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Figure 3

Figure 3. Map indicating the location of the Powder River basin (dark outline),
the Powder River watershed (dashed line), and numbered sample sites along the
Powder River. The main area of CBM development lies between Site 07 and the
Montana/Wyoming state line.
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Figure 4. Water quality data collected in the fall of 2007. (A) Electrical conductivity
(EC) of the Powder River plotted versus distance from the confluence with the
Yellowstone River. The dashed line represents the Montana maximum limit for
EC at the time of sampling (2500 puS/cm instantaneous); the solid line represents
the average EC limit (2000 uS/cm). (B) Sodium adsorption ratio (SAR) of the
Powder River plotted versus distance from the confluence with the Yellowstone
River. The dashed line represents the Montana maximum limit for SAR at the
time of sampling (7.5 instantaneous); the solid line represents the average SAR
limit (5.0). (C) ¥St/*Sr of the Powder River plotted versus distance from the
confluence with the Yellowstone River. (D) 8"*Cpyc of the Powder River plotted
versus distance from the confluence with the Yellowstone River. Tributaries are
denoted by unfilled symbols (BC = Beaver Creek, FEC = Flying E Creek, CWC
= Crazy Woman Creek, and LPR = Little Powder River).
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Figure 5. Water quality data collected in the spring of 2007. (A) Electrical
conductivity (EC) of the Powder River plotted versus distance from the confluence
with the Yellowstone River. The dashed line represents the Montana maximum
limit for EC at the time of sampling (2500 puS/cm instantaneous); the solid line
represents the average EC limit (2000 pS/cm). (B) Sodium adsorption ratio
(SAR) of the Powder River plotted versus distance from the confluence with the
Yellowstone River. The dashed line represents the Montana maximum limit for
SAR at the time of sampling (7.5 instantaneous); the solid line represents the
average SAR limit (5.0). (C) ¥St/*Sr of the Powder River plotted versus distance
from the confluence with the Yellowstone River. (D) 8"Cpic of the Powder
River plotted versus distance from the confluence with the Yellowstone River.
Tributaries are denoted by unfilled symbols (BC = Beaver Creek, FEC = Flying E
Creek, CWC = Crazy Woman Creek, and LPR = Little Powder River).
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in the spring, most samples are near the threshold. It is noteworthy that the EC
of Beaver Creck and Flying E Creck are lower than the EC of water in the main
stem of the river during low flow.

SAR for the Powder River also varies seasonally and along the length of
the main stem of the river. SAR is highest during low flow (fall), when SAR
ranged from 6.0 to 11.0. In the spring the SAR is lower, ranging from 4.0 to
10.0. Almost all samples collected in fall 2007 exceed the Montana threshold
for the irrigation season; samples collected in spring 2007 are near the threshold
for the irrigation season.’* The water samples from Beaver Creck and Flying
E Creek have relatively high SAR because those tributaries are dominated by
produced water.

The composition of CBM produced water also varies spatially across the
PRB.% Near the recharge areas along the margins of the basin, the water within
coal aquifers is relatively fresh (TDS < 100 mg/L) with low SAR (< 10.0). Farther
in towards the center of the basin, the water becomes more saline (TDS > 3000
mg/L) and higher in SAR (20.0-40.0). Both EC and TDS are highest in the
vicinity of the Powder River as it traverses the main CBM production area in
northern Wyoming.

This summary of water quality data indicates: (1) EC and SAR are variable
both in ambient surface water and in CBM produced water; (2) the EC values
overlap but are on average lower in produced water; and (3) there is a large range
of SAR measured in produced water and these SAR values are higher on average
in produced water than in surface water.

B. Historical Water Quality Data

It is possible that the surface waters of Wyoming and Montana have already
been affected by CBM produced water discharges such that their present-day
EC and SAR have been altered from their historic values. We can evaluate this
possibility in two ways: (1) by examining water quality data collected prior
to coalbed methane development; and (2) by comparing values upstream of
development to those from the main area of development. Historic data are
plotted as solid diamonds in Figures 4 and 5.%°

Comparing the EC values of modern and historic data, there is no obvious
change in the salinity of the Powder River. Although EC upstream of development

31
>4 See supra notes 39—41 and accompanying text.
5 Campbell, Pearson & Frost, supra note 47, at 155-59.

¢ CHARLES H. HEMBREE ET AL., SEDIMENTATION AND CHEMICAL QUALITY OF WATER IN THE
PowDER RIVER DRAINAGE BASIN WYOMING AND MonTaNA 92 (USGS Circular 170, 1952).



2011 ESTABLISHING WATER QUALITY STANDARDS 17

is highly variable and depends upon whether the tributaries are carrying dilute
waters derived from snow and rain in the Bighorn Mountains or more saline
waters with characteristics of drainages within the basin, there is no clear
difference in EC upstream of development and locations farther downstream.
This is expected because the EC of surface water and produced water overlap. If
anything, the addition of produced water may dilute the salinity of surface water
because produced water has on average lower TDS and therefore lower EC.

SAR data tell a different story. For a given location, the modern data tend
to have higher SAR than the historic samples. An exception is at Sussex, where
SAR is high in some of the historic data. This is likely due to the discharge of oil
field brines associated with conventional oil and gas production at the Salt Creek
oil field to the south. Produced water was discharged into Salt Creek until 1990,
when the practice was reduced in favor of reinjection.”” These discharges were
found to increase the concentrations of sodium (Na*), potassium (K*), chloride
(Cl), bicarbonate (HCOs5), and carbonate (CO5*), while decreasing sulfate
(§O4»), calcium (Ca*), and magnesium (Mg*").”®

C. Other Processes that May Affect EC and SAR

In the arid climate of the PRB, moisture is lost from surface waters by
evaporation.”” The potential effects of evaporation were evaluated by modeling
the evaporation of typical Powder River water upstream of CBM development.®’
Evaporation increases the salinity of the remaining water. Moreover, as the water
evaporates, calcium-bearing minerals such as calcite and aragonite precipitate
from the water. This increases the SAR of the remaining water.

The effect of evaporation on SAR is illustrated with a few examples shown
in Table 1. These calculations began with the composition of the Powder River

7 MELANIE L. CLARK ET AL., USGS MONITORING OF POWDER RIVER BASIN STREAM-WATER
QuanTITY AND QUALITY (USGS Water Resources Investigations Rep. 01-4279, 2001), available at
http://pubs.usgs.gov/wri/wri014279/pdf/wri014279.pdf.

% Ann M. Boelter et al., Environmental Effects of Saline Oil-Field Discharges on Surface Waters,
11 EnvrL. ToxicoLoGy & CHEMISTRY 1187 (1992).

% Aaron A. Payne & Demian M. Saffer, Surface Water Hydrology and Shallow Groundwater
Effects of Coalbed Natural Gas Development, Upper Beaver Creck Drainage, Powder River Basin,
Wyoming, in Western Resources Project Final Report—Produced Groundwater Associated with
Coalbed Natural Gas Production in the Powder River Basin, 55 Wyo. ST. GEOLOGICAL SURV. REP. OF
INVESTIGATIONS 5, available at http://www.geosc.psu.edu/-dms45/CBM_report.pdf.

€ Mailloux, Ogle & Frost, supra note 50. The potential effects of evaporation were evaluated
by implementing a PHREEQC model to take typical Powder River water from upstream of CBM
development and evaporate the water in increments of ten percent up to ninety percent. /d. As the
water was evaporated, calcite and aragonite began to precipitate from the water with as little as ten
percent evaporation for low-flow water chemistry. /4. SAR and EC increased in amounts similar or
higher than is produced by mixing produced water with ambient Powder River water. /.



18 WyomING Law ReEVIEW Vol. 11

sampled at Site 07, which is located immediately upstream of CBM development.
Calculations were done using the composition of water at this site both in the
fall, at low flow, and in the spring, at high flow. The change in EC and SAR that
would result from ten percent and twenty percent evaporation of this water was
calculated because evaporative losses of this magnitude have been measured in
the PRB.®! Inspection of Table 1 indicates EC and SAR increase as a result of
evaporation. This underscores the point that EC and SAR may change in response
to multiple processes, including by evaporation as well as through discharge of
produced water into surface water. In fact, evaporation is the more likely process
if both EC and SAR are observed to increase; because the EC of surface water and
produced water are similar, addition of produced water to surface water should
increase only SAR and affect EC very little.

Next, we compared the effects of evaporation on SAR and EC to the effect
of mixing ten to twenty percent CBM produced water with Powder River water.
Again we used the composition of water from Site 07 as representative of Powder
River water. To this we added produced water, using the composition of water in
Beaver Creek (Site 08) for the calculations. Table 1 shows that evaporation and
mixing with produced water yield similar results for the composition of Powder
River water at high flow, but that at low flow evaporation increases both EC and
SAR to a greater degree than does mixing. In either case, the increases are modest
compared to the seasonal variations in Powder River water composition at any
given site: the differences in EC between water collected at high flow and at low
flow may be over 1000 nS/cm and SAR varies by 3.0 or more.®

Table 1. Change in SAR and EC by evaporation or mixing with CBM
produced water

Evaporation Mixing with CBM produced water
ASAR low flow  high flow low flow  high flow
10% 2.2 0.8 0.6 1.0
20% 2.9 1.6 1.3 2.0
AEC (uS/cm)
10% 230 57 25 63
20% 620 170 48 127

¢! Payne & Saffer, supra note 59, at 33-37.

62 Carter, supra note 50.
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Other observations from the data presented in Figures 4 and 5 suggest that
CBM production in Wyoming cannot be the sole cause of EC and SAR that
exceed the Montana thresholds. We note historic low flow EC measured many
years prior to CBM production commonly exceeded the threshold value of
2500 uS/cm. Moreover, a rise in SAR north of the confluence with the Little
Powder River cannot be related to Wyoming’s energy industry because no streams
entering the river north of the Little Powder have origins in Wyoming.

V. ALTERNATIVE APPROACHES TO IDENTIFYING COALBED PRODUCED WATER
IN SURFACE WATERS OF THE POWDER RIVER BASIN

Several scientific studies demonstrate other, more viable tracers of CBM
produced water than EC and SAR. These include stable isotopic compositions of
naturally occurring strontium and dissolved inorganic carbon (DIC).% Strontium
(Sr)isausefulenvironmental tracerbecause, unlike hydrogenand oxygen, itsisotopes
do not fractionate measurably in nature. The ratio *’Sr/*Sr provides a measurement
of the relative proportion of radiogenic Sr-87 (formed by decay of rubidium-87)
to primordial strontium, a ratio varying in natural materials depending on age
and rubidium abundance. Groundwater obtains strontium from the dissolution
of minerals or ion-exchange reactions on mineral and rock surfaces.® Differences
in the ¥Sr/*Sr ratio reflect natural variations of this ratio present in geologic
materials. Measurements of the ¥Sr/*Sr ratio are extremely precise (+0.00001),
allowing very small differences in groundwater composition to be detected.® This
precision enables the #Sr/*Sr to be a valuable and effective tool to utilize for
tracing the effects of CBM production in Wyoming as CBM produced water has
a distinct ¥Sr/%°Sr relative to natural water sources. In the PRB, the ¥Sr/®Sr of
the produced water is more radiogenic (¥Sr/*Sr = 0.71268 to 0.71510) and more
variable than the #Sr/*Sr ratio from sandstone aquifers (0.71258 to 0.71271).%
This explains the high ¥Sr/*Sr ratio of water shown in Figures 4C and 5C
for samples from Beaver Creek, which is composed almost entirely of CBM
produced water.

 Mailloux, Ogle & Frost, supra note 50, at 76-77; Carol D. Frost et al., Sr Lsotopic Tracing
of Aquifer Interactions in an Area of Coal and Methane Production, Powder River Basin, Wyoming,
30 GEOLOGY 923 (2002) [hereinafter Sr Isoropic Tracingl; Shikha Sharma & Carol D. Frost, An
Innovative Approach for Tracing Coal Bed Natural Gas Co-produced Water Using Stable Isotopes of
Carbon and Hydrogen, 46 GROUND WATER 329, 329-34 (2008), available ar http://deq.mt.gov/
coalbedmethane/cbm_water_quality.mepx.

4 Sy Lotopic Tracing, supra note 63, at 76-77.
& Il

¢ FElizabeth L. Brink & Carol D. Frost, Detecting Infiltration and Impacts of Introduced Water
Using Strontium Isoropes, 45 GROUND WATER 554 (2007); Campbell, Pearson & Frost, supra note
47, at 167-72; Sr Isotopic Tracing, supra note 63, at 76-77.
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The "C composition of DIC (8"°Cp;c) also can be used to identify CBM
produced water and trace its infiltration into ground water and streams.”” CBM
produced waters have a strongly positive 8"°Cpyc (12 to 22%o), which is easily
distinguishable from the negative "*Cpyc of most surface and ground water (-11
t0 -8%0).°® The elevated 3"Cpc in CBM produced water is explained by the
preferential removal of '*C by bacteria in an organic-rich system during microbial
methane production, or methanogenesis. The continued preferential removal of
the isotopically lighter molecules during methanogenesis results in a progressive
shift in the remaining carbon pool towards heavier, '*C-enriched values.®” This
process is responsible for the positive 8"’Cp;¢ of water shown in Figures 4D and
5D for samples from Beaver Creek and Flying E Creek, both of which carry
CBM produced water to the Powder River. In fact, the positive "*Cpyc of the
Powder River is a sensitive measure of the presence of produced water in the
river water throughout much of northern Wyoming. 8"Cpyc decreases north of
the confluence of Clear Creek due to input from that tributary, which has not
received produced water and has a flow comparable to the Powder River.

Produced water input into the Powder River can be quantified using ¥ Sr/*Sr,
d"”Cpyc, strontium, and DIC concentrations within a Bayesian statistical
framework.”” The authors determined that when the Powder River enters
Montana, it is composed of at most ten to twenty percent CBM produced water,
depending on the season and flow of the river. The calculations presented in
Table 1 show the effect of this proportion of produced water on the composition
of Powder River surface waters. The modest calculated increases in EC and
SAR strongly suggest that the discharge of the current volume of produced
waters is unlikely to raise EC and SAR enough to impact beneficial use of that
surface water.

VI. SUMMARY AND RECOMMENDATIONS

A review of the EPA’s administrative record reveals the determination of
beneficial use and the choice of parameters to protect that use were established
very early in the process of setting water quality standards. Reports included in
the administrative record identify irrigated agriculture as the beneficial use most at
risk from surface discharge of CBM produced water and recommended threshold
values for two constituents, EC and SAR, to protect that beneficial use.”’ The

7 Sharma & Frost, supra note 63, at 332.

 Michael J. Whiticar, Carbon and Hydrogen Isotope Systematics of Bacterial Formation and
Oxidation of Methane, 161 CHEMICAL GEOLOGY 291 (1999).

© 14
7 Mailloux, Ogle & Frost, supra note 50.

7! HORPESTAD ET AL., supra note 24, at 12—13; Warrance et al., supra note 23, at 15.
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technical report created for the MDEQ is the only document in the administrative
record that undertakes a review of available water quality data and recommends
numerical standards.”

EC and SAR are commonly used to assess the suitability of water for
irrigation—hence they were a natural and immediate choice for Montana rule
makers. However, at the time Montana proposed these rules, little data in the
peer-reviewed literature on the chemical composition of CBM produced water
existed, and this paucity may have led to the assumption that values of EC and
SAR would be effective in identifying the presence of CBM produced water
discharges to surface waters. The data used in the technical report created for
the MDEQ were based upon a consultant’s report; their reported mean, low,
and high values for EC and SAR in the PRB are much higher than the values
presented in Figure 2, which reflect a much greater number of analyses that have
been published subsequent to the technical report created for the MDEQ.”?

Although seasonal variations in stream flow were recognized in the technical
report created for the MDEQ), the report did not address seasonal and spatial
variations in surface water quality. Water quality data showing these variations
were available at the time of the rulemaking from eight USGS gauging stations
on the Powder River alone.”* A subsequent, more detailed characterization of
the Powder River clearly illustrates the magnitude of seasonal variations in water
quality: during spring snowmelt the Powder River carries much more dilute water
than in the fall when flow is lowest. Moreover, the composition varies along the
length of the river.”> Contributions from tributaries affect the water quality of the
river downstream and in some instances dramatically change water composition;
for example, Figures 4 and 5 show that EC drops markedly downstream of the
confluence of the Powder River and Clear Creek. This variability complicates the
identification of any water quality changes related to the input of CBM produced
water, which, as shown by the calculations given above, produces only modest

changes in EC and SAR.

Another complexity not reflected in the technical report created for the
MDEQ is spatial variations in the composition of CBM produced water. As
documented by workers at the University of Wyoming, produced water samples
withdrawn from the margins of the PRB are quite dilute and commonly meet
drinking water standards.”® Additions of these produced waters to surface waters

72 HORPESTAD ET AL., supra note 24, at 12-13.
3 Id

CLARK ET AL., supra note 57, at 2.

7> Carter, supra note 50.

76

Campbell, Pearson & Frost, supra note 47, at 154.
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are unlikely to adversely affect its use for irrigation. On the other hand, produced
water withdrawn near the center of the basin is much higher in SAR and EC and
is of greater concern.

The spatial variations in CBM produced water quality along with the
seasonal and spatial variations in surface water quality complicate the effective
application of SAR and EC as parameters that monitor the degradation of surface
water quality by discharge of CBM produced water. As shown in Figure 2, TDS
of surface water and produced water overlap significantly, and the median SAR
of each is similar. Table 1 shows changes in EC and SAR due to discharge of
produced water into surface water are small compared to the compositional
variability in these end-members. With the benefit of additional data and analysis
published since Montana’s original rulemaking, it is clear that these parameters
are not optimal for identifying degradation due to input of produced water, and
other potentially more effective parameters should be investigated.

Considering the lessons learned from this study, we recommend that future
rulemaking would benefit from:

1. A comprehensive effort to collect and review all existing water
quality data. In cases where such data are not published and
accessible, as in the case of consultants’ reports, the data tables
should be reproduced and made available for review.

2. Involvement of researchers from state agencies, academic
institutions, and industry. A collaborative effort involving
discussion and brainstorming is more likely to develop
alternative approaches to problems, to promote deliberation,
and to produce creative solutions. Such discussions may also
reveal knowledge gaps and stimulate additional data-gathering
and research.

3. A charge to such a collaborative group to prepare a report of their
work, including the data on which their recommendations are
based, and several recommendations, each with an assessment
of uncertainty.

VII. CONCLUSION

The CWA places the responsibility to protect surface waters on states, yet
carrying out this responsibility is far from simple. Even if identifying the beneficial
use most at risk from point-source pollutants is relatively clear-cut, choosing
appropriate parameters and threshold values can be complex. In the case study
examined in this article, spatial and temporal variations in water volumes and
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water quality of surface water in the PRB, along with spatial variations in the
composition of CBM produced water, seriously complicate the effort to identify
and quantify produced water discharged to the surface.

The brief review presented did not consider a number of other complexities,
such as uncertainties in water volumes carried by tributaries, as well as conveyance
loss in holding ponds and infiltration. Natural systems are temporally dynamic,
changing seasonally.”” Problems of this type will be most successfully addressed
through the application of both conventional and innovative approaches. For
example, strontium and carbon isotope measurements used within a Bayesian
statistical modeling framework can estimate the contribution of CBM produced
water to the Powder River during different seasons and flow conditions to
determine the possible effects of CBM produced water on Powder River water
quality. A comprehensive, collaborative effort on the part of researchers from state
agencies, academia, and industry is required. Such a group should be charged with
gathering all relevant data and with identifying multiple strategies and approaches
that may potentially inform the problem. The group should then work together
to fill data and knowledge gaps and to assess the strongest approaches and their
likelihoods of success.

77 Payne & Saffer, supra note 59, at 62; Sharma & Frost, supra note 63, at 331-32; John
Wheaton & Terry H. Brown, Predicting Changes in Groundwater Quality Associated with Coalbed
Natural Gas Infiltration Ponds, in Western Resources Project Final Report—DProduced Groundwater
Associated with Coalbed Natural Gas Production in the Powder River Basin, Wyo. ST. GEOLOGICAL
Surv. (2005).



