity, chloride, and sulfate with
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the greatest increases occurring in sodium and sulfate

(Wheaton and Brown, 2005; Brinck and Frost, 2007a).

The increases in TDS at the off-channel pond site are

primarily driven by increases in magnesium, sodium,

and sulfate; however, increases in all cations are ob-

served. The result in both these situations is that ground-

water is dominated by sodium and sulfate. This in-

dicates that the ultimate composition of the shallow

aquifer water is primarily controlled by the constituents

dissolved from the soil and geologicmaterial and not the

original CBNG-produced water composition; CBNG-

produced water is almost completely depleted of sul-

fate (Wheaton and Brown, 2005).

These studies indicate that CBNG-produced water

discharge regulations and groundwater quality protec-

tion efforts cannot be concerned simply with the orig-

inal composition of the CBNG-produced water. The

geochemistry of the soil and geologicmaterialwithwhich

thewater will be interactingwill be amajor factor in the

final composition and quality of the groundwater.

Potential Effects on Soil and Vegetation

In addition to groundwater quality issues associated

with thedischarge ofCBNG-producedwater, soil chem-

istry and vegetation changes have been identified be-

cause of prolonged exposure to CBNG-produced wa-

ter. Several studies indicate that soils in contact with

CBNG-produced water can display the effects of both

salinization and sodification (Ganjegunte et al., 2005;

Stearns et al., 2005; Micale and Marrs, 2006). Micale

and Marrs (2006) found that water along stream banks

carrying CBNG-produced water has higher pH (8.7 vs.

7.3), electrical conductivity (821 vs. 499 mmho/cm), and

SAR (19 vs. 0.25) than soil along stream banks not car-

rying CBNG-produced water. Additionally, increased

biomass and increased number of introduced vegeta-

tion species are associated with CBNG-produced water

discharge (Stearns et al., 2005; Micale andMarrs, 2006;

Bergquist et al., 2007). The dense biomass adjacent to

CBNG-produced water ponds has been identified as

potential larval habitats of Culex tarsalis, the mosquito

implicated as the primary vector of theWest Nile virus

(Zou et al., 2006). Additional changes in vegetation are

found on disturbed soils associated with CBNG devel-

opment such as drill pads, dams, roads, and pipelines.

Disturbed areas have greater nonnative species rich-

ness and less native species cover than control sites

(Bergquist et al., 2007).

The shift from native vegetation species to more

salt-tolerant introduced species in the riparian zones

of CBNG-produced water impoundments and stream

channels could have long-term implications for the re-

establishment of the native ecology. Fewer native spe-

cies and more salt-tolerant introduced species are found

in gullies carryingCBNG-producedwater than in control

gullies (Stearns et al., 2005). Salt- and sodium-tolerant

species will fare better in the saline and sodic environ-

ments created byCBNG-producedwater discharge sites.

Additionally, theremay be long-term surfacewater qual-

ity effects resulting from the changes to the stream-

channel soils. The sodium-rich soils in channels carrying

CBNG-produced water may potentially release sodium

to surface water after the cessation of CBNG-produced

water discharge (Stearns et al., 2005). The higher salin-

ity and sodicity in soils in conjunction with the reduced

native species richness along CBNG-produced water

stream channels may act to delay the recovery to base-

line vegetation and ecological conditions.

Implications for Irrigation

The desire to put CBNG-produced water to beneficial

use has spurred the development of CBNG-produced

water irrigation systems. One measure of water’s suit-

ability for use as an irrigation source is the ratio of

sodium to calcium and magnesium, the SAR (units

mmol1/2 L�1/2). When units of concentration are in

millimoles per liter, SAR is defined (Essington, 2004)

SAR ¼
Naþ
� �

Ca2þ
h i

þ
h
Mg2þ

i� �1=2 ð17Þ

However, when units are in milliequivalents per liter,

the equation for SAR is (Stumm and Morgan, 1996)

SAR ¼
Naþ
� �

Ca2þ½ � þ Mg2þ½ �
2

� �1=2

Excess sodium is one of the greatest concerns when

applying irrigation water to a field. When the concen-

tration of sodium in irrigation water is in excess of the

calcium and magnesium concentrations (a high SAR

value), sodiumhas the potential to displace calcium and

magnesium from the soil’s cation exchange sites. The

large hydrated radius of the sodium ion can cause the

soil structure to be degraded through swelling and dis-

persion of clays and organic matter. These structural
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changes can reduce the soil’s infiltration capacity and

limit root penetration (So and Aylmore, 1993; Bagarello

et al., 2006). The amount of sodium required to affect

these changes is dependent in part on the soil’s texture,

mineralogy, and organicmatter content. In general, a soil

is considered sodic when the number of exchange sites

occupied by sodium exceeds 15% (U.S. Salinity Labo-

ratory Staff, 1954; Sumner, 1993; Essington, 2004).

As discussed previously, CBNG-produced water

generally has high concentrations of sodium and low

concentrations of calcium and magnesium and there-

fore high SAR values. The CBNG-produced water from

the Fort Union coal formation has a median SAR of

8.8 mmol1/2 L�1/2 and 10th and 90th percentiles of

6.1 and 59.9 mmol1/2 L�1/2, respectively (Rice et al.,

2002). The specific SAR value that is considered too

high for water to be put to use as an irrigation source

depends in part on the electrical conductivity of the ir-

rigation water and the clay content of the irrigated field.

As a general rule, SAR values of 6 to 12 mmol1/2 L�1/2

are considered too high (Essington, 2004). Therefore,

in many CBNG-produced water irrigation systems, pre-

cautions must be taken to prevent the salinization and

sodification of the soil.

The CBNG-produced water is flowing nearly con-

stantly while the CBNG wells are operating; however,

irrigation water is only applied intermittently. Because

of this disconnect in timing, the CBNG-produced wa-

ter that will be used for irrigation is commonly put into

impoundments until needed. Evaporative concentra-

tion of sodium and calcite precipitation in ponds can

cause the SAR of the CBNG-produced water to in-

crease while in the pond (Jackson and Reddy, 2007a).

However, the length of time that the water is in the

pond may not be long enough for the evaporative con-

centration of sodium to impact the SAR significantly.

The precipitation of calcite in the pond, however, can

increase the SAR values irrespective of increases in

sodium concentration. For this reason, some irrigation

management techniques include the acidification of the

CBNG-produced water, which serves to convert some

of the bicarbonate to carbon dioxide thus reducing the

saturation index, and therefore the rate of precipita-

tion, of calcite. Similarly, elemental sulfur (which oxi-

dizes slowly to sulfuric acid) can be applied to the

surface of the irrigated soil, which will lower the pH of

the irrigationwater lessening the precipitation of calcite

from the water. The surface-applied sulfur may also

lower the pH of the soil, which may potentially bring

naturally occurring calcite in the soil into solution pro-

viding a source of calcium ions (Essington, 2004; Qadir

et al., 2006). Additional methods used to lower SAR

values of CBNG-produced water include adding gyp-

sum to the surface of the soil that will be irrigated. As

the gypsumdissolves, it provides an additional source of

calcium ions.

Several studies have measured soil chemical and

physical changes caused by CBNG-produced water ir-

rigation (Ganjegunte et al., 2005; Brinck and Frost,

2007b, in press; Johnson et al., 2007; Ganjegunte et al.,

2008; Vance et al., 2008). All found an initial degra-

dation in the irrigated soil’s physical and chemical prop-

erties in the form of decreased infiltration rates and

increased salinity (as measured by electrical conductiv-

ity [EC]) and sodicity (as measured by SAR). Baseline

Powder River Basin soil salinity and sodicity varied from

around EC values of 1–4 dS/m and SAR values of 0.5–

2 mmol1/2 L�1/2 (Brinck and Frost, in press; Ganje-

gunte et al., 2008; Vance et al., 2008). The CBNG-

producedwater irrigated soil salinity and sodicity values

varied from EC values around 3–10 dS/m and SAR

values around 8–20 mmol1/2 L�1/2 (Brinck and Frost,

in press; Ganjegunte et al., 2008; Vance et al., 2008).

The ultimate salinity and sodicity levels depended on

several factors, including the number of irrigation seasons

the field had undergone and the water and soil treat-

ments applied. In general, for increasing sodicity levels,

the soil structure will remain intact if a corresponding

increase in salinity occurs. Higher salinity will allow the

clay molecules to remain closer together (flocculated)

because of the compressed double layer (Essington,

2004). Longer term studies, such as Brinck and Frost

(in press), found that after the initial increases in salin-

ity and sodicity during the first 2 yr, no further increases

were found on one CBNG-produced water irrigated

field within the central Powder River Basin in the fol-

lowing 2 yr.

Ganjegunte et al. (2008) foundmixed trends in pH

changes on several fields. Although some fields showed

no significant changes in pH, some irrigated fields showed

significant decreases in pH as compared to the associ-

ated control fields. This acidification of irrigated soils

is attributed to the application of sulfur burners on those

fields. Sulfur burners acidify the irrigationwater prior to

the application to the field by converting elemental sul-

fur to sulfurousor sulfuric acids (Ganjegunte et al., 2008;

Vance et al., 2008). The lower pH of the irrigation wa-

ter reduces bicarbonate concentrations limiting the pre-

cipitation of calcite and increases the solubility of natu-

rally occurring calcite in the soil. Both of these effects

should help protect the soil from sodification. The ap-

plication of gypsum increased calcium in the soil to a
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similar extent as the sulfur-burning treatment without

the corresponding decrease in soil pH. Oxidation of

sulfur has the potential to create low pH values, which

will consume the buffering capacity of the soil. If low

pH conditions persist in irrigated fields, it can become

detrimental to plant growth and potentially increase

mobility and uptake of heavymetals (Ganjegunte et al.,

2008; Vance et al., 2008).

The potential for further reduction in infiltration

rate and increases in SAR once irrigation with CBNG-

producedwater and surface amendments has ceased has

been addressed by Johnson et al. (2007), Ganjegunte

et al. (2008), Vance et al. (2008), and Brinck and Frost

(in press). Low-salinity precipitation preferentially lea-

ches the calcium and magnesium from the surface soil

increasing the SAR of the soil water potentially causing

the swelling of clay minerals (Ganjegunte et al., 2008;

Vance et al., 2008). Additionally, atmospheric precip-

itation may lower the salinity of the soil water causing

the diffuse double layer, the halo of ions surrounding

clay and organic matter surfaces, to increase and dis-

perse the clay minerals (Drever, 1997; Brinck and Frost,

in press).Caremust therefore be taken to ensure that the

salinity and sodicity levels are low enough prior to the

cessation of CBNG-produced water irrigation and that

the subsequent addition of low-salinity, low-sodicity

rain water does not cause further reductions in soil

quality.

CONCLUSIONS

The natural processes of salt dissolution, pyrite oxida-

tion, sulfate reduction, and methanogenesis that occur

in deep coal aquifers result in groundwater dominated

by sodium and bicarbonate. Sodium in the coal aquifer

water originates in the soluble salts in the soil, weath-

ering of shale and clay, and through cation exchange

early in the water’s evolution. The process of bringing

coal aquifer water to the surface during CBNGproduc-

tion initiates a series of further geochemical changes,

including the precipitation of calcite and iron hydrox-

ide. Some trace elements tend to concentrate in im-

poundments; however, their origin is unclear. If the

source of trace elements of concern such as arsenic and

selenium is the local soil, it may be possible to locate

CBNG-produced water impoundments in areas that

would minimize the mobilization of these species.

When CBNG-produced water is discharged to the sur-

face, it will interact with the local soil and near-surface

aquifers. In semiarid basins such as the Powder River

Basin, soluble salts naturally accumulate in the soil.

The addition of CBNG-produced water can mobilize

these salts, potentially increasing the salinity of shallow

groundwater. Additionally, the riparian areas in contact

with CBNG-produced water have shown increased

numbers of introduced and salt-tolerant species and in-

creased soil salinity and sodicity. Irrigation with CBNG-

produced water also has the potential to increase the

salinity and sodicity of the fields to which it is applied,

not only through application of CBNG-produced water

but also through soil amendments. Carefulmanagement

of CBNG-produced water irrigation sites is necessary

to maintain the quality of the soil’s physical and chem-

ical characteristics.

Understanding the geochemical evolution ofCBNG-

produced water is important for predicting potential

environmental impacts. Regulating the produced water

based on its initial chemical composition at the well-

head is not enough. As the water sits in holding ponds,

flows through stream channels, and infiltrates to near-

surface aquifers, the resultant chemical composition of

the CBNG-produced water can be quite different from

the original composition. Additionally, further work is

needed to understand the potential impact the cessation

of CBNG-produced water irrigation may have on the

fields to which it is being applied, to avoid the degra-

dation of soil quality. Understanding and mitigating

potential environmental changes caused by the discharge

of CBNG-produced water may determine the future

of CBNG production in Wyoming and Montana.
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