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Abstract:

The Powder River Basin (PRB) of Wyoming and Montana contains significant coal and coal bed natural gas (CBNG) resources.
CBNG extraction requires the production of large volumes of water, much of which is discharged into existing drainages.
Compared to surface waters, the CBNG produced water is high in sodium relative to calcium and magnesium, elevating the
sodium adsorption ratio (SAR). To mitigate the possible impact this produced water may have on the quality of surface water
used for irrigation, the State of Montana passed water anti-degradation legislation, which could affect CBNG production in
Wyoming.
In this study, we sought to determine the proportion of CBNG produced water discharged to tributaries that reaches the Powder
River by implementing a four end-member mixing model within a Bayesian statistical framework. The model accounts for the
87Sr/86Sr, d13CDIC, [Sr] and [DIC] of CBNG produced water and surface water interacting with the three primary lithologies
exposed in the PRB. The model estimates the relative contribution of the end members to the river water, while incorporating
uncertainty associated with measurement and process error.
Model results confirm that both of the tributaries associated with high CBNG activity are mostly composed of CBNG produced
water (70–100%). The model indicates that up to 50% of the Powder River is composed of CBNG produced water downstream
from the CBNG tributaries, decreasing with distance by dilution from non-CBNG impacted tributaries from the point sources to
~10–20% at the Montana border. This amount of CBNG produced water does not significantly affect the SAR or electrical
conductivity of the Powder River in Montana. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

The Powder River Basin (PRB) is an asymmetrical
structural and sedimentary north-northwest-trending
Tertiary basin that encompasses 55 962 km2 (~21 600
mi2), extending from northeastern Wyoming into south-
eastern Montana (Figure 1) (Flores and Bader, 1999). The
coal seams in the basin occur in the Paleocene Fort Union
Formation and the overlying Eocene Wasatch Formation
(Flores and Bader, 1999). The basin boundaries are defined
by the Bighorn Mountains on the west, the Black Hills on
the east, the Laramie Mountains on the south and the Miles
City Arch on the north. The PRB has a semi-arid climate,
receiving an average of 30–35 cm of precipitation annually
(Sharp and Gibbons, 1964).
Approximately 25% of the coal reserves in the United

States are containedwithin the subbituminous and bituminous
orrespondence to: Carol D. Frost, Department of Geology and
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coal seams in the PRB that have an average thickness of
~7.5m (~25 ft) (Ayers et al., 1984). The methane in these
seams is trapped in micropores as a free gas, in coal cleats as
a dissolved gas in water within the coal, as an adsorbed gas
on the surface of the macerals that comprise the coal or as an
adsorbed gas within the structure of the bulk coal (DeBruin
et al., 2004). The coal bed natural gas (CBNG) produced in
the PRB accounts for about 1.4% of the total amount of
natural gas produced in the United States (WOGCC, 2012).
The number of CBNG wells in Wyoming has increased

dramatically, from just 152 in 1995 to over 18 000 wells
in 2008, but decreased to ~13 500 producing wells by the
end of 2011(Wyoming Oil and Gas Conservation
Commission (WOGCC), 2012). In order to produce
CBNG, the hydrostatic pressure of the coal seams is
reduced by pumping water out of the coal seams to the
surface to decrease the pressure in the coal seam, allowing
the methane to rise through the wellbore to the surface.
The wells in the PRB produce an average of ~11 700 l
(~3080 gallons) of water per well per day (WOGCC,
2012), and over 7 trillion liters (~1.85 trillion gallons) of
water are predicted to be produced over the lifetime
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Figure 2. Powder River average monthly discharge from 1930 to 2008 for
USGS gauging stations at Arvada and Sussex, Wyoming. Data from United
StatesGeological Survey (USGS)NationalWater Information System (2010)
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Figure 1. Map indicating the location of the Powder River Basin (dark
outline), the Powder River watershed (dashed line) and numbered

sampling locations
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development of the PRB (~45 years at present production
rates) (DeBruin et al., 2004). This water is commonly
disposed of by dispersing it over the land surface as
irrigation, discharging to existing drainages, dispersed
into the air by sprayers, or diverting it to off-channel
holding ponds.
CBNG produced water is high in sodium relative to

calcium and magnesium, particularly in wells located near
the Powder River along the Johnson-Campbell county line
in Wyoming (Campbell et al., 2008). This is of particular
importance because the ratio of sodium (Na+) to calcium
(Ca2+) and magnesium (Mg2+), known as the sodium
adsorption ratio (SAR), is an indication of the suitability
of water for irrigation. When units are in milliequivalents
per liter, the equation for SAR is given by (Stumm and
Morgan, 1996):

SAR ¼ Naþ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þ½ �þ Mg2þ½ �

2

q (1)

When using SAR as an anti-degradation index, it is
important to note that linear mixing models do not work for
SAR because of the square root term in the denominator.
The ionic concentrations of two waters mixing must be
known in order to accurately calculate the SAR of themixed
water. Total dissolved solids (TDS) also can be high in
Copyright © 2013 John Wiley & Sons, Ltd.
produced water, reaching over 3000mg/l in the central area
of the PRB (Campbell et al., 2008). Thus, the addition
of produced water—particularly water produced from wells
in the central portion of the PRB in Wyoming—has the
potential to significantly increase the SAR and TDS of
surface waters.
The Powder River originates in Wyoming and flows

north into Montana. It is approximately 500 km long and
has a highly variable discharge (Figure 2). The discharge
over the duration of this study was as low as 0.085 m3s�1

(~3 ft3s�1) at the low-flow periods and over 100 m3s�1

(~3500 ft3s�1) during high flow associated with spring
melt (Figure 3) (United States Geological Survey (USGS)
(2010)). The quality of this water is of particular concern
because it is used for irrigation and may be affected by
inputs from CBNG produced water. In 2003 and 2006,
the State of Montana promulgated regulations to address
potential water quality impacts of CBNG development on
agriculture in the Tongue and Powder rivers of northeastern
Wyoming and southeastern Montana. According to these
rules, which the United States Environmental Protection
Agency (EPA) approved in 2003 and 2008, the monthly
average electrical conductivity (EC; a field measurement
that serves as a proxy for TDS) during the irrigation
season must not exceed 2000 mS/cm with no sample
above 2500 mS/cm, and the monthly average SAR must
not be above 5 with no sample exceeding 7.5 (Montana
Department of Environmental Quality, 2006). By these
rules, if the surface water flowing from Wyoming to
Montana does not meet these standards, then Wyoming
may have to limit its CBNG production or modify its
water management strategies until a solution can be
determined to lower the SAR and EC of this water. The
Montana standards were challenged, and in 2009, the US
District Court, District ofWyoming, remanded the matter to
EPA to consider whether the numeric standards are based
upon appropriate technical and scientific data (Pennaco,
2009). During the EPA’s reconsideration of the standards on
Hydrol. Process. (2013)
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Figure 3. Powder River discharge at the time of sampling. Tributaries are denoted by open symbols. (a) Low-flow period (22 September 2006), (b) high-flow
period (2May 2007) and (c) low-flow period (1 September 2007). The horizontal grey line indicates the location of theWyoming-Montana boarder. Data

are from United States Geological Survey (USGS) National Water Information System (2010)

COAL BED NATURAL GAS PRODUCED WATER IN THE POWDER RIVER
remand, the Montana Board of Environmental Review
initiated a review of Montana’s water quality standards and
determined that the existing standards are necessary to
protect water quality and soils (Compton, 2011).
The goal of this study was to determine the proportional

contribution of CBNG produced water to the Powder River
and evaluate the impact of CBNG activity on SAR and EC.
This information will help to establish future standards for
water in the Powder River. Because of the paucity of
gauging stations on the Powder River (five stations; Clark
et al., 2005), uncertainties in water volumes carried by
tributaries, and conveyance loss in holding ponds and
infiltration, simple volumetric calculations to determine the
proportion of CBNG produced water are not possible. The
few studies that have been conducted to evaluate howmuch
infiltration and conveyance loss occurs from the impound-
ments and ponds that hold CBNG produced water have
shown that these quantities are very difficult to estimate, in
part because they are temporally (seasonally) dynamic
(Brink and Frost, 2007; Payne and Saffer, 2005; Wheaton
and Brown, 2005). Two studies, however, examined
historical water quality data from the Powder River to
determine whether there were changes that may be
attributed to development of CBNG activity in the PRB.
Clark and Mason (2007) could not establish a causal link
with gas production and instead established that streamflow
was the strongest control on water quality. Statistical
analysis of historical water quality data by Wang et al.
(2007), by contrast, did identify changes in water quality.
Copyright © 2013 John Wiley & Sons, Ltd.
These changes were attributed to CBNG development
without considering other explanations, such as the decade-
long drought that coincidedwith the development of CBNG
in Wyoming.
Conventional linear mixing models could potentially

be applied to d18O and d2H to infer the contribution of
CBNG produced water, but the use of d18O, d2H, and
major ions pose several challenges. For example, the
relevant d18O and d2H end members are difficult to define
(see Figure 4) due to seasonal variation and evaporative
enrichment effects. Likewise, most major ions are similar
in concentration in both CBNG produced water and
Powder River water (i.e. iron, sodium and TDS; Figure 5)
and thus cannot be utilized for mixing models. For other
ions, such as Cl�, the concentration in CBNG produced
water is low (~15 ppm) compared to Powder River water
(~100–500 ppm) making the contribution of CBNG
produced water impossible to distinguish from natural
variations in surface water (Figure 5).
The hydrology of the PRB is also very complex and

adds to the difficulty in tracing CBNG produced water.
The Tertiary units in the PRB that affect the hydrology
are the Wasatch Formation and the Fort Union Formation
(composed of the Tongue River Formation, the Lebo
Shale Member and the Tullock Member (Hinaman,
2005); Figure 6). Hotchkiss and Levings (1986) discuss
the complexities of the shallow hydrogeology in the PRB,
emphasizing the sparse potentiometric data in the area
and hydrologic communication between the Tertiary
Hydrol. Process. (2013)
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formations in the region making it difficult to fully
characterize the ground water flow paths in the region.
They conclude that ‘the major sources of recharge to the
shallow hydrogeologic units are infiltration of water from
precipitation and streamflow on areas of outcrop. Infiltra-
tion from losing streams is also a component of recharge.’
The fact that the Powder River is a losing stream further
complicates volumetric calculations and reinforces the
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need for distinct environmental tracers to better understand
the fate of CBNG produced water in the PRB.
In summary, conventional linear mixing models cannot

be used with confidence in combination with d18O, d2H
or ionic tracers to estimate the proportional contribution
of CBNG produced water in the Power River. Thus, we
address this problem through the application of mass-
balance-based mixing models applied to strontium and
carbon isotope and concentration measurements. The
mixing models are implemented within a Bayesian
statistical modeling framework to estimate the contribu-
tion of CBNG produced water to the Powder River during
different seasons andflow conditions to capture the potential
maximumandminimumeffect of CBNGproducedwater on
the Powder River. The Bayesian framework allows us
to incorporate some constraints into the mixing model
based on our knowledge of the lithology and hydrology of
the PRB, and it also accommodates and explicitly
estimates uncertainties in the end members and the
relative contributions.
Strontium (Sr) is a useful hydrological tracer because,

unlike hydrogen, oxygen and carbon, its isotopes do not
fractionate measurably in nature. The 87Sr/86Sr ratio
provides a measure of the relative proportion of radiogenic to
primordial strontium in a particular sample. Ground water
obtains strontium from dissolution of minerals or ion-
exchange reactions on mineral and rock surfaces (Frost
et al., 2002). Thus, the 87Sr/86Sr ratio represents a time-
integrated record of rock–water interactions. Differences in
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Figure 6. Generalized stratigraphic column of Tertiary and upper
Cretaceous formations in the southern Powder River structural basin,

Wyoming (from Hinaman, 2005)

COAL BED NATURAL GAS PRODUCED WATER IN THE POWDER RIVER
the 87Sr/86Sr ratio in water indicate natural variations of
this ratio in geologic materials. Measurements of the
87Sr/86Sr ratio are extremely precise (�0.00001),
allowing very small differences in ground water compo-
sition to be detected (Frost et al., 2002). This precision
allows the 87Sr/86Sr ratio to be a valuable and effective
tool to trace the effects of CBNG production in the PRB.
For example, the 87Sr/86Sr ratio of the CBNG waters is
more radiogenic and more variable (87Sr/86Sr = 0.71268
to 0.71510) than the 87Sr/86Sr ratio from sandstone
aquifers (0.71258 to 0.71271) (Brinck and Frost, 2007;
Campbell et al., 2008; Frost et al., 2002). The 87Sr/86Sr ratio
in Powder River water (87Sr/86Sr = 0.70817 to 0.71968)
represents a mixture of water sources, with one of the
potentially important sources being CBNG produced water.
Strontium concentration ([Sr]) is primarily used for mass-
balance considerations in the Bayesian mixing model. The
strontium concentration typically ranges from 0 to 3mg/l in
thewater sources examined in this study. This small range of
values makes it difficult to fingerprint each water source
using only [Sr], but in combination with the 87Sr/86Sr ratio,
we can determine the proportional contribution of each
water source to a mixture as long as we have a reasonable
estimate of the end-member values of each source.
Copyright © 2013 John Wiley & Sons, Ltd.
Sharma and Frost (2008) also suggest that the dissolved
inorganic carbon concentration ([DIC]) and the 13C/12C
ratio measured in the DIC (d13CDIC) can be used to
monitor CBNG produced water infiltration into ground
water and streams. Produced waters associated with
CBNG have a strongly positive d13CDIC (12% to 22%),
which is easily distinguishable from the negative d13CDIC

value of most surface and ground water (�11% to �8%)
(Whiticar, 1999). Additionally, [DIC] in produced water is
elevated (>100mg C/l) compared to other ground and
surface waters (20 to 50mg C/l) in the PRB (Sharma and
Frost, 2008). The d13C composition of carbon sources
and sinks is the controlling factor of the d13CDIC of natural
waters. Carbon dioxide (CO2) derived frommicrobial decay
of organic matter and root respiration are the two major
sources of carbon contributing to DIC in natural waters,
while atmospheric CO2 is negligible (Mook and Tan, 1991).
The elevated d13CDIC and [DIC] in CBNG produced water
can be explained by the preferential removal of 12C by
bacteria in an organic-rich system during microbial
methanogenesis. The preferential removal of the isotopical-
ly lighter molecules during methanogenesis (resulting in
the release of isotopically light CH4) results in a
progressive shift in the remaining carbon pool towards
heavier, 13C-enriched values (Whiticar, 1999). These pro-
cesses create distinct end members that allow for partitioning
of CBNG versus natural waters in the Powder River.
We simultaneously fit mass-balance-based mixing

models to 87Sr/86Sr ratio, [Sr], d13CDIC and [DIC] data
that were collected along the Powder River to infer the
contribution of CBNG produced water. To accommodate
these data sources and complexities associated with the
missing model, we implemented the analysis within a
Bayesian framework. Bayesian statisticalmethods forfitting
process models (e.g. mixing models) to data (e.g. isotope
ratios and concentrations) have been used successfully to
trace particular water sources in hydrology (Cable et al.,
2011; Hong et al., 2005), and we adopt this approach for
several reasons. First, a Bayesian framework was selected
because of its ability to accommodate multiple isotopic and
concentration data sources (Cable et al., 2011; Ogle et al.,
2004), handle missing data (Cable et al., 2009; Gelman
et al., 2004; Gelman and Hill, 2006), model uncertainty in
measurements and strontium and carbon end members
(Cable et al., 2011), and incorporate other (e.g. prior or
published) sources of information (Gelman et al., 2004) as
well as deal with temporal or seasonal variations in the data
(Cable et al., 2008). Second, the Bayesian approach also
allows for the explicit modeling of different sources of error
such as analytical (or instrument) error and additional
‘observation’ (or sampling) error (Ogle and Barber, 2008).
The ability to handle missing data is particularly useful
because the data set for fall 2006 is incomplete, but the data
that was collected can still be used in the model in
conjunction with the full data sets of spring 2007 and fall
2007 to estimate the proportional contribution of CBNG
produced water as well as to help constrain end-member
estimates for all field seasons. We implemented a mixing
model in a Bayesian framework (e.g. Moore and Semmens,
Hydrol. Process. (2013)
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2008; Parnell et al., 2010; Cable et al., 2011) to infer the
contributions of CBNG produced water versus surface
water (i.e. the water in the Powder River not contributed by
producedwater, regardless of source), the ionic composition
and isotopic composition of which we allowed to vary by
lithology traversed. Both strontium and carbon isotopes
and concentrations are simultaneously utilized within a
Bayesian framework to estimate these contributions. The
analysis produces probabilistic-based estimates (e.g. Moore
and Semmens, 2008) of the contribution ofCBNGproduced
water to the Powder River.
FIELD AND LABORATORY METHODS

Water samples were collected at 30 locations along the
Powder River (Figure 1, Table I). The first five sample
locations (PR01–PR05) were along the North, Middle and
South Forks of the Powder River. Sample site PR06 is the
first site along the main reach of the Powder River after
the confluence of the three forks. Included among the
sample stations are several tributaries farther downstream:
PR08 on Beaver Creek, PR11 on Flying E Creek, PR13
on Crazy Woman Creek and PR24 on the Little Powder
River. Sample sites PR01–PR07 are upstream of CBNG
Table I. Powder River Basin sample locations. See Figure 1 for a
map of the locations (UTM datum WGS 84)

Sample site
Distance from
confluence (km) Northing

Easting
(Zone 13)

PR01 591.3 4766322 336181
PR02 539.3 4798277 363776
PR03 489.8 4830723 372814
PR04 493.6 4840581 368156
PR05 493.6 4847136 370425
PR06 459.6 4838986 395490
PR07 426.2 4863584 405029
PR08a 395.1 4885374 409426
PR09 391.8 4888353 408967
PR10 381.2 4896333 407674
PR11a 373.1 4903285 408353
PR12 366.8 4905668 407693
PR13a 342.4 4926418 409454
PR14 337.9 4928245 411128
PR15 315.6 4944614 410392
PR16 304.7 4954444 411981
PR17 284.9 4970095 416088
PR18 271.8 4975957 424995
PR19 266.5 4980082 427294
PR20 252.8 4990855 431479
PR21 240.1 4999069 438621
PR22 227.3 5007747 445415
PR23 189.6 5030649 468337
PR24a 186.2 5034180 468337
PR25 154.9 5066509 493260
PR26 123.8 5075452 496210
PR27 100.9 5093222 495917
PR28 64.8 5121381 479662
PR29 42.6 5141577 476170
PR30 0.0 5176001 467182

a Tributary

Copyright © 2013 John Wiley & Sons, Ltd.
activity, whereas sample sites PR08–PR19 are all within
the zone of CBNG production (USGS, 2005).
River water samples were collected at each of the sites in

each of three field seasons: fall of 2006 (21–24 September
2006), spring of 2007 (31 May–3 June 2007) and fall of
2007 (31 August–3 September 2007). These times
were selected to span the greatest variance in water volume
(i.e. high flow vs low flow) to determine if there was
seasonal variability in the amount of CBNG produced water
reaching the Powder River. The fall 2006 sampling season
was marred by heavy rain, causing some roads to be
impassable and resulted in incomplete sampling of the
Powder River, but yielding data pertaining to a storm
event (Table II). Spring 2007 represents a true high-flow
state (as high as ~100 m3s�1) during the spring melt,
and fall 2007 represents a true low-flow state (as low as
0.085 m3s�1) of the river.
River water was collected and filtered using 0.45

micron filters and kept cold and dark until analysis.
Acidified and untreated 60ml aliquots were used for
major cation and anion analysis, respectively. Major ions
were analyzed by atomic absorption, ion chromatography,
inductively coupled plasma-mass spectrometry and acid–
base titration procedures. Errors associated with major ion
concentration measurements typically range between� 3%
and 5%. A 3 ml aliquot of each untreated sample was then
evaporated, redissolved in 3.5MHNO3 and passed through
Teflon columns filled with EichromW Sr-Spec resin to
isolate strontium and analyzed for 87Sr/86Sr by thermal
ionization mass spectrometry on a VG Sector at the
University of Wyoming Radiogenic Isotope Laboratory.
Standard reproducibility was 0.71025� 0.00005 (two
standard deviations), based on 15 analyses of the
NBS987 standard.
Samples collected for d13CDIC and [DIC] were passed

through a 0.45 mm filter. Two to three drops of
benzalkonium were added to each sample to halt any
metabolic activity. Samples were analyzed for d13CDIC

using a GasBench-II device coupled to a Finnegan
DELTA plus mass spectrometer in the Stable Isotope
Facility at the University of Wyoming. The reproducibil-
ity and accuracy, as monitored by replicate analysis of
samples and internal lab standards, were better than
�0.1%. The d13CDIC values are reported in per mil
relative to the carbon isotope standard Vienna Peedee
belemnite. DIC concentrations were determined by acid–
base titrations as described in Sharma and Frost (2008).
The relative standard uncertainty of the DIC concentra-
tion measurement in this study was �3%.
BAYESIAN MIXING MODEL

A mass-balance-based mixing was developed and
implemented in a Bayesian framework to estimate the
relative contributions of four different sources in a four end-
member mixing model. The sources that we considered
were: CBNG produced water and three surface water
sources based on lithology, including precipitation that
Hydrol. Process. (2013)
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reached the river via overland flow that traversed these
lithologies and water that infiltrated through the lithologies
and reached river via subsurface flow: (1) carbonate rocks,
(2) Tertiary shales and sandstones and (3) Archean gneisses
and granites. Because differences in the 87Sr/86Sr ratios
among these sources typically occur in the third or fourth
decimal place, the measured 87Sr/86Sr value for each sample
was multiplied by 1000 for ease in data handling and
analysis. This rescaling does not affect the mass-balance
assumption of the mixing models since all samples and end
members were rescaled. The d13CDIC, [Sr] and [DIC] data
were not rescaled.
Direct inputs of rainwater are assumed to be a

negligible component of this system because the PRB
generally receives little precipitation input (30–35 cm
annually), and precipitation is low in strontium (typically
0.0 to 0.5 ppm) (Clow et al., 1997; Frost and Toner,
2004). Any rainwater that falls directly into the Powder
River is of an inconsequential volume when considered in
relation to the PRB as a whole. The vast majority of the
rain that falls in the Powder River watershed that reaches
the river will reach it by overland flow; this water will not
have the ‘rainwater’ signature, but will carry the signature
of the local exchangeable salts and silica from the soil,
thus having a strontium signal that more closely
represents the local lithology (i.e. one of the surface
water end members).
Likelihood of isotope ratio and concentration data

The Bayesian isotope mixing model that we constructed
has three different components that define the likelihoods of
observed 87Sr/86Sr, d13CDIC, [Sr] and [DIC] data. The first is
used to estimate the three surface water end members based
on the isotope ratio and concentration data collected
upstream of the Beaver Creek confluence. The second is
used to estimate the CBNG end-member values based on
measurements made along Beaver Creek, a tributary of the
Powder River that is known to contain large amounts of
CBNG produced water (Wyoming Department of
Environmental Quality (WDEQ), 2006, 2008). Beaver
Creek water is known to represent CBNG produced water
because the Sr and C isotopic composition of Beaver Creek
water is within the range of 87Sr/86Sr ratios and d13CDIC of
CBNG-produced water collected directly from wellheads
(Frost et al., 2002; Brinck and Frost, 2007; Sharma and
Frost, 2008). The third incorporates a four end-member
mixing model to determine the contributions of the four
different sources (i.e. CBNG water and the three surface
waters) to water in the Powder River occurring downstream
of the Beaver Creek confluence, and in Flying E Creek,
another tributary downstream of Beaver Creek that also
contains CBNG produced water. Each of these components
involves parameters that we wish to estimate such as the
‘true’ end-member signatures, the relative contributions of
each endmember (or source), a parameter that indicates how
quickly the CBNG signature dissipates (with respect to
distance from Beaver Creek and Flying E Creek) and any
variance terms related tomeasurement error or process error.
Copyright © 2013 John Wiley & Sons, Ltd.
The process error represents uncertainty introduced by our
simplification of the processes leading to the observed
87Sr/86Sr, d13CDIC, [Sr] and [DIC] in the river water.
The d13CDIC and [DIC] components of the system are

separated into two end members. Although there is
significant end-member variability in the DIC system, it
can be best defined by a natural water component
(d13CDIC =�11% to �8% and [DIC] = 20 to 50mg C/l)
and a CBNG component (d13CDIC = 12% to 22% and
[DIC] >100mg C/l) rather than defined by lithology.
The surface water end members are based on data

collected from the headwaters of the Powder River (the
South, Middle and North Forks) and are defined by the
sample sites that are south (upstream) of current CBNG
activity (WOGCC, 2012). In addition tofield data (Table II),
end member 87Sr/86Sr, d13CDIC, [Sr] and [DIC] information
was obtained from the literature for areas near the study area
(Frost et al., 2006; Frost and Toner, 2004; Sharma and Frost,
2008); a unique aspect of the Bayesian approach is that it
allows us to incorporate this information in the form of
prior distributions (below). The literature-derived prior
information and the isotope and concentration data collected
for this study helped to determine the range of possible
values for each end member.
The CBNG end member is based on data collected

from Beaver Creek, which is composed almost entirely of
CBNG produced water. Between 150 and 180 CBNG
wells discharge their produced water into Beaver Creek,
up to ~10.75 million liters per day (2.84 million gallons
per day (Mgal/d) or 4.39 ft3s�1) (WDEQ, 2006), which
represents more than 90% of the approximately 0.057
m3s�1 (~2 ft3s�1) for Beaver Creek that is recorded year
round (USGS, 2010). Flying E Creek also receives
CBNG produced water inputs (WOGCC, 2012), currently
0.3 million liters of produced water per day (0.08 Mgal/d;
0.12 ft3s�1), but is permitted to carry up to 9.46 million
liters of produced water per day (2.5 Mgal/d; 3.9 ft3s�1)
(WDEQ, 2008). We account for this in the model by
allowing for CBNG inputs at both Beaver Creek and
Flying E Creek. We report the proportion of CBNG
produced water in the Powder River as the sum of the
CBNG contributed via Beaver Creek and via Flying
E Creek. Additionally, CBNG wellhead data were
used to determine the possible range of values for the
CBNG end member (Campbell et al., 2008; Sharma and
Frost, 2008).
In specifying the Bayesian mixing model, we first

define the likelihood of all 87Sr/86Sr, d13CDIC, [Sr] and
[DIC] data. We assume that these quantities are normally
distributed with mean values (m) given by the ‘true’
87Sr/86Sr, d13CDIC, [Sr] and [DIC] values (mX) of these
waters, and variance (sX

2) that reflects temporal variability
introduced by the measurement and sampling processes
(where data set X= 87Sr/86Sr, d13CDIC, [Sr] or [DIC]).
For field season j (j=1, 2 or 3, where 1= fall 2006,
2 = spring 2007 and 3= fall 2007) and sampling location i
(i=1, 2, . . ., 30) along the Powder River, we assume the
following general form for the isotopic and elemental
concentration distributions:
Hydrol. Process. (2013)
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Xi; jeNormal mX;i; j; s2X� �
(2)

Equation (2) applies to the end-member data (i.e. based
on the sampling locations upstream of Beaver Creek,
i= 1–5, and from Beaver Creek, i=8), the Powder River
‘mixture’ data (i.e. samples collected from locations i= 6, 7,
9–30), and the Flying E Creek ‘mixture’ data (i.e. location
i=11). Locations 6 and 7 are assumed to be a mixture of
only the natural water sources as these locations occur
downstream of the confluence of the three forks of the
Powder River, but upstream of Beaver Creek and Flying E
Creek; locations 9–30 occur downstream of the CBNG
inputs associated with Beaver Creek.

The end member and mixing models

Next, we develop ‘process’ models to define the means
(m) in the likelihood in Equation (3). The definition of the
means depends on whether a sampling location was used
to estimate an end member or reflects a mixture of the end
members. In particular, for X= 87Sr/86Sr or [Sr] and for
X’ = d13CDIC or [DIC] (we only consider two end
members), we define mX,i,,j as:

mX;i; j ¼

(
mX;arc for i ¼ 1; 2; 3
mX;carb for i ¼ 4
mX;tert for i ¼ 5
mX;cbng for i ¼ 8
mX;mix;i; j for i ¼ 6; 7; 9; 10; . . . ; 30

mX’;i; j ¼
( mX’;sur for i ¼ 1; 2; . . . ; 5
mX’;cbng for i ¼ 8
mX’;mix;i;j for i ¼ 6; 7; 9; 10; . . . ; 30

(3)

Where mX,arc, mX,carb and mX,tert represent the mean values
for the three surface water endmembers, which reflect water
interactions with Archean gneisses and granites, carbonate
rocks, and Tertiary shale and sandstone, respectively; mX,sur
pcbng;i; j ¼
pBC; j exp �kj�DBC;i

� �
i ¼ 9; 10

p0FE;j i ¼ 11
pBC; j exp �kj�DBC;i

� �þ pFE; j exp �kj�DFE;i

� �
i ¼ 12; 13; . . . ; 30

8<: (5)
represents the mean end-member value for all surface water
sources combined. The CBNG end-member mean value is
represented by mX,cbng, and mX,mix is the mean given by a
mixture of the surface and CBNG end-member values.
For X and X’ as defined above, we define the mean for

water collected at stations i= 6, 7, 9, 10, . . ., 30 as the
mixture of the four (for strontium) or two (for carbon)
different end members:

mX;mix;i; j ¼ pcbng;i; j�mX;cbng þ 1� pcbng;i; j
� �

� parc;i; j�mX;arc þ pcarb;i; j�mX;carb þ ptert;i; j�mX;tert
� �

mX’;mix;i; j ¼ pcbng;i; j�mX’;cbng þ 1� pcbng;i; j
� ��mX’;sur

(4)
Copyright © 2013 John Wiley & Sons, Ltd.
The relative contributions of CBNG water and water
interacting with Archean-, carbonate- and Tertiary rocks
vary by station (i) and season (j) and are given by pcbng,
parc, pcarb and ptert, respectively. Equation (4) is
specified such that parc, pcarb and ptert are the
contributions of the surface waters relative to the other
surface waters, such that parc + pcarb + ptert = 1. Thus,
when these contributions are multiplied by (1 - pcbng),
the overall contribution of the surface waters, this gives
the relative contribution of each surface water when
considering both surface and CBNG sources. For
example, if Archean-derived surface waters account for
10% of the total surface contribution (parc = 0.10), and if
CBNG produced waters account for 30% of the total
water (pcbng = 0.30), then Archean-derived waters ac-
count for an overall 7% (0.01�0.70) of the total water
contribution. Note that the contributions of the surface
waters, relative to only the surface waters, do not
explicitly change with location i. However, once they
are adjusted for the CBNG contribution (1-pcbng), the
relative contribution of the surface waters compared to
CBNG changes because pcbng depends on location in the
Powder River, as defined in Equation (5). Note that
Equation (4) is a fairly standard mixing model that
obeys mass-balance constraints.
Only sample sites PR08 to PR10 (i = 8, 9, 10) are

modeled with Beaver Creek as the only CBNG
produced water input. Station PR11 (i = 11), Flying E
Creek, is a tributary of the Powder River and is
assumed to be partly composed of CBNG water. The
remaining stations (PR12–PR30, i = 12, 13, . . ., 30)
include CBNG inputs from both Beaver Creek and
Flying E Creek. Thus, we modeled the contribution of
CBNG water (pcbng) as an exponential function of
distance from these two CBNG tributaries to reflect that
dilution of the CBNG water as distance from these
tributaries increases:
Where pBC,j is the initial contribution of CBNG produced
water at the confluence of Beaver Creek, and the Powder
River (DBC,8 = 0); p0FE,j is the initial contribution of
CBNG water in Flying E Creek; DBC,i and DFE,i are the
distances from Beaver Creek to station i (i= 8, 9, . . ., 30)
and from Flying E Creek to station i (i= 11, 12, . . ., 30),
respectively; and k is a source-specific decay constant to
account for dilution and removal of strontium and carbon
from the river. We assume that the dilution and removal
process is independent of location such that k only varies
by season. The need to account for dilution is indicated by
the fact that Clear Creek, which enters the Powder River
north of Arvada and south of the Montana border, has
Hydrol. Process. (2013)
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approximately the same discharge as the Powder River
above its confluence with Clear Creek (Figure 3) (USGS,
2010). Clear Creek carries dilute water from the Bighorn
Mountains and receives little to no CBNG produced
water. Note that Equation (5) applies the following
restrictions to the contribution of CBNG produced water:
0 ≤ pcbng ≤ pBC (i= 9, 10), 0 ≤ pcbng ≤ p0FE (i= 11), and
0 ≤ pcbng ≤ pBC+ pFE (i= 12,. . .,30).

Priors and posterior

The above Equations (1)–(5) combine to form a non-
linear mixed effects model, which could theoretically be
implemented in maximum likelihood framework. How-
ever, implementation via a Bayesian approach is more
straightforward, especially given issues of missing data,
multiple data sources and the desire to incorporate
information from the literature. In the above models,
parc, pcarb, ptert, pBC, pFE, p0FE and k are unknown
parameters that we wish to estimate, and we define the
parameter model (i.e. prior distributions) in this section.
To complete the Bayesian model, we assigned normal
priors to the end-member means, represented by mX,cbng,
mX,arc, mX,carb and mX,tert (see Equation 6). That is, for the
end members EM= arc, carb, tert or cbng and for
X= 87Sr/86Sr, d13CDIC, [Sr] or [DIC]:

mX;EMeNormal emX;EM ; es2X;EM� �
(6)

A unique aspect of the Bayesian approach is the ability
to incorporate prior information, and we took advantage
of this by specifying slightly informative priors for some
of the end members based on data available from the
literature; use of such existing information is expected to
help constrain the end members. Specifically, the values
for emX;EM and es2X;EM for the surface and CBNG end
members were based on isotope and concentration data
from CBNG wellheads and Powder River water analyses
(Clow et al., 1997; Frost et al., 2006; Frost and Toner,
Table III. End-member prior and posterior statistics (means and 2.5th
each end member (

End member
Prior
mean

Prior
2.5%

Prior
97.5% Post

[Sr] CBNG 0.5 0.05 2.6 0
[Sr] Tertiary 1 0 2.9 1
[Sr] Archean 2 0 3.9 1
[Sr] carbonate 0.5 0 2.7 0
87Sr/86Sr CBNG 713.2 707 719.5 713
87Sr/86Sr Tertiary 711 709 712.9 710
87Sr/86Sr Archean 713 711.1 715 714
87Sr/86Sr carbonate 709 707 710.9 709
d13CDIC CBNG 17.5 11.4 23.9 16
d13CDIC Natural water �10 �16.3 �3.9 �10
[DIC] CBNG 150 88.1 212.3 210
[DIC] Natural Water 30 23.7 36.2 30

*Within each of the end-member type ([Sr], 87Sr/86Sr, d13C, and [DIC]), po
different at the 5% level. Two quantities are considered statistically different
and vice versa.

Copyright © 2013 John Wiley & Sons, Ltd.
2004; Sharma and Frost, 2008). See Table III for values
used for emX;EM and es2X;EM. The likelihoods in Equation (6)
also involve the variance terms (sX

2), and we assigned
standard (conjugate), non-informative gamma priors to
the associated precision (1/variance) terms such that
sX

�2 ~Gamma(0.1, 0.1) (Gelman et al., 2004).
Note that the relative contributions (p’s) in Equation (4)

are the same for all four data types (87Sr/86Sr, [Sr],
d13CDIC or [DIC]). Further, to obey mass-balance
constraints, we constrain the natural water p’s to be
between zero and one and to sum to one for each station i
and season j (i.e. 1 = parc,i,j+ pcarb,i,j+ ptert,i,j). Thus, to
achieve these constraints, we used a cumulative logits
model for each natural water contribution term, relative to
all surface waters (parc, pcarb, ptert) (Ogle et al., 2006). We
assigned non-informative priors to the remaining contri-
bution or proportion parameters (pcbng, pBC, pFE and p0FE)
by specifying diffuse normal priors (large variance) on the
logit scale, where logit(p) = log(p/(1-p)), obeying the
constraint that 0 ≤ p ≤ 1:

logit pcbng
� �

; logit pBCð Þ; logit pFEð Þ;
logit p0FE

� �eNormal 0:0; 1000ð Þ
(7)

Finally, we assigned a uniform (flat) prior to k on the
interval (0, 1) such that k ~Uniform(0,1). A k value of
zero indicates no dilution or removal of CBNG water,
and a value of one indicates rapid loss of CBNG signature
(e.g. via dilution, loss to infiltration, or affected by other
processes to the extent that it is too small to detect) before
reaching the next station downstream of Beaver Creek or
Flying E Creek. It is highly unlikely that k would take
on a value close to 1, and thus, the Uniform(0,1) prior is
non-informative because is covers all possible values of k,
including potentially unrealistic values.
Combining the likelihood and prior models within the

Bayesian framework produces posterior distributions of
all unknown quantities, where the posterior is propor-
and 97.5th percentiles) Note that 87Sr/86Sr is the scaled value for
=1000 87Sr/86Sr)

mean
Post.
2.5%

Post.
97.5% Units

Post.
Comparison*

.5546 0.04734 1.258 mg/l a

.021 0.2506 1.781 mg/l a

.997 1.545 2.447 amg/l b

.9374 0.1781 1.707 mg/l a

.2 711.6 714.9 unitless a

.9 709.7 712.2 unitless b

.4 713.5 715.2 unitless c

.2 707.9 710.5 unitless d

.91 12.96 20.81 unitless a

.12 �12.29 �7.958 unitless b

.7 155.7 253.4 mg/l a

.27 24.25 36.21 mg/l b

sterior comparison indicates if the estimated end members are statistically
if the posterior mean for one is not contained in the 95% CI for the other,

Hydrol. Process. (2013)
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Figure 7. Assessment of model goodness-of-fit. Observed versus
predicted (posterior means and 95% credible intervals for replicated data)
values for the isotopic and concentration elements. The diagonal line
presents the 1:1 line. (a) 87Sr/86Sr, (b) [Sr], (c) d13CDIC and (d) [DIC]. The
three outliers in the 87Sr/86Sr (values around 719–720) and [Sr] are from
PR02, a sample site on the North Fork of the Powder River that receives
input from Cottonwood Creek, which drains a small portion of the
Bighorn Mountains. These samples are more radiogenic and have higher
[Sr] than any other samples in the study and lie outside of the 95%

COAL BED NATURAL GAS PRODUCED WATER IN THE POWDER RIVER
tional to the likelihood (of all data) multiplied by the
priors (Gelman et al., 2004; Ogle and Barber, 2008). That
is, the posterior describes our updated understanding
about each quantity given the data. Of particular interest
are the posteriors for the end-member mean values and
the relative contributions of the end members (sources) to
the Powder River. We approximated the joint posterior of
all unknown quantities by implementing the abovemodel in
WinBUGS, a free software package for conducting
Bayesian analyses (Lunn et al., 2000). Numerical sampling
from the posterior was achieved by running three parallel
Markov chain Monte Carlo (MCMC) chains; we evaluated
the chains for convergence using the built-in convergence
diagnostic tool (‘bgr’ tool) based on Gelman and Rubin
(1992) and Brooks and Gelman (1998). Following standard
procedures (Gilks et al., 1996; Gelman et al., 2004), we also
evaluated the chains for a burn-in period (i.e. period prior to
convergence) and discarded values associated with the
burn-in (all chains converged by iteration 4000). The
MCMC chains (posterior samples) were also evaluated for
within chain autocorrelation, and chains were thinned every
10th iteration to obtain a relatively independent sample from
the posterior. The model was run for 100 000 iterations, and
posterior summary statistics were computed for 9600
samples post burn-in and thinning; that is, we computed
posterior means and 95% credible intervals (2.5th and 97.5th

percentiles) for each quantity of interest. Within the
WinBUGS model, replicated data were created to evaluate
model goodness-of-fit (Gelman et al., 2004).
credible interval for the Archean end member
RESULTS

Before presenting the posterior results, we note that the
Bayesian mixing model fit the data sufficiently well
(Figure 7). The model was fairly successful at capturing
the strontium and carbon isotope ratio data (Figure 7a and
7c), but it was somewhat less successful at describing the
concentration data, that is, the [Sr] and sparse [DIC] data
(Figure 7b and 7d). The three most radiogenic measure-
ments of 87Sr/86Sr (Figure 7a) are also associated with the
highest [Sr] values (three outliers in Figure 7b) and are from
sample site PR02 on the South Fork of the Powder River.
These ratios lie outside the 95% credible interval (CI) for the
Archean end member (see Table III). The Bayesian model
had trouble resolving extreme outliers such as these because
of limitations in the data or assumptions about the potential
sources. The model was, however, able to reproduce data
associated with isotope values that were within the end-
member values (Table III).
The Tertiary and carbonate end members have

overlapping 95% CIs for 87Sr/86Sr (Table III), which was
not unexpected because these lithologies are commonly
reported to have similar 87Sr/86Sr values (Frost et al., 2006;
Frost and Toner, 2004). However, the 95%CIs for these end
members do not contain each other’s posterior means, and
thus they are statistically different. In fact, all four end
members are statistically different from each other when
considering their 87Sr/86Sr values (Table III). The end
members show less separation in terms of [Sr] (Table III);
Copyright © 2013 John Wiley & Sons, Ltd.
for example, the CBNG end member’s 95% CI for [Sr]
contains the means for the Tertiary and carbonate end
members, meaning that they are not statistically significant-
ly different from one another. This lack of end-member
separation for [Sr] helps to explain the deviation from the
1:1 line (Figure 7b), whereby the model has difficulty
determining slight differences between the end members, so
most of the data falls into the 1–2 ppm strontium bins.
Additionally, the reproducibility for the [Sr] measurements
is ~�1 ppm, which contributes to the ‘discretized’ appear-
ance of the data. The d13CDIC and [DIC] end members are
significantly different from one another and do not have
overlapping 95% CIs (Table III); hence, the somewhat
improved ability of the model to predict the d13CDIC and
[DIC] data (Figure 7c, d). The end-member results highlight
the potential problem of using only [Sr] data in the mixing
model framework because the CBNG [Sr] end member is
indistinguishable from two of the natural water end
members. However, the incorporation of the 87Sr/86Sr,
d13CDIC and [DIC] data provide clear separation of the end
members, which is required in order to estimate their relative
contributions to the Powder River.
Model results confirm that both of the tributaries

associated with high CBNG activity, Beaver Creek (PR08)
and Flying E Creek (PR11) are composed of a significant
amount of CBNG produced water (Figure 8). As noted
Hydrol. Process. (2013)
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above, Beaver Creek is dominated byCBNGproducedwater
(WDEQ, 2006), and ~100% of the water in Beaver Creek is
CBNG produced water in times of low flow (fall 2006 and
2007) (Figure 8a, c). At times of high flow (spring 2007), the
CBNG produced water mixes with spring runoff and
comprises ~90% of Beaver Creek (Figure 8b).
Flying E Creek also receives CBNG produced water

inputs (WOGCC, 2012). Even though the input volume
of CBNG produced water into Flying E Creek is less than
that of Beaver Creek, it is still composed mostly of
CBNG produced water. That is, the Bayesian mixing
model estimated that ~90% of the water in Flying E Creek
is derived from CBNG activity at times of low flow (fall
2006 and 2007; Figure 8a, c) and ~70% at times of high
flow (spring 2007; Figure 8b).
The Bayesian model estimated that up to 50% of the

Powder River is composed of CBNG produced
water approximately 20 km downstream of Flying E
Creek during times of low flow (Figure 8a, c). The
contribution of CBNG produced water decreases as
distance from Flying E Creek increases, to an estimated
10–20% proportional contribution at the Montana
border during low-flow conditions (Figure 8a, c). In
the spring of 2007 (high flow), the model predicts that
the Powder River was composed of ~10% CBNG
produced water at the Montana border (Figure 8b).
These results indicate that CBNG produced water may
be a volumetrically significant fraction of the water
transported by the Powder River, particularly at times
of low flow. The Bayesian mixing model also provided
estimates of the relative contributions of the three
natural water sources. Only considering the natural
Copyright © 2013 John Wiley & Sons, Ltd.
water sources, the relative proportions of these three
components were approximately 10% Archean (95%
CI= 0 - 40%), 45% Tertiary (95% CI= 0 – 90%), and
35% carbonate-derived water (95% CI= 0 - 70%), although
these values were typically poorly resolved as indicated by
the 95% CI’s.
DISCUSSION

Implications of CBNG contributions for Powder River SAR
and EC

SAR and EC of the Powder River vary seasonally and
with geographic location (Figures 9 and 10, Appendix 2).
SAR is calculated using Equation (1), and EC was
measured in situ by an EC meter. Both SAR and EC are
higher under low-flow conditions because there is less
melt water, derived from winter snowpack, flowing into
the Powder River than there is during the spring when
large amounts of dilute melt water greatly increase the
discharge of the Powder River and lower the SAR and
EC. SAR and EC are at the highest levels in northern
Wyoming and in Montana near the confluence with the
Yellowstone River (Figures 9 and 10).
We can calculate the EC and SAR values that would

result from mixing Powder River water collected upstream
of CBNG development with CBNG produced water. If the
estimated proportions of CBNG produced water provided
by the Bayesian model are accurate, and other processes
only have a minimal effect on EC and SAR, then these
calculated EC and SAR values should match observed
Hydrol. Process. (2013)
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COAL BED NATURAL GAS PRODUCED WATER IN THE POWDER RIVER
values. These calculations provide an independent method
for evaluating the mixing model results. A two end-member
mixingmodel for major ions representative of Powder River
water upstream of CBNG production and CBNG produced
water (PR08) was implemented in the PHREEQC software,
which is available through the USGS. The two water
sources were mixed in the model by starting with 100%
surface water (0% CBNG water) and incrementally adding
10% of CBNGproducedwater, up to 100%producedwater.
A basic regression line for each variable (SAR vs percent
produced water and EC vs percent produced water) was
estimated for the PHREEQC mixing results. SAR and EC
were computed for the Powder River by plugging in the
proportional contribution ofCBNGwater fromFigure 8 into
the regression formulas.
The results from the above analysis are plotted as

observed versus predicted values for SAR and EC
(Figure 11). Many of the predicted points for both variables
fall below the 1:1 line, indicating that the predicted value is
greater than the observed data obtained from the Powder
River. This observation reinforces the suggestion from a
simple volumetric calculation that the Bayesian model
appears to overestimate the proportion of CBNG produced
water in the Powder River. This result is not surprising
because the Bayesian model assumes that all perturbations
of the isotope and ionic concentrations are caused by the
influx of CBNG produced water. Within the Bayesian
mixing model, we did not allow for other processes that
would affect these variables such as evaporation and return
Copyright © 2013 John Wiley & Sons, Ltd.
of irrigated agricultural runoff. The model is an oversim-
plification of the dynamic Powder River system, but it
serves as a robust, yet conservative, upper limit estimate of
the proportional contribution of CBNG produced water in
the Powder River.
Additionally, there are assumptions in the PHREEQC

model (e.g. the use of ‘typical’ Powder River and CBNG
water chemistry in the model and not taking into account
biological processes that affect water chemistry) that
contribute to the oversimplification of the model. The
Bayesian mixing model also does not consider water
chemistry as it is only based on a linear mixing model that
employs mass-balance assumptions. The uncertainty asso-
ciated with simplifying or neglecting potentially important
processes is not directly accounted for in either model.
However, such simplifying assumptions are necessary for
application of the linear mixing models employed in both
the Bayesian mixing model and the PHREEQC model, and
we lack sufficient data to inform more complex models.
These assumptions do not undercut the credibility of the
model, but instead underscore the possibility that other
important processes are responsible for the perceived
contribution of the CBNG produced water.
Additionally, the potential for the model to overestimate

the CBNGproducedwater contribution to the Powder River
emphasizes the fact that there are several interwoven
processes that are affecting the Powder River. For example,
the Bayesian mixing model estimates suggest a higher
proportion of CBNG produced water than would be
Hydrol. Process. (2013)
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expected based upon a simple calculation based on the flows
of the CBNG-carrying tributaries and the main stem of the
Powder River. For example, during the low-flow sampling
event, Beaver Creek contributed 2 ft3s�1 of produced water
to the Powder River flowing at 30 ft3s�1, representing a
contribution of 6.25%. This, along with other evidence
discussed below, suggests that the model provides an
overestimate of the proportion of CBNG in the Powder
River.
Effect of other processes on SAR and EC of the Powder River

Inherent in the Montana non-degradation rules is the
assumption that the elevated EC and SAR values may be
caused by excessive inputs of CBNG produced water. We
note that the distance-dependent pattern in the estimated
proportion of CBNGproduced water (Figure 8) is dissimilar
to the pattern in SAR and EC observed from headwaters of
the Powder River to its confluence with the Yellowstone
River in Montana (Figures 9 and 10). The SAR or EC in
northern Wyoming, where CBNG production is focused,
vary irregularly and do not appear to correspond to points of
discharge of CBNGproducedwater such as at Beaver Creek
and Flying E Creek. Moreover, SAR and EC increase as the
Powder River flows northward in Montana. No CBNG
production occurs in Montana, which also suggests that the
assumption in our model that all perturbation of isotopic and
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Copyright © 2013 John Wiley & Sons, Ltd.
ionic concentrations are due to CBNG influx is an
oversimplification. Thus, we explore the effects of another
likely process, evaporation, which can affect SAR and EC.
We evaluated the potential effects of evaporation by

implementing another model in PHREEQC that uses
typical Powder River water from upstream of CBNG
development and instead of mixing the water with CBNG
produced water, we evaporated the water in increments of
10%. As the water was evaporated, calcite and aragonite
began to precipitate from the water with as little as 10%
evaporation using low-flow water chemistry. SAR and
EC increased at a rate similar to and often faster than
simply mixing produced water with ‘natural’ water
(Figure 12). This supports the hypothesis that SAR and
EC can be affected by several different processes, with
evaporation being a potentially key factor in this semi-
arid region, where at low flow the Powder River can form
a series of discontinuous pools.
Another process that may be important is irrigation return.

This process, although difficult to quantify, may be a factor in
Montana where irrigated agriculture is more common than in
Wyoming and may be responsible for the increases in SAR
and EC along the Montana portion of the Powder River.
We conclude that SAR and EC do not uniquely

fingerprint CBNG produced water in the Powder River.
On the other hand, environmental tracers, particularly
d13CDIC in combination with 87Sr/86Sr ratios, are effective
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detectors of CBNG produced water. Both tracers applied
within the Bayesian framework enabled us to identify a
steep decline in the proportion of CBNG produced water as
distance from the point sources increases (Figure 8),
indicating the Wyoming CBNG produced water likely
has little impact on Montana water quality in the Powder
River. Other processes, such as evaporation or irrigation
return, are likely to be important controls on Powder River
water quality.

Dilution of the CBNG signal by input from tributaries

Although the decay model (Equation (5)) was chosen
based on knowledge about real discharge, this exponen-
tial model with a single parameter (k) creates a smooth
decay function that does not easily account for specific
major tributary inputs, but accounts for an average of
available tributary and main stem discharge data.
Between sample locations PR17 and PR18 is the
confluence of Clear Creek, which carries approximately
the same volume of water as the Powder River. A
noticeable drop in EC, SAR and d13CDIC between PR17
and PR18 reflects dilution of relatively saline water with
high d13CDIC that characterizes the Powder River with the
low salinity and negative d13CDIC water of Clear Creek.
The simple decay model that we used does not account
for such discrete dilution effects, which could further
explain deviations between observed and predicted
isotope, concentration, SAR and EC data. However,
since a great deal of flow data from tributaries to the
Powder River are required, and the complicated seasonal
and geographic variations in the hydrology of the PRB
make volumetric computations nearly impossible, a more
complicated decay function would be difficult to estimate
and likely be no more accurate than an exponential decay
model, which is supported by Figure 3.
Farther upstream, another tributary with a distinct

isotope composition enters the Powder River. PR02 is on
the South Fork of the Powder River, and it is just
downstream from where another tributary, Cottonwood
Creek, joins the river. Cottonwood Creek drains from the
Bighorn Mountains and the water at PR02, just
downstream of the confluence of Cottonwood Creek and
the Powder River, has an elevated 87Sr/86Sr ratio (~0.719)
and [Sr] (~3 ppm) because of high strontium levels
contributed by Archean granitic rocks. However, the
87Sr/86Sr ratio and [Sr] of PR03, which is ~50 km
downstream of the confluence with Cottonwood Creek, is
quite similar to those values at PR01. This suggests that the
volume of water coming in from Cottonwood Creek is very
small compared to the overall volume of the Powder River
and that the elevated 87Sr/86Sr ratio and [Sr] are assimilated
into the river, and the Sr isotopic signal is overwhelmed by
the comparatively high volume of less radiogenic water
brought in by other tributaries to the main stem of the river.
In the case of both PR02 and Clear Creek, the relative

input of a tributary could be assessed because of distinctive
87Sr/86Sr or d13CDIC values compared to the Powder River,
identifying locationswhere themodel oversimplifies natural
Copyright © 2013 John Wiley & Sons, Ltd.
processes. The PR02 example indicates that the Powder
River as a natural system is able to absorb perturbations of
fairly small volumes of distinct water, whether it is natural or
anthropogenic in nature, with little to no effect on the main
stem of the river. The Clear Creek case demonstrates that
dilution is a significant factor determining the impact of
CBNG produced water on the Powder River. It would be
possible to include more detailed information and processes
about the hydrology of the PRB into a more detailed
Bayesian mixing model, where such information is
available. However, the simplified Bayesian mixing
model effectively partitions river water sources, and
discrepancies between model predictions and observa-
tions have highlighted other potentially important factors
affecting river chemistry.
CONCLUSIONS

This study suggests that strontium and carbon isotopes can
be used to quantify proportional contributions of different
sources of water in a setting where standard geochemical
constituents such as major ions, Cl�, d18O and d2H, fail to
uniquely fingerprint these sources. This approach not only
applies to themixing of natural and CBNG produced waters,
which have distinctive d13CDIC, but also to the mixing of
natural sources of water such as the combining of two
tributaries with different 87Sr/86Sr ratios. The Bayesian
statistical model used in this study was able to provide an
estimate of the proportional contribution of CBNGproduced
water in the Powder River, a quantity that eluded previous
investigations. Although the model is oversimplified
because it neglects processes such as evaporation and
agricultural runoff and uses a smooth exponential decay
function to account for the dilution of CBNG produced
water input, the Bayesian model nevertheless provides a
fairly well-constrained upper estimate of the proportion of
CBNG produced water in the Powder River.
This study succeeded in part because of the relatively

large data set available on strontium and carbon isotopes and
concentrations. In many geological studies, there is an
inadequate amount of data to parameterize a detailedmixing
model. Studies such as this one suggest that collecting
sufficient data and using a Bayesian modeling approach for
combining such data can account for important sources of
uncertainty in the data and process models, accommodate
and estimate values for missing data, and quantify the range
of potential parameter values (e.g. source contributions) via
the posterior distribution. In this study, the Bayesian
approach allowed for the simultaneous analysis of strontium
and carbon isotopic and concentration data within the
context of isotope mixing and mass-balance models. In
doing so, wewere able to estimate the relative importance of
CBNG produced water in the Powder River and infer its
importance for water reaching the Montana border.
The estimated proportion of CBNG produced water

(10–20%) is expected to have only a minimal effect on
the EC and SAR of the Powder River in Montana, and
thus current CBNG production rates in Wyoming are not
Hydrol. Process. (2013)



J. M. MAILLOUX, K. OGLE AND C. D. FROST
expected to significantly impact the water quality of the
Powder River inMontana. A 20% proportional contribution
of CBNG produced water would raise the SAR just 1.3 and
2.0 units for low-flow and high-flow conditions, respec-
tively, and just 0.6 and 1.0 units, respectively, for a 10%
proportional contribution. The EC would only be elevated
by 25 to 127 mS/cm for a 10–20% proportional contribution
of CBNG produced water at low-flow and high-flow
conditions. These potential increases in SAR and EC are
not greater than the historic range ofmeasured values for the
Powder River prior to CBNG development (Hembree et al.,
1953; USGS (2010)). This suggests that current levels of
CBNG production are not impacting SAR and EC above
historic levels and future regulations regarding SAR and EC
in the Powder River should take this into account. Finally,
our results demonstrated that addition of CBNG produced
water is not the only process that can affect SAR and EC in
the Powder River. Evaporation induces changes in EC and
SAR of similar or greater magnitude than the addition of
current volumes of CBNG produced water in the PRB.
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APPENDIX I. WINBUGS CODE

Model
{

# First, we create a j loop for the three field seasons. Ne
# to determine the Archean aka granitic type water end m
# season; .rep creates replicated data to test observed ver
# model

for (j in 1:3){
for (i in 1:3){
# Define likelihoods of observed end-member data a
SrRatio[i,j] ~ dnorm(SrR.arc, tau.SrR)
SrRatio.rep[i, j] ~ dnorm(SrR.arc, tau.SrR)

Sr[i,j] ~ dnorm(Sr.arc, tau.Sr)
Sr.rep[i,j] ~ dnorm(Sr.arc, tau.Sr)

}

# the i loop is closed. and we move on to defining the o
# and tertiary sediments; these end members will also va
# defined by the field data

#PR04 is used to define the carbonate water end membe
SrRatio[4,j] ~ dnorm(SrR.carb, tau.SrR)
SrRatio.rep[4,j] ~ dnorm(SrR.carb, tau.SrR)

Sr[4,j] ~ dnorm(Sr.carb, tau.Sr)
Sr.rep[4,j] ~ dnorm(Sr.carb, tau.Sr)

#PR05 is used to determine the tertiary end member. Lik
SrRatio[5,j] ~ dnorm(SrR.tert, tau.SrR)
SrRatio.rep[5,j] ~ dnorm(SrR.tert, tau.SrR)

Sr[5,j] ~ dnorm(Sr.tert, tau.Sr)
Sr.rep[5,j] ~ dnorm(Sr.tert, tau.Sr)

#PR01-05 define the ‘natural’ end member for the DIC d
for (i in 1:5){

d13C[i,j] ~ dnorm(d13C.nw, tau.d13C)
d13C.rep[i,j] ~ dnorm(d13C.nw, tau.d13C)
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C[i,j] ~ dnorm(C.nw, tau.C)
C.rep[i,j] ~ dnorm(C.nw, tau.C)
}

#PR06 and PR07 are sites after the confluence of the three forks, but before Beaver Creek
# enters. A mixing model is employed to determine the contribution of each fork using
# strontium isotopes and concentration. The likelihoods for these stations are:
SrRatio[6,j] ~ dnorm(mu.SrRatio.conf6[6,j], tau.SrR)
SrRatio.rep[6,j] ~ dnorm(mu.SrRatio.conf6[6,j], tau.SrR)

SrRatio[7,j] ~ dnorm(mu.SrRatio.conf7[7,j], tau.Sr)
SrRatio.rep[7,j] ~ dnorm(mu.SrRatio.conf7[7,j], tau.Sr)

d13C[6,j] ~ dnorm(mu.d13C.conf6[6,j], tau.d13C)
d13C.rep[6,j] ~ dnorm(mu.d13C.conf6[6,j], tau.d13C)

d13C[7,j] ~ dnorm(mu.d13C.conf7[7,j], tau.d13C)
d13C.rep[7,j] ~ dnorm(mu.d13C.conf7[7,j], tau.d13C)

Sr[6,j] ~ dnorm(mu.Sr.conf6[j], tau.Sr)
Sr.rep[6,j] ~ dnorm(mu.Sr.conf6[j], tau.Sr)

Sr[7,j] ~ dnorm(mu.Sr.conf7[j], tau.Sr)
Sr.rep[7,j] ~ dnorm(mu.Sr.conf7[j], tau.Sr)

C[6,j] ~ dnorm(mu.C.conf6[j], tau.C)
C.rep[6,j] ~ dnorm(mu.C.conf6[j], tau.C)

C[7,j] ~ dnorm(mu.C.conf7[j], tau.C)
C.rep[7,j] ~ dnorm(mu.C.conf7[j], tau.C)

# Define mixing model (means) for these stations:
mu.SrRatio.conf6[6,j]<� p6.arc[j]*cut.SrR.arc + p6.carb[j]*cut.SrR.carb + p6.tert[j]*cut.SrR.tert
mu.SrRatio.conf7[7,j]<� p7.arc[j]*cut.SrR.arc + p7.carb[j]*cut.SrR.carb + p7.tert[j]*cut.SrR.tert

mu.d13C.conf6[6,j]<� p6.arc[j]*cut.d13C.nw+ p6.carb[j]*cut.d13C.nw +
p6.tert[j]*cut.d13C.nw
mu.d13C.conf7[7,j]<� p7.arc[j]*cut.d13C.nw+ p7.carb[j]*cut.d13C.nw +
p7.tert[j]*cut.d13C.nw

mu.Sr.conf6[j]<� p6.arc[j]*cut.Sr.arc + p6.carb[j]*cut.Sr.carb + p6.tert[j]*cut.Sr.tert
mu.C.conf6[j]<� p6.arc[j]*cut.C.nw + p6.carb[j]*cut.C.nw+ p6.tert[j]*cut.C.nw

mu.Sr.conf7[j]<� p7.arc[j]*cut.Sr.arc + p7.carb[j]*cut.Sr.carb + p7.tert[j]*cut.Sr.tert
mu.C.conf7[j]<� p7.arc[j]*cut.C.nw + p7.carb[j]*cut.C.nw+ p7.tert[j]*cut.C.nw

# Cumulative logits model for the relative contributions for locations PR06 and PR07:

w6[j]<� 1 + exp(u6.arc[j]) + exp(u6.carb[j])
p6.arc[j]<� exp(u6.arc[j])/w6[j]
p6.carb[j]<� exp(u6.carb[j])/w6[j]
p6.tert[j]<� 1 - p6.arc[j] - p6.carb[j]

w7[j]<� 1 + exp(u7.arc[j]) + exp(u7.carb[j])
p7.arc[j]<� exp(u7.arc[j])/w7[j]
p7.carb[j]<� exp(u7.carb[j])/w7[j]
p7.tert[j]<� 1 - p7.arc[j] - p7.carb[j]

# Assign normal, hierarchical priors to the logit-scale parameters:

u6.arc[j] ~ dnorm(mu6.u.arc, tau.arc)
u6.carb[j] ~ dnorm(mu6.u.carb, tau.carb)

u7.arc[j] ~ dnorm(mu7.u.arc, tau.arc)
u7.carb[j] ~ dnorm(mu7.u.carb, tau.carb)
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# Now, we move on to the rest of the PR sites. Define the CBNG end member based
# on Beaver Creek (station 8). Likelihoods for this station’s data:
SrRatio[8,j] ~ dnorm(SrR.cbm, tau.SrR)
SrRatio.rep[8,j] ~ dnorm(SrR.cbm, tau.SrR)

Sr[8,j] ~ dnorm(Sr.cbm, tau.Sr)
Sr.rep[8,j] ~ dnorm(Sr.cbm, tau.Sr)

d13C[8,j] ~ dnorm(d13C.cbm, tau.d13C)
d13C.rep[8,j] ~ dnorm(d13C.cbm, tau.d13C)

C[8,j] ~ dnorm(C.cbm, tau.C)
C.rep[8,j] ~ dnorm(C.cbm, tau.C)

# Now, we can loop through the remaining stations, which are characterized
# as a mixture of natural waters and CBNG water.
for (i in 9:30){

# Define likelihoods for data at each of these stations:
SrRatio[i,j] ~ dnorm(mu.SrR[i-8,j], tau.SrR)
SrRatio.rep[i,j] ~ dnorm(mu.SrR[i-8,j], tau.SrR)

d13C[i,j] ~ dnorm(mu.d13C[i-8,j], tau.d13C)
d13C.rep[i,j] ~ dnorm(mu.d13C[i-8,j], tau.d13C)

Sr[i,j] ~ dnorm(mu.Sr[i-8,j], tau.Sr)
Sr.rep[i,j] ~ dnorm(mu.Sr[i-8,j], tau.Sr)

C[i,j] ~ dnorm(mu.C[i-8,j], tau.C)
C.rep[i,j] ~ dnorm(mu.C[i-8,j], tau.C)

# Define mixing models (means):

mu.SrR[i-8,j]<� p.cbm[i-8,j]*cut.SrR.cbm + p.arc[i-8,j]*cut.SrR.arc +
p.carb[i-8,j]*cut.SrR.carb + p.tert[i-8,j]*cut.SrR.tert

mu.d13C[i-8,j]<� p.cbm[i-8,j]*cut.d13C.cbm+ p.arc[i-8,j]*cut.d13C.nw +
p.carb[i-8,j]*cut.d13C.nw+ p.tert[i-8,j]*cut.d13C.nw

mu.Sr[i-8,j]<� p.cbm[i-8,j]*cut.Sr.cbm+ p.arc[i-8,j]*cut.Sr.arc +
p.carb[i-8,j]*cut.Sr.carb + p.tert[i-8,j]*cut.Sr.tert

mu.C[i-8,j]<� p.cbm[i-8,j]*cut.C.cbm+ p.arc[i-8,j]*cut.C.nw +
p.carb[i-8,j]*cut.C.nw + p.tert[i-8,j]*cut.C.nw

# Define the CBNG contribution(p.cbm) via the exponential decay model:

A[i-8,j]<� p0.cbm[j]*exp(�k[j]*Distance1[i])

B[i-8,j]<� p1.cbm[j]*exp(�k[j]*Distance2[i])

p.cbm[i-8,j]<� A[i-8,j]*step(10.5-i) + p0.cbm11[j]*equals(i,11) +
(A[i-8,j] + B[i-8,j])*(1-(step(11.5-i)))

# Cumulative logits model for the natural water contributions:
w[i-8,j]<� 1 + exp(u.arc[i-8,j]) + exp(u.carb[i-8,j])
q.arc[i-8,j]<� exp(u.arc[i-8,j])/w[i-8,j]
q.carb[i-8,j]<� exp(u.carb[i-8,j])/w[i-8,j]
q.tert[i-8,j]<� 1 - q.arc[i-8,j] - q.carb[i-8,j]

p.arc[i-8,j]<� (1-p.cbm[i-8,j])*q.arc[i-8,j]
p.tert[i-8,j]<� (1-p.cbm[i-8,j])*q.tert[i-8,j]
p.carb[i-8,j]<� (1-p.cbm[i-8,j])*q.carb[i-8,j]
p.carb.tert[i-8,j]<� p.tert[i-8,j] + p.carb[i-8,j]
p.nw.all[i-8,j]<� p.tert[i-8,j] + p.carb[i-8,j] + p.arc[i-8,j]

# Assign normal, hierarchical prior to the logit-scale parameter:
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u.arc[i-8,j] ~ dnorm(mu.u.arc, tau.arc)
u.carb[i-8,j] ~ dnorm(mu.u.carb, tau.carb)

}
# Assign non-informative, uniform prior to decay parameter:
k[j] ~ dunif(0,1)

# Assign non-informative priors to the initial CBNG contributions in the
# Beaver Creek and Flying E creek:
p0.cbm[j]<� exp(u0.cbm[j])/(1 + exp(u0.cbm[j]))
u0.cbm[j] ~ dnorm(0,0.001)

p1.cbm.dummy[j]<�exp(u1.cbm.dummy[j])/(1 + exp(u1.cbm.dummy[j]))
u1.cbm.dummy[j] ~ dnorm(0,0.001)

Astar[j]<� (1-A[3,j])
p1.cbm[j]<�p1.cbm.dummy[j]*Astar[j]

p0.cbm11[j]<� exp(u0.cbm11[j])/(1 + exp(u0.cbm11[j]))
u0.cbm11[j] ~ dnorm(0,0.001)

}
# Assign semi-informative priors to end-member values, and use the ‘cut’ values
# in the above mixing models to avoid feedback between the mixture data and the
# end-member estimates:

SrR.arc ~ dnorm(713,1)
cut.SrR.arc<� cut(SrR.arc)

Sr.arc ~ dnorm(2.0, 0.1)
cut.Sr.arc<� cut(Sr.arc)

SrR.carb ~ dnorm(709, 1)
cut.SrR.carb<� cut(SrR.carb)

Sr.carb ~ dnorm(0.5, 0.1)
cut.Sr.carb<� cut(Sr.carb)

SrR.tert ~ dnorm(711, 1)
cut.SrR.tert<� cut(SrR.tert)

Sr.tert ~ dnorm(1.0, 0.1)
cut.Sr.tert<� cut(Sr.tert)

Sr.cbm ~ dnorm(0.5, 0.1)I(0,)
cut.Sr.cbm<� cut(Sr.cbm)

SrR.cbm~ dnorm(713.2, 0.1)
cut.SrR.cbm<� cut(SrR.cbm)

d13C.nw ~ dnorm(�10,0.1)
cut.d13C.nw<� cut(d13C.nw)

C.nw ~ dnorm(30, 0.1)
cut.C.nw<� cut(C.nw)

d13C.cbm ~ dnorm(17.5, 0.1)
cut.d13C.cbm<� cut(d13C.cbm)

C.cbm~ dnorm(150, 0.001)
cut.C.cbm<� cut(C.cbm)

# Assign non-informative priors to remaining parameters (e.g. global mean
# proportions on the logit scale and precision terms):

mu6.u.arc ~ dnorm(0.0,0.001)
mu6.u.carb ~ dnorm(0.0,0.001)
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mu7.u.arc ~ dnorm(0.0,0.001)
mu7.u.carb ~ dnorm(0.0,0.001)

mu.u.arc ~ dnorm(0.0,0.001)
mu.u.carb ~ dnorm(0.0,0.001)

tau.arc ~ dgamma(0.1,0.1)
tau.carb ~ dgamma(0.1,0.1)

tau.SrR ~ dgamma(0.1,0.1)
tau.Sr ~ dgamma(0.1,0.1)

tau.d13C~ dgamma(0.1,0.1)
tau.C ~ dgamma(0.1,0.1)

}

#Initial values used for three MCMC chains
list(mu.u.arc = 14, mu.u.carb = 15, tau.arc = 4, tau.carb = 8, tau.SrR = .5, tau.Sr = 2.5, mu6.u.arc =
10, mu6.u.carb = 10, mu7.u.arc =1 0, mu7.u.carb = 10, tau.d13C = .5, tau.C = 2.5)

list(mu.u.arc = 10, mu.u.carb = 20, tau.arc = 10, tau.carb = 5, tau.SrR = 1, tau.Sr = 5, mu6.u.arc =
15, mu6.u.carb = 1, mu7.u.arc = .5, mu7.u.carb = 1, tau.d13C = 1, tau.C = 5)

list(mu.u.arc = 20, mu.u.carb = 10, tau.arc = 1, tau.carb = 10, tau.SrR = 2, tau.Sr = 1, mu6.u.arc =
2, mu6.u.carb = 15, mu7.u.arc = 2, mu7.u.carb = .1,

APPENDIX II. EC AND SAR DATA

Fall 2006 Spring 2007 Fall 2007
Sample Site EC (mS/cm) SAR EC (mS/cm) SAR EC (mS/cm) SAR

PR 01 990 9.95 2466 19.68 1046 12.03
PR 02 1815 3.51 3280 6.70 3140 5.39
PR 03 2800 5.60 4160 7.68 3930 6.76
PR 04 1360 2.11 618 0.94 1256 1.90
PR 05 1320 2.49 1320 2.93 1120 2.40
PR 06 3210 7.71 1703 4.23 4810 13.54
PR 07 2860 7.11 2223 5.66 3410 8.73
PR 08a NA 21.11 2858 20.30 2684 27.23
PR 09 3100 8.95 2242 6.66 2844 7.95
PR 10 2790 9.65 1919 6.29 2872 7.67
PR 11a 1390 7.65 1488 9.87 1235 17.52
PR 12 3160 10.11 2310 7.13 2896 8.02
PR 13a NA NA 1342 1.82 2191 3.31
PR 14 2500 13.41 1907 5.58 2900 8.35
PR 15 2690 9.92 1839 5.08 3030 9.71
PR 16 NA NA 1878 5.09 3320 11.32
PR 17 NA NA 1850 4.75 3330 9.46
PR 18 NA NA 1318 3.72 2736 7.33
PR 19 NA NA 1339 3.53 2864 7.69
PR 20 NA NA 1365 3.27 3060 8.89
PR 21 NA NA 1420 3.34 2938 7.97
PR 22 NA NA 1391 4.05 2324 6.02
PR 23 2450 4.89 1688 4.83 2405 5.76
PR 24a 2100 6.51 2782 7.01 2219 7.38
PR 25 NA NA 1931 5.33 2990 7.51
PR 26 NA NA 1903 5.45 2990 7.38
PR 27 NA NA 2001 5.46 2843 7.35
PR 28 NA NA 1665 5.13 2828 8.09
PR 29 8890 10.37 1477 5.36 2934 8.08
PR 30 11190 12.36 1531 5.65 2911 8.19

aTributary
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