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[1] Development of coal-bed natural gas (CBNG) in the Powder River Basin, Wyoming,
has increased substantially in recent years. Among environmental concerns associated
with this development is the fate of groundwater removed with the gas. A preferred
water-management option is storage in surface impoundments. As of January 2007,
permits for more than 4000 impoundments had been issued within Wyoming. A study was
conducted on changes in water and sediment chemistry as water from an impoundment
infiltrated the subsurface. Sediment cores were collected prior to operation of the
impoundment and after its closure and reclamation. Suction lysimeters were used to
collect water samples from beneath the impoundment. Large amounts of chloride
(12,300 kg) and nitrate (13,500 kg as N), most of which accumulated naturally in the
sediments over thousands of years, were released into groundwater by infiltrating water.
Nitrate was more readily flushed from the sediments than chloride. If sediments at other
impoundment locations contain similar amounts of chloride and nitrate, impoundments
already permitted could release over 48 � 106 kg of chloride and 52 � 106 kg of nitrate
into groundwater in the basin. A solute plume with total dissolved solid (TDS)
concentrations at times exceeding 100,000 mg/L was created in the subsurface. TDS
concentrations in the plume were substantially greater than those in the CBNG water
(about 2300 mg/L) and in the ambient shallow groundwater (about 8000 mg/L). Sulfate,
sodium, and magnesium are the dominant ions in the plume. The elevated concentrations
are attributed to cation-exchange-enhanced gypsum dissolution. As gypsum dissolves,
calcium goes into solution and is exchanged for sodium and magnesium on clays.
Removal of calcium from solution allows further gypsum dissolution.
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1. Introduction

[2] In arid and semiarid regions of the United States, salts
are deposited onto the land surface from precipitation and
dry atmospheric deposition. As water from precipitation
infiltrates, it carries these salts into the subsurface. Most of
the water that infiltrates is eventually returned to the
atmosphere by evaporation from soil or plants; therefore
most of the salts remain in the subsurface. As the cycle of
deposition and evaporation is repeated over hundreds to
thousands of years, large quantities of salts accumulate in
the unsaturated zone in these regions. Phillips [1994]
reported chloride storage greater than 20,000 kg/ha in some
areas of the western United States. Patterns of chloride
accumulation in sediments can be used to estimate rates of
groundwater recharge [Allison and Hughes, 1978; Allison,
1988; Cook et al., 1992; Phillips, 1994]. Typically, areas of

low chloride accumulation correspond to areas of active
recharge (i.e., percolating recharge water transports chloride
out of the unsaturated zone), whereas areas of high chloride
accumulation are associated with low rates of recharge (i.e.,
chloride is being deposited on land surface at rates greater
than it is being transported out of the unsaturated zone).
Because streams in these regions often are a source of
recharge, salts tend to be flushed out of sediments underly-
ing stream channels [Hartsough et al., 2001; Heilweil and
Solomon, 2004; Heilweil et al., 2006]. Nitrate also has
accumulated in sediments in arid and semiarid regions
[Boyce et al., 1976; Hartsough et al., 2001; Walvoord et
al., 2003; McMahon et al., 2006]. There can be multiple
sources for this nitrate, including atmospheric deposition,
plant fixation of atmospheric nitrogen, and oxidation of
geologic sources of NH4 to nitrate.
[3] Climate or land-use changes can cause displacement

of salts stored in the unsaturated zone [Boyce et al., 1976;
Walvoord et al., 2003]. Stonestrom et al. [2004] showed that
peaks in chloride concentration occurred at much deeper
depths in unsaturated zones underlying irrigated fields in the
Amargosa Desert as compared with unsaturated zones in
areas of native vegetation. Presumably, percolating irriga-
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tion water transported the chloride peak downward. Re-
placement of native vegetation with dryland crops, such as
wheat, has led to increased recharge rates, with the unin-
tended consequence of increased salinization of local aqui-
fers due to a flushing of accumulated salts in areas of
Montana [Miller et al., 1980] and Australia [Salama et
al., 1993]. Land surface storage of groundwater extracted
during energy development in northern Wyoming raises
some concerns in regard to flushing of naturally occurring
salts into ground or surface waters.
[4] The Powder River Structural Basin comprises more

than 61,000 km2 in Wyoming and Montana (Figure 1). It
has historically been an important source of energy resour-
ces, containing the largest coal resources of any coal field in
the contiguous United States [Glass, 1997]. Oil and con-
ventional natural gas resources also are abundant. Recent
technological advances have allowed development of a
known, but unconventional, source of natural gas, gas
stored in coal beds (CBNG). Since 1997, development of
CBNG has increased rapidly in the Basin. As of 2006, there
were more than 19,000 active CBNG wells in the Wyoming
part of the Basin; that number is projected to exceed 50,000
by 2013 [U.S. Bureau of Land Management (U.S. BLM),
2003b].

[5] CBNG wells generally tap coal beds in the Fort Union
Formation at depths of 100–1000 m. Overlying the Fort
Union Formation in much of the Basin is the Wasatch
Formation, which consists of shales, siltstones, and sand-
stones. The Wasatch Formation is overlain in many areas
with unconsolidated surficial sediments. The steppe cli-
mate in the Basin is typical of semiarid grassland prairies
[Martner, 1986]. Average temperature in Gillette is about
7�C; average annual precipitation is 410 mm [Western
Regional Climate Center, 2001].
[6] Natural gas in the Basin is extracted by withdrawing

water from coal beds, thus lowering the water pressure and
releasing the gas. Additional information on CBNG gener-
ation, reserves, and development within the Powder River
Basin is given by De Bruin et al. [2000], Bartos and Ogle
[2002], and Rice et al. [2002]. The rapid and extensive
development gives rise to several environmental issues,
including depletion of groundwater resources, soil erosion,
changes in wildlife habitat, possible introduction of invasive
plant species, and air quality and noise impacts [U.S. BLM,
2003a]. The fate of the produced CBNG water, one of the
most salient of these issues, is the focus of this study.
[7] The average rate of water pumpage from new wells in

the Basin is about 47 m3/d [Wheaton and Brown, 2005].
Water production declines gradually over the 7- to 10-year
life of the well. In 2006, about 680 million barrels
(108,000,000 m3) of water were produced (Wyoming Oil
and Gas Conservation Commission; see http://wogcc.state.
wy.us). CBNG water in the Basin is generally a sodium-
bicarbonate type with total dissolved solids (TDS) and
sodium adsorption ratio in the range of 200–4000 mg/L
and 5.6–69, respectively [Rice et al., 2002; Bartos and
Ogle, 2002]. Sodium adsorption ratio (SAR) is a measure of
the concentration of sodium in water or sediment relative to
the concentrations of calcium and magnesium. Concern
about the CBNG water cited in the Federal Environmental
Impact Statement [U.S. BLM, 2003a] centers on high values
of SAR. Water with SARs in excess of 13 can cause
deterioration of soil structure [Soil Survey Laboratory,
1995]. Hence such waters are undesirable for irrigation. A
preferred option for disposal of CBNG water is to place it in
impoundments where the water can infiltrate and evaporate
[U.S. BLM, 2003b]. As of January 2007, permits had been
issued for more than 4000 of these impoundments in the
Powder River Basin in the state of Wyoming (Wyoming
State Engineer’s Office, written communication, 2007).
Typical surface water storage capacity of an impoundment
is 12,000 m3.
[8] The impact of impoundments for CBNG water on

naturally occurring salts stored in sediments and the possi-
ble transport of those salts to surface water and groundwater
bodies within the Powder River Basin are critical questions.
This paper presents results of a study of the fate of CBNG
water placed in one such impoundment. We report on water
and sediment chemistry in the subsurface immediately
underlying the impoundment prior to the initial introduction
of CBNG water and how that chemistry changed through
the 10-month period that the impoundment was in operation
and for more than a year after the impoundment was
decommissioned. Results presented here are based on
analyses of sediment cores obtained before and after the
operational life of the reservoir and on analyses of water

Figure 1. Location map for Skewed Reservoir study and
monitoring network.
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samples obtained from suction cup lysimeters installed
beneath the reservoir. Groundwater transport of solutes,
which is the subject of another paper, is not discussed here,
with the exception that concentrations of chloride and
nitrate in samples from observation wells are used to
estimate the total amounts of those constituents that were
flushed from sediments.

2. Methods

[9] The study was conducted at Skewed Reservoir in
Johnson County, Wyoming (Figure 1). A compacted earthen
dam, approximately 6 m in height and 1 ha in area, was
constructed with native colluvial sediments in July 2003 to
create the reservoir. The dam was built across a small
ephemeral channel that drained approximately 20 ha of
land. Capacity of the reservoir was about 12,000 m3.
Underlying the impoundment were 8 m of unconsolidated
deposits on top of bedrock. While the reservoir was under
construction, and prior to the introduction of CBNG water,
50-mm-diameter suction cup lysimeters were installed into
the sediments beneath the base of the reservoir at depths of
3, 4.9, and 6.7 m. (For convenience, these will be referred to
as the 3-m, 5-m, and 7-m lysimeters throughout the remain-
der of this paper.) An additional lysimeter was installed at a

depth of 5.2 m at a control site, which is unaffected by any
impoundments or CBNG discharge water, about 1.5 km
north of Skewed Reservoir. Suction lysimeters allow col-
lection of water samples when the sediments are fully or
partially saturated. A hand auger was used to bore holes for
the lysimeters; sediment samples were collected at intervals
of about 0.3 m. Sediment samples were also obtained by
means of a hollow-stem auger at two locations along the
ephemeral channel across which the dam was constructed
(Figure 1). Nineteen observation wells were installed near
the reservoir (Figure 1) with a hollow-stem auger. The
unconsolidated surficial sediments, which consist of very
fine to fine sand with silt and clay, were initially unsaturat-
ed. Bedrock is part of the Wasatch Formation; its surface is
variable in terms of lateral continuity, elevation, degree of
weathering and fracturing, and composition (shale, siltstone,
or sandstone). Along the center axis of the small valley that
contained the reservoir, the bedrock surface dips toward the
south–southwest, eventually intersecting the Beaver Creek
alluvial aquifer at a distance of about 200 m from the dam
(Figure 2). Most wells were screened at the bottom of the
unconsolidated deposits (Figure 2), immediately overlying
the bedrock, and thus were initially dry. In the immediate
vicinity of the reservoir, groundwater was initially encoun-
tered in only four wells (2D, 3, 5, and 6). These wells all

Figure 2. Skewed Reservoir north-south hydrogeologic section (prior to discharge of water into
Skewed Reservoir). Line of section shown on Figure 1.
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extended into bedrock. On the basis of depth of geologic
units, water levels, and water chemistry, it was determined
that these saturated zones were hydraulically isolated from
each other. A confined sandstone aquifer was encountered
at a depth of about 33 m in well 3; no other aquifers were
encountered. Wells 13–18 were completed in the Beaver
Creek alluvial aquifer (Figures 1 and 2). Well 12 is
completed in bedrock, but appears to be hydraulically
connected to the alluvial aquifer and is the closest such
well to the reservoir.
[10] The reservoir began accepting water from 6 CBNG

wells on 16 August 2003 and continued to accept water
until May 2004. A flowmeter measured the volume of water
discharged to the reservoir. Approximately 95,000 m3 of
water was pumped into the reservoir, an average of 52 m3/d
per well. Anecdotal evidence suggests that initial infiltration
rates from the reservoir were high; stage height in the
reservoir was stable at about 2 m for the first several months
of operations. Over time, the stage height increased as,
presumably, the infiltration rate decreased. By May 2004,
the stage height was greater than 4.5 m. Stage height in the
reservoir decreased gradually after discharge to it was halted
in May 2004. By mid-August 2004, there was standing
water with a height less than 0.5 m in only the lowest
reaches of the reservoir. Some standing water remained
there until the area was reclaimed in August 2005. During
reclamation, the remaining water was pumped out of the
reservoir, the dam was torn down, the sediments that made
up the dam were redistributed over the base of the reservoir,
and the site was reseeded. Two months after reclamation, in
October 2005, 50-mm-diameter continuous sediment cores
were collected from land surface to bedrock using a
pneumatic drill rig at three sites close to the lysimeters.
These cores are referred to as postreservoir sediment
samples.
[11] The prereservoir sediment samples were analyzed for

moisture content, bulk density, and particle size by methods
described by Dane and Topp [2002]. Concentrations of
water-leachable ions in prereservoir and postreservoir sed-
iment samples were determined with the method described
by McMahon et al. [2003]. Briefly, air-dried sediment was
mixed with deionized water in a 1:10 mass ratio, as
recommended by Faulkner et al. [2001]. After mixing, sam-
ples were placed on an orbital shaker for 1 h at 170 rpm. The
samples were then spun in a centrifuge for 10 min, after
which water was extracted and passed through a 0.45-mm
filter. Anion concentrations were determined using standard
ion chromatographic methods [Dionex Corporation, 2001]
with an AS14 column; cation concentrations were determined
by inductively coupled plasma-atomic emission spectrometry
[Briggs, 2003; Lamothe et al., 2002]. Cation exchange
capacity on samples of bulk soil and sediment was deter-
mined by utilizing a modification of the unbuffered salt
extraction method described by Sumner and Miller [1996];
0.1M SrCl2 and 0.1M CaCl2 were used instead of 0.2M
NH4Cl and 0.2M KNO3 (B. Jones, U.S. Geological Survey,
oral communication, 2005). Bulk soil and sediment samples
were prepared for X-ray diffraction (XRD) analysis by air-
drying the sample and splitting by hand. The representative
splits were then processed for either bulk XRD or clay
mineral identification according to the respective methods
for each. X-ray diffraction identification of bulk soil and

sediment samples was accomplished according to methods
described by Eberl [2003] utilizing a micronized sample to
which a known amount of zinc oxide was mixed as a
reference intensity pattern. Identification of minerals was
accomplished utilizing Jade 7 software [Materials Data,
Inc., 2005] (any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by
the U.S. government), and X-ray diffraction patterns of bulk
samples were analyzed with the RockJock software [Eberl,
2003] to quantify the minerals. RockJock can generally
quantify minerals to ±5% of a particular phase if a good
degree of fit can be obtained for the calculated pattern versus
the measured pattern. Clay minerals were prepared and
analyzed by methods described by Moore and Reynolds
[1997] using the glass-slide method and a four-step technique
that notes changes in mineralogy following air-drying, eth-
ylene glycol solvation, heating to 400�C, and heating to
550�C.
[12] Water samples were collected from lysimeters and

wells on 15 dates between late August 2003 and October
2005. Lysimeter water samples were obtained by applying
suction to each lysimeter, waiting about 4 h, and then
applying positive air pressure to push the water sample
out of the lysimeter through a sampling tube. This first
sample was discarded, and the process was repeated. The
second sample was saved for analysis. Water samples from
wells were obtained after purging three casing volumes with
either submersible pumps or bailers. Samples were analyzed
for major dissolved-ion chemistry and metals using standard
methods [Rice et al., 2002; Bartos and Ogle, 2002].
Geochemical modeling was performed with the Phreeqc
model [Parkhurst and Appelo, 1999].

3. Results

3.1. Sediment Properties

[13] The unconsolidated sediments are very fine to fine
sand and silt with about 11% clay; there was little variation
in texture with depth. Gravimetric soil moisture contents
between the depths of 0.5 and 4.5 m were relatively uniform
at about 0.07. From depths of 5 to 6.25 m, moisture contents
were higher, between 0.12 and 0.14. Cation exchange
capacity (CEC) varied little with depth. Samples from
36 different depths were analyzed for CEC. The average
CEC was 24.5 meq per 100 g sediment (standard deviation
of 4.4). Results of bulk mineralogical analyses (Figure 3)
show that quartz is the predominant mineral, generally
accounting for 30–50% of total mass. Gypsum, calcite,
and dolomite are present throughout the profile, in abun-
dances of about 1–2%, although at some depths abundances
exceed 8%. Clay minerals account for about 30–35% of
total mass. Smectites account for 10–18% of the sediment
mass. To gain some understanding of possible cation-
exchange mechanisms as water infiltrated from the reser-
voir, an effort was made to identify cations that originally
occupied exchange sites on the smectites. Distinguishing
calcium and sodium saturated smectites by analysis of initial
X-ray diffraction patterns with the RockJock software
proved problematic. A second round of X-ray patterns
was run on samples from 10 depths (0.3–7 m). For this
second round, samples were heated to 400�C for 24 h and
then immediately X rayed, thus minimizing the possibility
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of dried clays becoming rehydrated. Although this proce-
dure was not able to provide actual percentages of sodium
and calcium saturated exchange sites, qualitative trends
were apparent. At the shallowest depths, X-ray patterns
resembled patterns produced from a 15% pure calcium-
saturated smectite standard (mixed with quartz). At the
deepest depths, X-ray patterns were very similar to those
for an analogous sodium-saturated smectite standard. There
was a consistent trend in the intermediate depths: The
deeper the sample, the more the X-ray pattern resembled
that of the sodium-saturated smectite. Although not quan-
tifiable, the implication is that calcium-saturated smectites,
which dominated at shallow depths, grade into sodium-
saturated smectites at depth. A similar trend was noted for

smectites in sediment samples obtained at well 12. Attempts
were also made to directly measure the amount of sodium-
occupied exchange sites, referred to as the exchangeable
sodium percentage, or ESP, by the standard laboratory
method of Helmke and Sparks [1996]. These results were
inconclusive; the possible presence of naturally occurring
soluble salts in these sediments made it impossible to
distinguish between dissolution phenomena and exchange
reactions.

3.2. Initial Water Chemistry

[14] CBNG water is a sodium-bicarbonate type with an
average TDS concentration of 2275 mg/L (Table 1), typi-
cally void of available oxygen, nitrate, sulfate, and other
electron acceptors due to the reducing environment of the
coal beds in which natural gas is generated. Data for the
CBNG water in Table 1 represent average concentrations
from nine gas production wells located within 2 km of
Skewed Reservoir. These wells do not discharge to the
reservoir, but they produce from the same coal bed (Big
George) at about the same depth (408 m) as the wells that
do discharge to the reservoir. It was not possible to directly
sample the wells that discharged into Skewed Reservoir.
[15] The sediments within which the lysimeters were

installed were initially too dry to allow collection of water
samples (lysimeters cannot collect samples if soil-water
tension exceeds about 1 bar). The lysimeters were unable
to produce water samples until 5 d after water began
flowing into the reservoir (21 August 2003). Although there
are no background data on unsaturated zone water chemis-
try at the site, water samples were obtained from the control
site lysimeter. Sediments at the control site were similar in
texture to those near Skewed Reservoir. Unsaturated zone
water at the control site is a magnesium-sodium-sulfate type
with TDS concentration of 13,400 mg/L (Table 1).
[16] Most observation wells were initially dry. Table 1

shows data for water from monitoring wells 2D and 6 that
produced water prior to the reservoir going into operation
(Figure 1). Data in Table 1 are from samples obtained before

Figure 3. Mineralogy as a function of depth at lysimeter
borehole.

Table 1. Total Dissolved Solids (TDS), Major Ion Concentrations, and Sodium Adsorption Ratio (SAR) for Coal-Bed Natural Gas

(CBNG) Water, Shallow Groundwater, and Lysimeter Water Samples From Beneath Skewed Reservoir and From a Control Site Away

From the Reservoira

Location and Date
TDSb

(mg/L)
SO4

(mg/L)
HCO3

c

(mg/L)
NO3 as
N (mg/L)

Cl
(mg/L)

Ca
(mg/L)

Mg
(mg/L)

Na
(mg/L)

K
(mg/L)

pH
Units SAR

CBNG water 2,275 0.03 3,038 <0.05 28.9 50.5 37.5 1,040 47.4 8.37 27
GW monitoring well 2D,
27 Aug 2003

1,050 380 527 0.33 15 53.6 23.8 300 17.5 7.51 8.6

GW monitoring well 6,
27 Aug 2003

7,504 5,240 749 0.97 42 424 1,038 350 41 7.62 2.1

3-m lysimeter,
12 Nov 2003

5,950 2,890 1,495 0.2 206 663 251 1,033 11.4 7.30 8.6

5-m lysimeter,
12 Nov 2003

15,100 8,300 482 118 1,822 480 1,680 1,987 11.0 7.28 9.5

7-m lysimeter,
12 Nov 2003

105,000 79,000 484d 736 181 443 12,300 12,700 20.3 7.12 24.3

Control lysimeter,
30 May 2002

13,400 9,720 310 23 87 435 1,710 1,260 23.1 7.45 5.7

aCBNG water represents average values from nine natural gas production wells near Skewed Reservoir; all other data represent individual samples.
bCalculated value [Hem, 1992].
cTotal alkalinity, expressed as HCO3.
dEstimated value; alkalinity contains some noncarbonate species.
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