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ABSTRACT

Coalbed natural gas (CBNG) production typically requires the
extraction of large volumes of water from target formations,
thereby influencing any associated reservoir systems. We de-
scribe isotopic tracers that provide immediate data on the
presence or absence of biogenic natural gas and the identify
methane-containing reservoirs are hydrologically confined. Iso-
topes of dissolved inorganic carbon and strontium, along with
water quality data, were used to characterize the CBNG res-
ervoirs and hydrogeologic systems of Wyoming’s Atlantic Rim.
Water was analyzed from a stream, springs, and CBNG wells.

Strontium isotopic composition and major ion geochemistry
identify two groups of surface water samples. Muddy Creek and
Mesaverde Group spring samples are Ca-Mg-SO4—type water
with higher 3/Sr/®6Sr, reflecting relatively young groundwater
recharged from precipitation in the Sierra Madre. Groundwaters
emitted from the Lewis Shale springs are Na-HCOs-type wa-
ters with lower 8/St/%°Sr, reflecting sulfate reduction and more
extensive water-rock interaction.

To distinguish coalbed waters, methanogenically enriched
53 Cpic wasused from other natural waters. Enriched §'3Cpyc,
between -3.6 and +13.3%o, identified spring water that likely
originates from Mesaverde coalbed reservoirs. Strongly positive
53 Cpjc, between +12.6 and +22.8%o, identified those coalbed
reservoirs that are confined, whereas lower §3Cpyc, between
+0.0 and +9.9%o, identified wells within unconfined reservoir
systems.
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These results demonstrate that §'>Cpjc analy-
sis provides immediate data to help identify Atlan-
tic Rim groundwater sources, hydraulic reservoir
confinement, springs associated with methanogenic
coalbed reservoirs, areas of peak methanogenic ac-
tivity, and to help assess gas potential and promote
efficient CBNG production.

INTRODUCTION

Within a single gas field the amount of coalbed
natural gas (CBNG) produced varies from well
to well, and some wells may produce only water
(Surdam et al., 2007; WOGCC, 2010). This vari-
ability can be the result of available gas in place
but commonly is related to the heterogeneous geo-
logic and hydrologic nature of CBNG reservoirs
(Surdam et al., 2007). An analytical method that
provides immediate cost-effective characterization
of a CBNG reservoir would help optimize gas
production.

In 2007, when the Bureau of Land Manage-
ment ([BLM] 2007) issued a record of decision ap-
proving a proposed natural gas development proj-
ect, the Atlantic Rim area of southwest Carbon
County became the site for Wyoming’s most re-
cent commercial-scale CBNG development (BLM,
2007, WOGCC, 2010). This study focuses on using
new applications of carbon isotopes, along with
multivariate water analysis, to characterize the CBNG
reservoirs and related hydrogeologic systems of the
Atlantic Rim. This work is also intended to serve as
a baseline study of the hydrologic systems in the
Atlantic Rim, against which the effects of CBNG
development might be assessed. This study is a
cooperative effort between the Wyoming State
Geological Survey, the University of Wyoming, and
the Rawlins Bureau of Land Management (BLM)
field office.

STRUCTURAL SETTING AND GENERAL
GEOLOGIC BACKGROUND

The Atlantic Rim is a topographically high region
of uplifted westerly dipping Cretaceous sedimen-

tary rocks in south-central Wyoming that repre-
sents the border between the Sierra Madre and
the Greater Green River Basin (Figure 1). The eo-
lian Sand Hills border the Atlantic Rim’s western
boundary, and springs from the Sand Hills were
sampled for this study (Figure 1). The Cretaceous
formations targeted for this study are, from oldest
to youngest, the Steele Shale, Mesaverde Group,
and Lewis Shale (Figure 1). All were deposited
during transgressive or regressive cycles of the great
Cretaceous Western Interior seaway (Roehler, 1992).

Steele Shale

The Steele Shale, approximately 4500 ft (1371 m)
thick, was deposited during an episode of marine
regression (Roehler, 1992; Steidtmann, 1993). The
Steele Shale is a thick sequence of fine-grained marine
clay and shale, with some siltstone and sandstone.

Mesaverde Group

The Mesaverde Group includes four distinct forma-
tions that consist of sandstone, shale, siltstone, mud-
stone, and coal. The four formations of the Mesaverde
Group in the Atlantic Rim area are, from oldest to
youngest, the Haystack Mountains Formation, Allen
Ridge Formation, Pine Ridge Sandstone, and the
Almond Formation (Figure 1). The Allen Ridge,
Pine Ridge, and Almond formations are targeted
for Atlantic Rim CBNG production (WOGCC,
2010).

Water coproduced with CBNG is injected into
the sandstone of the approximately 750- to 950-ft
(228-290 m)-thick Haystack Mountains Formation
(BLM, 2007). The Haystack Mountains Formation
was chosen for water disposal because it contains
approximately 485 ft (148 m) of sandstone with
adequate injectivity. Thick, continuous, overlying
shale beds in the Haystack Mountains and Allen
Ridge formations act as confining layers for injected
water.

Overlying the Haystack Mountains Forma-
tion, the Allen Ridge Formation is composed pri-
marily of interbedded shale, sandstone, siltstone,
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Figure 1. Atlantic Rim geologic map and stratigraphic column showing formations of interest and locations of sampled springs and
CBNG wells (modified from Love and Christiansen, 1985).
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and coal. Coal beds within the Allen Ridge For-
mation tend to thicken upward. The formation is
1200 to 1400 ft (366-427 m) thick in the Atlantic
Rim area (Roehler, 1990; Hettinger et al., 2008).

The Pine Ridge Sandstone disconformably over-
lies the Allen Ridge Formation and is the only mem-
ber of the Mesaverde Group that does not include
marine deposits (Roehler, 1990; Hettinger et al.,
2008). The Pine Ridge Sandstone, 40 to 100 ft (12—
30 m) thick, consists mostly of cross-bedded sand-
stone, along with carbonaceous siltstone and thin
localized coal beds (Roehler, 1990; Hettinger et al.,
2008).

The Almond Formation, 450 to 550 ft (137-
168 m) thick, overlies the Pine Ridge Sandstone and
was deposited during westward marine transgres-
sion (Roehler, 1990; Hettinger et al., 2008). The
Almond Formation consists of sandstone, shale,
mudstone, claystone, and coal. The Almond Forma-
tion generally hosts the thickest coal beds in the
Atlantic Rim area (Roehler, 1990; Hettinger et al.,
2008).

Lewis Shale

The Lewis Shale overlies the Mesaverde Group and
records the last marine sedimentation event of the
Cretaceous. The Lewis Shale is composed of ma-
rine shale with interbedded sandstone and siltstone.
The formation has a variable thickness across the
study area but is approximately 2000 ft (610 m)
thick. The basal unit is primarily shale with a low
capacity for migrating fluids and acts as a confining
layer to underlying Mesaverde Group reservoirs
(Roehler, 1990; Hettinger and Roberts, 2005; Bartos
et al., 2006). In the Atlantic Rim area, the Lewis
Shale is thermally immature (measured vitrinite
reflectance [R,] values are <0.6) (Hettinger and
Roberts, 2005).

Sand Hills

The southwest-to-northeast-trending Sand Hills
are an extensive unconsolidated Quaternary eolian
deposit that unconformably overlies Lewis Shale and
abuts onto the westernmost outcrops of the Mesa-
verde Group in the north-central part of the study

area (Figure 1) (Hettinger et al., 2008). The Sand
Hills are approximately 10 mi long and up to 3 mi

wide (16 x 4.8 km) (Figure 1).

ATLANTIC RIM COAL AND COALBED
NATURAL GAS

Coalbed Natural Gas Systems and Coal of the
Mesaverde Group

The Atlantic Rim CBNG system is currently mod-
eled as a recharge-related stratigraphic trap (Lamarre
and Ruhl, 2004; Johnson et al., 2005). Thermogenic
gas is generated in deep sediments in the center
of the Greater Green River Basin and migrates up-
ward to the basin margins. The gas is adsorbed on
Mesaverde Group coals by local hydraulic pressures
which are regulated by recharge from the Sierra
Madre (Roehler, 1990; Lamarre and Ruhl, 2004;
Johnson et al., 2005). Recent work has shown a
biogenic component in the CBNG of the Mesaverde
Group (McLaughlin, 2009).

Mesaverde Group coals across the eastern
Greater Green River Basin have undergone various
degrees of thermal maturation (measured R, val-
ues between <0.6 and 2.2) and are an established
source of thermogenic natural gas in deeper areas
of the basin (Roehler, 1990; Johnson et al., 2005).
Mesaverde Group coals along the Atlantic Rim fall
within the lowest ranks and are mostly high-volatile
subbituminous C, with R, values that are less than
0.6 (Roehler, 1990; Johnson et al., 2005). Most
Mesaverde Group coals are less than 15 ft (4.5 m)
thick, and CBNG production along the Atlantic Rim
has focused on areas where the coals are stacked to
maximize the amount of available pay (WOGCC,
2010). Preliminary adsorption isotherms generated
with data from exploratory CBNG wells indicate
that some coals were fully saturated with respect
to gas (Lamarre and Ruhl, 2004).

Coalbed Natural Gas Development in the
Atlantic Rim

The development of CBNG along the Atlantic
Rim is projected to occur during a span of 20 yr,
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Table 1. Water Chemistry and Isotopic Analysis Data for CBNG-Produced Water Samples*

Isotopic Analysis

Sample Completion Completions
Number ~TDS* Ca®* Mg®* Na* K* (I~ SO HCO, CO¥ F  ¥St/%sr  §"Cpic (%o) Date (depths from surface in ft)
Brown Cow Pod

BC1 1693 2.0 <1 510.0 6.0 12.0 <1 1080.0 83.0 11.6 0.71028 1.1 2004 896-1120/1304-1423

BC2 2360 4.0 2.0 7540 120 31.0 <1 1460.0 97.0 86 0.71100 39 2004 945-1165

BC3 1527 3.0 <] 461.0 6.0 6.0 <] 983.0 68.0 108 0.71055 0.6 2004 921-1143/1437-1446

BC4 1665 2.0 <] 500.0 6.0 5.0 <1 1070.0 820 135 0.71065 1.1 2004 1089-1285/1370-1568

BC5 2045 3.0 1.0 634.0 8.0 8.0 <1 1300.0 91.0 147 0.71103 5.1 2003 1010-1214/1429-1494

BCé 1719 3.0 <1 522.0 7.0 6.0 <1 1100.0 81.0 135 0.71059 13 2006 1029-1268

Averages 1835 2.8 1.0 5635 75 113 <] 1165.5 83.7 12.1 0.71068 2.2

Blue Sky Pod

BS7 4097 15.0 70 1180.0 18.0 284.0 <] 2540.0 530 3.2 0.70944 143 2005 1012-1075/1266-1356

BS8 2757 12.0 5.0 761.0 15.0 2340 <1 1730.0 <1 34 0.71040 12.6 2005 1914-2106/2292-2353

BS9 1557 2.0 <1 424.0 4.0 25.0 <1 1040.0 620 26 0.71028 0.0 2005 1441-1571/1711-1917/2053-2261
BS10 4250 21.0 80 12200 36.0 634.0 <1 2310.0 21.0 4.0 0.71208 18.8 2005 2311-2446/2676-2677

BS11 2464 7.0 3.0 7220 18.0 71.0 <1 1580.0 63.0 6.6 0.70983 9.9 2005 1764-1834/1968-2091/2361-2404
Averages 3025 114 58 861.4 182 249.6 <] 1840.0 498 4.0 0.71041 11.1

Sun Dog Pod

SD12 3619 17.0 9.0 10300 28.0 279.0 <1 2190.0 66.0 58 0.71041 21.1 2005 953-1075/1242-1316

SD13 3364 13.0 6.0 950.0 20.0 2440 <1 2050.0 81.0 48 0.71032 20.6 2005 833-965/1223-1390

SD14 3872  19.0 40 1060.0 20.0 2400 <1 2430.0 99.0 42 0.71109 22.8 2005 868-969/1239-1302

SD15 4172 7.0 40 12000 21.0 268.0 <1 2530.0 1420 57 071116 19.1 2005 801-898/1133-1301

SD16 4609 8.0 6.0 14000 19.0 3770 <1 2640.0 159.0 4.7 0.70907 18.5 2001 915-1042/1280-1311
Averages 3927 12.8 58 11280 216 281.6 <1 2368.0 1094 50 0.71041 204

Doty Mountain Pod

DP17 3118 9.6 3.4 905.1 107 3054 <1 18842 ND' 53 071071 17.0 2007 1762-1931

DP18 2374 9.0 4.0 7063 109 280.6 <1 1363.2 ND 4.1 071141 14.8 2007 2262-2403

DP19 4500 9.4 52 13958 157 308.5 <] 2765.5 ND 3.8 0.71090 19.7 2007 1481-1639

DP20 2514 11.7 8.1 6619 164 379 <1 1778.1 ND 2.8 0.70896 15.2 2007 1328-1507

Averages 3127 9.9 52 9173 134 233.1 <1 1947.8 40 0.71049 16.7

*Water chemistry is reported in milligrams per liter.
*TDS = total dissolved solids.

ND = no data available.



Table 2. Water Chemistry and Isotopic Analysis Data for Atlantic Rim Springs and Stream Samples

Sample Temperature Water Chemistry* Isotopic Analysis**
Number  pH (°C) St Ca®* Mg®* Na* K* C°  SO2 HCO; €O F  ®7sp/%sr  §Cpc
Muddy Creek

RFC30 8.0 8.5 411 713 111 124 3.1 68 928 214 <I <0.1 071222 -7.6
RFC29 8.0 125 428 698 129 174 29 50 101.6 218 <l <0.1 0.71202 =72
RFC31 79 124 426 586 16.1 241 29 54 1204 198 <l <0.1 071215 -14
RFC32 8.0 11.6 442 576 174 2717 34 52 1228 208 <l <0.1 0.71152 =17
Averages 8.0 11.25 427 643 144 204 3.1 56 1094 210 <l <0.1 0.71198 =15
Mesaverde Group Springs

RFC3 9.0 15.5 1271 <1 <l 3730 20 7.0 40 8180 670 80 0.71077 -93
RFC9 8.2 12.9 1667 207.0 1280 910 11.0 150 788.0 4270 <I 0.7 071145 -13.8
RFC11 8.6 12.3 886 230 150 2150 3.0 3.0 1980 4276 <I 05 071115 -11.1
RFC12 8.3 14.8 1096 1550 740 51.0 6.0 40 3920 4130 <I 03 071075 -10.1
RFC17 8.2 11.7 1082 660 340 2140 4.0 3.0 3870 3726 < 02 071103 -9.7
RFC19 713 ND 513 730 350 140 7.0 20 151.0 2300 <I 03 071174 -14.9
RFC20 7.1 17.0 219 380 13.0 3.0 30 20 740 850 <1 <0.1 0.71077 -12.0
RFC6 ND'! ND ND ND ND ND ND ND ND ND ND ND 071144 -I115
Averages 8.1 14.0 962 804 429 1373 5.1 51 285 396 104 1.7 0.71114 -11.6
Steele Shale Springs

RFC16 8.1 ND 1517 1700 1370 830 8.0 9.0 7520 3560 <I <1 0.70969 -9.2
Sand Hill Springs

SS1 8.0 8.5 683 750 390 450 3.0 1.0 780 4410 < 04  0.70934 -9.9
SS2 8.1 5.4 872 1300 540 200 3.0 3.0 2000 4610 <1 03  0.70999 -8.7
SHO 8.3 5.8 540 73.0 33.0 8.0 13.0 40 540 3540 <i 03 071012 -6.7
RFC13 8.1 12.9 639 1000 41.0 6.0 20 20 113.0 3740 <I 04 071005 -10.7
Averages 8.1 8.1 684 945 418 198 53 25 111 408 <1 04  0.70988 -9.0
Depleted Lewis Shale Springs

RFC2 8.9 15.0 1214 1.0 <1 3510 20 9.0 3 7840 550 7.7 0.70868 -8.2
RFC5 8.9 16.9 1206 <1 <l 3530 20 150 <i 775.7 1.9 03 0.70870 —-6.6
RFC8 8.8 15.1 1238 <1 <l 3520 20 9.0 2 8480 160 7.2  0.70868 -7.6
RFC10 8.9 12.2 1174 1.0 <1 3530 20 50 <i 7472 550 8.7 0.70867 -7.1
RFC21 9.1 224 1049 30 1.0 301.0 3.0 20 <1 668.0 630 69 0.70911 -6.9
Averages 89 16.3 1176 1.4 1.0 3420 22 8.0 2 765 382 62 070877 =13
Enriched Lewis Shale Springs

JOR ND 8.8 1170 20 05 3490 40 7.0 1.0 7520 500 4.8 0.71051 0.5
RFC23 8.8 ND 2376 220 740 5190 7.0 69.0 330.0 12400 1090 55 0.71003 3.6
SDS 8.7 10.5 1472 30 20 4300 40 100 1.0 9740 410 73 0.70887 -2.8
RFC4 ND ND 1582 1.1 04 3863 06 195 <i 1165.0 <1 9.0 0.70821 -14
RFC7 ND ND 3774 30 50 1080.0 2.1 188.0 50 24200 61.0 80 0.70984 55
RFC24 ND ND 4673 57 34 17144 82 6852 <1 42569 86.0 <0.1 0.70885 13.3
Wild Cow 8.8 4.7 3425 30 3.0 10600 13.0 1730 7.0 2030.0 1270 87 0.70914 12.0
RFC1 85 15.6 2215 2 3 6340 3.0 250 81.0 14100 520 52 0.70925 =3.1
RFC14 8.6 18.9 2748 50 1.0 8130 9.0 2.1 1.0 1820.0 850 12.1 0.70908 5.4
196 Isotopic Analysis of Atlantic Rim Coalbed Natural Gas Waters



Table 2. Continued

Water Chemistry*

Isotopic Analysis**

Sample Temperature

Number  pH (°C) DS Ca** Mg Na* K°  CF SOF HCO, COZ F  ¥s/%sr  §BCy¢
RFC18 8.8 209 2693 <l 1.0 7770 70 690 <1 17300 970 99 0.70912 5.5
DGS 8.7 7.7 2429 60 20 7510 7.0 1620 <1 14300 640 64 070993 8.0
DG1 8.7 3.8 2486 1.0 05 7330 9.0 1000 <I 1590.0 450 7.2 0.71020 75
DG2 8.7 4.1 2461 4.0 40 7710 110 1790 <i 14100 73.0 82 0.71014 1.7
DG3 8.8 6.7 2016 20 1.0 6230 70 800 <I 12300 660 7.3 0.71053 6.1
RFC22 8.6 13.0 4673 70 40 13700 13.0 3870 <1 28000 860 50 0.71010 6.9
RFC25 8.4 16.1 3134 40 20 9060 7.0 201.0 <1 19700 380 53 0.70916 11.2
RFC26 9.0 16.9 4797 6.0 80 1400.0 150 3240 57.0 27500 2290 7.6 0.70933 5.1
RFC28 8.8 13.0 2502 <1 <l 6680 11.0 83.0 40 16200 1080 6.0 0.71025 2.0
RFC27 8.9 16.2 2032 1.0 <1 6100 70 570 <i 12600 88.0 6.8 0.71043 6.3
Averages 8.7 11.8 2771 42 6.1 8208 76 1485 26.1 1782 792 72  0.70963 5.2
*Water chemistry is reported in milligrams per liter.

#8513 Cpyc is in parts per thousand.

TDS = total dissolved solids.

IND = no data available.

with 1800 wells scheduled for completion (BLM, METHODS

2007). Currently, vertical wells are drilled on 80-ac
spacing (BLM, 2007; WOGCC, 2010). Each well
is cemented and cased and then perforated into
the targeted coals within the Almond, Pine Ridge,
or Allen Ridge formations. Some wells are stim-
ulated with treated water and proppants or by
fracture stimulation (WOGCC, 2010). The closed-
completion style of Atlantic Rim CBNG wells is
ideal for this study, as coproduced waters should
originate from within the perforated coalbed
reservoirs.

In the Atlantic Rim, CBNG production com-
mences by drilling wells in close groupings, called
“units” or “pods” (BLM, 2007). Water withdrawal
from CBNG wells in pods lowers hydraulic pressure
over a regional area, stimulating gas migration from
the regional coal matrix. Most of the CBNG wells
currently operating and scheduled for completion
will be positioned on the Lewis Shale (Figure 1)
(BLM, 2007). The total completed depths and
target intervals of Atlantic Rim CBNG wells gen-
erally deepen to the west, and wells sampled for
this study had completion depths that ranged be-
tween 801 and 2677 ft (244-816 m) below the
surface.

A total of 61 water samples were collected by the
principal author and a BLM field hydrology crew
and transported to the University of Wyoming in
iced coolers. The 61 water samples collected for this
study include surface water samples from 37 springs
and seeps, four stream samples from Muddy Creek,
and 20 samples from individual CBNG wellheads
(Figure 1). Spring samples were collected during
the summer and fall of 2006 and 2007, all Muddy
Creek samples were collected on September 27,
2007, and all CBNG wells were sampled on May
15, 2007. Samples were filtered through a 0.45-um
pore diameter membrane filter, aliquoted, and pre-
pared for analysis. Water chemistry analyses were
completed at Inter-Mountain Laboratories in Sher-
idan, Wyoming, and at the University of Wyoming’s
geochemistry laboratory in the Department of Ge-
ology and Geophysics. Strontium isotopic analyses
were completed at the University of Wyoming Ra-
diogenic Isotope Laboratory in the Department of
Geology and Geophysics. Carbon isotopic analyses
were completed at the University of Wyoming
Stable Isotope Facility. Production data for sam-
pled CBNG wells, including total produced water
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Table 3. CBNG Wells First 30 Months of Reported Water and Gas Production Data, along with 5'*Cpc Values*

Area and Months
Cumulative Data Samples 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Brown Cow Average
o Cpic =22
Water/Gas BC1 (DIC =1.1) Gas 0 0 0 0 0 0 0 0 0 0 0 0 88 0 0 0
Ratio 3662 Water 12,710 16,020 18,600 14,260 19,500 7200 12,750 0 0 0 0 18,266 0 12,421 0 0
Total Water BC2 (DIC = 3.9) Gas 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0
2,135,150 Water 4080 5766 23,157 0 14,304 27,300 0 0 0 0 27,857 0 9074 9613 7591 7693
Total Gas 583 BC3 (DIC = 0.6) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 930 16,616 0 34200 20,320 37,440 0 0 0 0 29,587 0 9428 10,050 9735 9904
BC4 (DIC=1.1) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 17,608 18570 35,030 36,580 41,400 15,200 28,050 0 0 0 0 16,826 0 0 0 0
BC5 (DIC = 5.1) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 11,656 14,550 25,451 18,445 27,000 0 0 0 0 0 0 0 0 0 0 0
BC6 (DIC = 1.3) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 1600 10,775 37,788 34915 30,942 25,036 24516 27473 14,793 11,710 1696 17,224 27,347 27,719 25409 32,018
Blue Sky Average
P Cpic = 11.1
Water/Gas BS7 DIC=143) Gas 0 0 1 0 0 0 0 0 0 10 86 26 12 57 11 49
Ratio 42 Water 52,140 65,159 66,609 48,123 26,148 43504 53,936 30,236 61,130 75217 70931 83,758 94,008 87,698 0 111,741
Total Water BS8 (DIC = 12.6) Gas 36 218 59 711 215 124 484 74 52 135 315 32 71 17 22 32
4,181,799 Water 0 0 4834 4750 14,944 15584 15556 13,224 12,111 15,018 14612 13966 14,157 14,867 15,102 13,592
Total Gas BS9 (DIC = 0.0) Gas 0 886 758 1000 1815 835 2144 535 307 262 1399 1701 655 874 648 1336
98,899 Water 0 0 0 46,234 54,069 52,623 28,351 23504 46,057 53,753 48,484 59,198 60904 57,258 53,517 53,812
BS10 (DIC = 18.8) Gas 172 595 526 2214 373 677 674 202 144 385 459 116 117 189 212 345
Water 0 0 46,236 24,836 11,040 29,749 25274 27,084 30,215 32,461 30,712 35,268 34,543 32,748 34,001 33,000
BS11 (DIC =9.9) Gas 117 264 284 215 218 175 556 124 141 495 376 57 60 73 93 174
Water 0 0 21,952 30,303 25920 24,872 25043 25,751 28,839 27924 29918 27971 25709 25972 21,500 25,763
Sun Dog Average
8"Cpic = 20.4
Water/Gas SD12 (DIC=21.1) Gas 4323 4934 3021 14,631 9389 3527 1506 0 0 25 428 2208 2228 2003 1631 3809
Ratio 6 Water 63,795 75,268 41,408 89,677 37,203 30,836 7779 0 0 0 55,537 20,329 0 59,619 0 86,098
Total Water SD13 (DIC =20.6) Gas 2022 2657 3280 4756 6086 2379 3501 2180 922 1895 3530 4590 5350 5564 4399 6429
4,148,692 Water 34,080 48,759 27,815 29,308 33,003 25,167 30,696 0 0 0 36,786 8121 0 35,131 0 30,618
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*Water is reported in barrels; gas is reported in thousand cubic feet; 5'>Cp,c values are in %o. WOGCC (2010).

(reported in barrels [bbl]), gas (reported in mil
(thousand) cubic feet [mcf]), depths of completion,
location, and well history were downloaded from
the WOGCC (2010) Web site. Cumulative water/
gas ratios were determined by dividing total water
(in bbl) by the total gas (in mcf) for the first 30
months of reported production. A structure con-
tour map was created by downloading and picking
Mesaverde Group formation tops from well logs
of all available Atlantic Rim CBNG or traditional
oil and gas wells (252 total wells downloaded from
the WOGCC [2010] Web site). The coalbed res-
ervoir enrichment map was created by interpolating
8'3Cpjc data through an inverse distance-weighted
raster using Environmental Systems Research In-
stitute (ESRI) spatial analysis software.

Geochemical Analysis

Anions were measured using ion chromatography.
Cations were measured using the inductively cou-
pled plasma mass spectrometric method. All cations,
anions, calculated total dissolved solids (TDS), and
alkalinity (as HCO;3) are recorded in milligrams
per liter. Batch samples were processed in sets of
10 or 20, along with one spiked sample, one spike
duplicate, and a secondary source control standard
to ensure the reproducibility of quality control stan-
dards. Alkalinity was measured using acid-based
titration methods.

Strontium Isotopic Analysis

Strontium was isolated from an unacidified sample
using Teflon columns filled with Eichrom Sr-Spec
resin, and the strontium isotopic composition was
determined by thermal ionization mass spectrom-
etry. The internal precision of 8’Sr/%°Sr isotopic
measurements is £0.00001. Analyses of the NBS
987 strontium standard measured during the course
of this study gave an average value of 8/Sr/%°Sr =
0.71026 + 0.00002 (2 standard deviations). Repli-
cates show that ®/Sr/®°Sr values are reproducible
within the uncertainty expected from the analysis
of standard NBS-987. All analyses were normalized
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Table 3. Continued

Months
Area and
Cumulative Data Samples 17 18 19 20 21 22 23 24 25 26 27 28 29 30 Total
Brown Cow Average
5BCD|¢ =22
Water/Gas BC1 (DIC =1.1) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 88
Ratio 3662 Water 0 0 2288 0 0 0 3418 0 1554 0 0 9554 19,546 16,209 184,296
Total Water BC2 (DIC =3.9) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
2,135,150 Water 7571 9516 12,130 12,325 8029 10,528 0 6203 20,109 31,821 33,214 33923 19,756 15,854 357,414
Total Gas 583 BC3 (DIC = 0.6) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 9930 9710 11,413 11,293 6464 9242 0 4921 23,792 39595 43,720 38,037 21,290 243 407,860
BC4 (DIC =1.1) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 0 0 909 0 0 0 0 0 0 11,552 35544 43,428 43,333 27984 372,014
BC5 (DIC = 5.1) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Water 0 0 0 0 0 0 0 0 0 4542 808 0 6247 4032 112,731
BCé6 (DIC = 1.3) Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 489 489
Water 0 17,402 39,531 30,633 26,897 24,758 27,163 27,788 33,236 21,445 28,750 14,189 33,831 24,251 700,835
Blue Sky Average
6”(.;"; =11.1
Water/Gas BS7 (DIC = 14.3) Gas 423 139 154 210 470 1602 3408 3220 1836 1244 466 4127 5628 1501 24,680
Ratio 42 Water 79,739 85,590 0 69,773 56,156 0 33546 33,182 23,353 8654 12,011 22,125 22,516 9917 1,426,900
Total Water BS8 (DIC = 12.6) Gas 27 98 90 60 68 83 97 68 101 61 64 67 40 82 3603
4,181,799 Water 0 17,423 14,735 16,042 0 17,021 15,795 0 17,751 17,257 17,397 7086 6671 15,727 345,222
Total Gas BS9 (DIC = 0.0) Gas 1875 2118 4077 3224 3198 3660 3772 3784 2782 1299 1347 971 1110 275 48,647
98,899 Water 57,074 0 55,027 46,055 47,003 0 56,859 55,204 0 44,700 50521 34,131 24,330 14,848 1,123,516
BS10 (DIC=18.8) Gas 240 600 300 225 862 802 759 515 293 323 312 419 145 196 13,391
Water 0 32,080 18,188 12,458 0 28,568 22,823 0 41916 33,332 27,268 14,649 10,853 6906 676,208
BS11 (DIC =9.9) Gas 144 410 353 334 367 409 472 447 565 445 302 379 203 326 8578
Water 0 28,824 25,007 25,165 0 31,554 25,953 0 19996 17976 15,632 20,082 12,250 20,077 609,953
Sun Dog Average
8Cpic = 20.4
Water/Gas SD12 (DIC=21.1) Gas 5231 3261 3508 2394 1058 2621 8292 8188 7193 7060 7169 4779 542 596 115,555
Ratio 6 Water 107,308 75,534 90,506 65,502 40519 76,759 104966 97,468 95067 93937 84,089 68,837 29,371 0 1,597,412
Total Water SD13 (DIC=20.6) Gas 6952 4819 5944 8525 7287 7223 8056 8956 7867 8408 8747 7690 6222 7754 163,990
4,148,692 Water 30,370 29,174 29,950 50,380 61,287 31,966 33,812 34,616 32,879 48,132 46,947 35018 25,058 0 829,073
Total Gas SD14 (DIC=22.8) Gas 7109 8224 10561 12,786 9680 11,680 12,480 12,847 11,779 12,156 13,578 10,724 7031 12,121 216,559
695,475 Water 53,281 54,360 59,024 56,499 50553 55,327 66991 61,644 32,863 25683 53,757 39,318 25715 0 973,253
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to an 39Sr/%8Sr value of 0.1194. Analytical blanks
were less than 0.2 ng, negligible compared with
sample sizes of at least 0.1 ug strontium. Strontium
concentrations are reproducible at the 1% level.

Carbon Isotopic Analysis

For the analysis of dissolved inorganic carbon (DIC),
samples were passed through a Cameo 0.45-um
nylon prefilter attached to a 60-mL Luer-Lok sy-
ringe. The filtered sample was transferred in 30-mL
Wheaton glass serum vials with Teflon septa and
crimp sealed with aluminum caps. Approximately
2 to 3 drops of benzalkonium chloride were added
to each vial to halt metabolic activity. The §'3Cpc
of samples was analyzed using a continuous-flow
isotope ratio mass spectrometer system. This sys-
tem comprises a GasBench-II device coupled to a
Finnigan DELTA Plus mass spectrometer. The
reproducibility and accuracy were monitored by
replicate analysis of samples and internal labora-
tory standards and were more than +0.1%o. The
53 Cpic values are reported in per mil relative to
the Vienna Peedee Belemnite standard.

RESULTS

Data for well samples are presented in Table 1;
geochemical and isotopic analyses for Atlantic Rim
stream and spring samples are presented in Table 2;
and production data for CBNG wells are presented
in Table 3. Additional geochemical data, includ-
ing minor ion concentrations and stable isotopic
analysis of oxygen and deuterium, are available in
McLaughlin (2009).

Muddy Creek Samples

Muddy Creek has Ca-HCOs-type water chemistry
(Figure 2; Table 2). The 8St/*°Sr values from Muddy
Creek samples have the highest values of all Atlantic
Rim samples, ranging from 0.71152 to 0.71222 and
averaging 0.71198 (Figure 3; Table 2). The §3Cp;c
were negative, averaging —7.5%o (Figure 4).
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Figure 2. Trilinear plot of Atlantic Rim
spring and stream samples. Two distinct
populations are visible; those samples
that are dominantly calcium-magnesium-
sulfate or those that are dominantly sodium-
bicarbonate. Data from Table 2.

Surface Water samples:
O Muddy Creek

® Mesaverde Group

¢ Steele Shale

¥ Sand Hill

B Depleted Lewis Shale

O Enriched Lewis Shale

Atlantic Rim Spring Samples

Spring samples have been subdivided into Mesa-
verde Group, Lewis, Steele, and Sand Hill springs
based on the geologic location of discharge, not the
geologic unit from which they are sourced. This is
especially pertinent for Lewis Shale springs, and
these samples have been further subdivided based
on whether they have depleted or enriched 6" Cpyc
values (which will be covered in detail in the Dis-

Figure 3. Strontium (Sr)

cussion). Some of the latter springs emit methane as
well as water.

Mesaverde Group Springs

Most Mesaverde Group springs yielded Ca-Mg-
SO4~type water, whereas RFC11 and RFC17 have
Na-SO4-HCOs-type waters and RFC3 has Na-
HCOs-type water (Figure 2; Table 2). Mesaverde

Atlantic Rim CBNG samples
=

isotopic compositions of

stream, spring, and coal-
bed natural gas (CBNG)

well water samples. Data
from Table 2.
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(Simpkins and Parkin, 1993;
Botz et al.,, 1996; Whiticar,
1999; Sharma and Frost,
2008). Data from Table 2.
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Group springs have the highest 8/Sr/%°Sr of all
spring samples, ranging from 0.71075 to 0.71174
and averaging 0.71114 (Figure 3; Table 2). Me-
saverde Group springs have the lowest §'*Cp;c of
all samples, averaging —11.5%o (Figure 4).

Steele Shale Springs

The Steele Shale spring has Ca-Mg-SO 4~type water
chemistry (Figure 2; Table 2). 8’Sr/%Sr is 0.70969
(Figure 3). The §'3Cpyc value for the Steele Shale
spring is negative, at —9.2%o (Figure 4).

Sand Hill Springs

Sand Hill springs are primarily Ca-Mg-HCOz-type
water (Figure 2; Table 2). The ®'Sr/*Sr values of
Sand Hill springs range from 0.70934 to 0.71012
and averages 0.70988 (Figure 3). The 6'3Cpyc val-
ues were negative, averaging —9.0%o (Figure 4).

Depleted Lewis Shale Springs

All Lewis Shale springs yield Na-HCOs-type wa-
ters (Figure 2; Table 2). The five depleted Lewis
Shale spring samples with negative §'3Cp;c (within
the range of typical groundwater) have the lowest

| |
15%o 20 %o 25 %o

Yoo

Belemnite.

87S1/%0Sr of all spring samples, ranging from 0.70867
t0 0.70911 and averaging 0.70877 (Figure 3). The
83Cpic values were negative, averaging —7.3%o
(Figure 4).

Enriched Lewis Shale Springs

Nineteen of the sampled springs from the Lewis
Shale have 8'3Cpyc values that are higher than ex-
pected for typical groundwater (Figure 4). Among
these are 13 samples from springs that were ob-
served to bubble methane. The 6! Cp;c were mostly
positive, averaging +5.2%o, and are the highest
613Cpc of all Atlantic Rim springs (Figure 4;
Table 2). Enriched Lewis Shale springs emit Na-
HCOs5—type waters and have ®’Sr/%°Sr values that
range from 0.70821 to 0.71053 and average 0.70963
(Figure 3; Table 2).

Coalbed Natural Gas-Produced Water

Samples from Atlantic Rim CBNG wells have Na-
HCOs5-type waters (Figure 5; Table 1). The ®’Sr/
86Sr values of CBNG wells range from 0.70896 to
0.71208 (Figure 3). The '3 Cpyc values were pos-
itive, ranging from +0.0 to +22.8%o0 (Figure 6).
Sun Dog wells have the highest average 6'*Cpic
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Figure 5. Piper diagram of Atlantic Rim
CBNG samples. Data from Table 1.
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of +20.4%o, and Brown Cow wells have the low-
est average 8 °Cpjc of +2.1%o. Of the samples
from the Blue Sky pod, sample BS9 has the lowest
513CDIC of +0.0%eo.

DISCUSSION

Geochemical and Isotopic Characterization of
the Surface Water and Groundwater of the
Atlantic Rim

The initial motivation for this study was to perform
a baseline characterization of the surface water and
groundwater in the study area, against which any
changes related to CBNG development could be
assessed. Water chemistry, strontium isotopic ratios,
and the carbon isotope signature of dissolved or-
ganic carbon were chosen as suitable parameters
for this characterization for the reasons subsequently
discussed.

Water Chemistry

The CBNG waters from nonmarine deposits in
Wyoming have distinctive Na-HCOs—type water
chemistry (Van Voast, 2003; Brinck et al., 2008).
The CBNG waters from deep basins and/or marine
deposits, like those of the Atlantic Rim, commonly
contain a mix of Na-HCO3 and Na-Cl-type waters
(Pashin etal., 1991; Ayers and Kaiser, 1994; Pashin,
2007; McLaughlin, 2009). Regardless of sediment
type, fully established CBNG waters are defined
by the geochemical reactions and methanogenic-
related biological processes that effectively elimi-
nate calcium, magnesium, and sulfate, and increase
the concentrations of dissolved CO, and sodium
(Van Voast, 2003; Brinck et al., 2008). Ground-
water and surface water not associated with CBNG
can have a wide range of water chemistry compo-
sitions, which is seen in the aquifers of Carbon
County, Wyoming (Clarke, 1916; Van Voast, 2003;
Bartos et al., 2006).

Strontium Isotopes

Natural waters acquire strontium by dissolution of
minerals or ion exchange reactions on mineral and
rock surfaces; hence, strontium isotopic ratios rep-

resent a record of water-rock interaction (Collerson
et al., 1988; Banner et al., 1994; Frost and Toner,
2004). Variations in ®’Sr/*°Sr of surface water and
groundwaters reflect natural variations in the com-
position of geologic materials with which they in-
teract. Isotopic variations arise because of radiomet-
ric decay of 8'Rb to ®’Sr (half-life, 48.8 billion yr).
Rocks and minerals that have high Rb/Sr ratios will
develop higher ®Sr/%°Sr with time; rocks and min-
erals that are younger, or have low Rb/Sr ratios, will
have lower ®’Sr/*°Sr. The ®’St/*°Sr of groundwater
is not affected by evaporative fractionation or di-
rectly by precipitation, and the precision of the
87Sr/%5Sr analysis (£0.00001) allows for the detec-
tion of small variations in surface water and ground-
water composition (Frost and Toner, 2004).

Carbon Isotopes

Dissolved inorganic carbon is the primary inor-
ganic form of carbon in most natural waters and is
composed of three major species: H,CO3, HCOg,
and CO3™~ (Clark and Fritz, 1997). The two pri-
mary sources of DIC in natural waters are CO,
derived from decaying organic matter and carbon-
ate rock dissolution (the contribution of atmospheric
CO, being negligibly small) (Mook and Tan, 1991;
Clark and Fritz, 1997). The averages of the two
contributing end members, that is, soil CO, and
carbonate rocks, are approximately —25 and 0%,
respectively. In a moderately vegetated temperate
drainage such as that found in Wyoming, §'*Cp;c
values in typical groundwater and surface water
range from approximately —7 to —14%o (Figure 3)
(Mook and Tan, 1991; Clark and Fritz, 1997; Sharma
and Frost, 2008; McLaughlin, 2009).

Highly enriched 6'3Cpyc values of +10 to +30%o
are documented only in reduced, organic-rich, hy-
draulically confined reservoirs where bacterial meth-
anogenesis continually fractionates DIC species via
acetate fermentation (CH;COOH—CH, +CO,)
and/or CO> reduction (CO, + 4H,—CH,4 + 2H,0)
(Simpkins and Parkin, 1993; Scott et al., 1994; Botz
et al.,, 1996; Martini et al., 1998; Whiticar, 1999;
Hellings et al., 2000; Aravena et al., 2003; Pitman
et al., 2003; MclIntosh et al., 2008; Sharma and
Frost, 2008). The process of §'3Cpjc enrichment
is well recognized in CBNG reservoirs. Highly
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enriched carbon ratios, attributed to increased ac-
tivity levels of bacterial methanogenesis within the
reservoir, were recorded in bituminous Pennsylva-
nian coals in the Black Warrior Basin, Alabama
(Pitman et al., 2003). Enriched 6'3Cpyc values be-
tween +2.8 and +13.1%o were measured in CBNG
water samples from Pennsylvanian bituminous coals
in the Forest City Basin, Kansas (McIntosh et al.,
2008). In Wyoming, CBNG water samples from
subbituminous Tertiary coals in the Powder River
Basin have enriched 6'3Cpc values of +12 to
+22%o (Sharma and Frost, 2008).

Stream Samples

Because precipitation has very low strontium con-
tents, most of the strontium in surface waters is
acquired through interaction with soil and rock
(Frost and Toner, 2004). Therefore, the 8’Sr/%°Sr
of Muddy Creek samples reflects interaction with
geologic materials in the drainage. Precambrian
granites and gneisses from the western slope of the
Sierra Madre have present-day 8’Sr/%0Sr values that
range between 0.71725 and 0.93989 (Souders and
Frost, 2006). The high ®’Sr/*°Sr of Muddy Creek
samples indicates an influence from these Precam-
brian rocks. As Muddy Creek traverses Cretaceous
outcrops, the %/Sr/%°Sr of the samples becomes
progressively lower both because of interaction with
less radiogenic minerals and by input of ground-
water with relatively low 3/Sr/%°Sr. This is illus-
trated by Mesaverde Group spring sample RFC17,
which enters Muddy Creek downstream from
RFC30 and contributes a lower ®’Sr/*°Sr value to
the stream (Figure 1; Table 2).

The 6"3Cpic values of Muddy Creek samples
are negative, averaging —7.5%o, within the range
of typical groundwater and surface water found
in Wyoming. Low 6'3Cpic, TDS, and the Ca-
HCOs-type water chemistry of Muddy Creek sug-
gest no influence of methanogenically enriched
water (Table 2).

Mesaverde Group Springs

Relative to other Atlantic Rim springs, Mesaverde
Group spring waters are distinguished by high
87S¢/%°Sr, similar to Muddy Creek samples (Figure 3).
Water with high %Sr/*°Sr from Sierra Madre—sourced

drainages and creeks, like that in Muddy Creek,
infiltrate and recharge reservoirs in the Mesaverde
Group. Geochemical characteristics of Mesaverde
Group springs suggest a relatively short ground-
water residence time, such that limited intro-
duction of unradiogenic ®’Sr/%6Sr from reservoir
minerals and insufficient transit time for sulfate
reduction and acquisition of sodium for most sam-
ples occurred.

The 6"3Cpic values of the Mesaverde Group
springs sampled are negative, averaging —11.6%o,
indicating that no influence of methanogenically
enriched water (Figure 4). This is corroborated in
the water chemistry of Mesaverde Group springs,
which are primarily Ca-Mg-SOy4-type water, a
composition which is atypical of CBNG-produced
water (Van Voast, 2003; Brinck et al., 2008).
Mesaverde Group spring RCF3 is an exception
because RFC3 has Na-HCOs-type water nearly
devoid of Ca-Mg-SOy, a characteristic of geo-
chemically evolved Atlantic Rim CBNG-produced
waters and depleted and enriched Lewis Shale
springs. The 6'3Cpjc of RFC3 is —9.3%o, more
enriched than other Mesaverde Group spring sam-
ples (Table 2). The RFC3 sample is located less
than 1000 ft (305 m) from three depleted Lewis
Shale springs near the contact of the Mesaverde
Group and the Lewis Shale (Figure 1). Although
radiogenic ®’Sr/*°Sr of RFC3 is comparable to other
Mesaverde Group springs (0.71077), its geochem-
ical properties are most similar to the evolved water
of adjacent depleted Lewis Shale springs (Figure 2,
Table 2). RFC11 and RFC17 are primarily Na-HCO3
but still contain Ca-Mg-SO,, indicating that they
have experienced geochemical evolution, although
to a lesser degree than RFC3 (Figure 2; Table 2).

Steele Shale Spring

The Steele Shale spring is located near the head-
waters of Cow Creek, close to the contact of the
Steele Shale and Mesaverde Group (Figure 1). The
negative §'3Cpyc value (=9.2%o) of the Steele Shale
spring, along with a Ca-Mg-HCOs-type water
chemistry, indicates that no influence of methano-
genically enriched water occurs (Figures 2, 4). Its
87Sr/8°Sr value (0.70969; Table 2; Figure 3) falls
between the range of Mesaverde Group and depleted
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Lewis Shale springs and may reflect introduction of
minerals with low ®/St/*°Sr from the shale.

Sand Hill Springs

The unconsolidated eolian material of the Sand
Hills has a high permeability, and recharge is likely
a combination of direct infiltration of meteoric
waters and discharge from the underlying Lewis
Shale and/or Mesaverde Group reservoirs. Four
Sand Hill springs were sampled: two samples (SHO
and RFC13) from the interior of the dune field and
two samples (SS1 and SS2) at the base of the dune
field (Figure 1).

Sand Hill springs have intermediate ®’Sr/%°Sr
values relative to Mesaverde Group and Lewis Shale
springs, possibly indicating a contribution of stron-
tium from both of these formations, or as a result of
the foreign wind-blown minerals that constitute the
dunes (Figure 3).

The 6"3Cpic of Sand Hill springs is negative,
indicating little or no influence from methano-
genically enriched water (Figure 4; Table 2). Sand
Hill springs have Ca-Mg-SO,-type water, similar
in composition to Mesaverde Group springs but
with lower sodium, chloride, and sulfate, possibly
indicating dilution by precipitation (Table 2).

Depleted Lewis Shale Springs

Depleted Lewis Shale springs were sampled in the
southern part of the study area, approximately 1.9 mi
(3 km) from the Brown Cow pod (Figure 1). The
83 Cpic values of depleted Lewis Shale springs
are negative and reflect values expected of typical
groundwater. Depleted Lewis Shale springs are de-
fined by low 3/Sr/®5Sr values, from 0.70867 to
0.70911, which suggests a flow path through soils
and rock that differs from the flow path of high
87Sr/°Sr waters that feed Mesaverde Group springs
(Figure 3; Table 2). The Na-HCO5 composition of
all Lewis Shale springs suggests that the water has a
sufficiently long subsurface residence time, during
which sulfate reduction has occurred and calcium
and magnesium have precipitated.

Enriched Lewis Shale Springs
The carbon isotope signatures of enriched Lewis
Shale springs are elevated relative to typical ground-

water values, averaging +5.2%o (Figure 4; Table 2).
This indicates that water feeding enriched Lewis
Shale springs has undergone enrichment by meth-
anogenic bacteria, which is consistent with the
presence of methane that is discharged from some
of these springs (Figure 4).

The carbon isotopic enrichment of the water
in these springs could have occurred in either of
two reservoirs: in the organic-rich coal beds of the
underlying Mesaverde Group or within organic-
rich strata of the Lewis Shale itself. The Mesaverde
Group source is more likely for several reasons.
Enriched Lewis Shale springs have a Na-HCOs—
type water composition and high levels of TDS,
sodium, chloride, and bicarbonate that are similar
to Mesaverde Group CBNG samples (Figures 2, 5;
Tables 1, 2). Enriched Lewis Shale springs have
highly variable ®’Sr/*°Sr values as do Atlantic Rim
CBNG wells (Figure 3; Tables 1, 2). These springs
are located at, or near, subsurface Mesaverde Group
structural highs and/or faults and in topographic
lows hosting drainages, mostly along Cow Creek
and Wild Cow Creek (Figure 1). They are located
near the contact between the Lewis Shale and the
Mesaverde Group in places where the Lewis Shale
is relatively thin (Figure 1). Nearby outcrops of
competent Mesaverde Group sandstone rise up to
several hundred feet above the soft truncated shale
of the Lewis Shale. The geochemical character-
istics, structural relationship, and hydrologic gra-
dient between the formations suggest that enriched
Lewis Shale springs are the surface expression of
groundwater sourced within Mesaverde Group res-
ervoirs. However, geochemical, structural, and to-
pographic relationships are not the only evidence
for the source of enriched Lewis Shale springs.

Both depleted and enriched Lewis Shale springs
were sampled from the base of the Lewis forma-
tion, which has a low capacity for migrating fluids
and is an unlikely reservoir to continuously accu-
mulate and discharge groundwater and methane gas
(Figure 1) (Roehler, 1990; Hettinger and Roberts,
2005; Bartos et al., 2006). Furthermore, both de-
pleted and enriched Lewis Shale springs were
sampled from similar lithologies within the strati-
graphic base of the formation, but only one set of
springs indicated enrichment by methanogenic
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bacteria (Figure 4; Table 2). This either indicates
that fluids in the Lewis Shale are subjected to an
undefined heterogeneous process of preferential
carbon isotope enrichment, or that they were en-
riched in a different organic-rich reservoir and have
migrated.

The geochemical characteristics, natural hydro-
logic gradient and structural relationships, existence
of springs emitting water and gas in a formation
with a low capacity for fluid transmission, and pres-
ence of springs in the Lewis Shale that are both
depleted and enriched in isotopes of DIC all sug-
gest that fluids emanating from enriched Lewis
Shale springs do not originate within the Lewis
Shale, but instead are sourced, at least in part, from
coalbed reservoirs in the underlying Mesaverde
Group. These same data also suggest that depleted
Lewis Shale springs are sourced from Mesaverde
Group reservoirs, although from reservoirs that are
not methanogenically enriched. Mesaverde Group
spring sample RFC3 is both proximal and geo-
chemically similar to depleted Lewis Shale springs
and represents water from a Mesaverde reservoir
that likely supplies depleted Lewis Shale springs
(Table 2).

Regarding the source of the gas in enriched
Lewis Shale springs, methanogenic processes in lo-
cal Mesaverde Group coal beds both enrich the
carbon isotopic composition of the water and also
emplace methane into the reservoir. The local un-
derlying Mesaverde CBNG reservoir may be influ-
enced by natural variations in near-surface hydrau-
lic pressures, resulting in the desorption of the gas
from the coal bed and migration and discharge of
the gas through existing flow paths.

Synopsis of Atlantic Rim Springs

Atlantic Rim springs with radiogenic strontium and
Ca-Mg-SO4~type major ion chemistry identify wa-
ter that has not undergone sulfate reduction and is
therefore relatively young (Brinck et al., 2008).
Spring water with unradiogenic strontium and Na-
HCOs-type major ion chemistry emerges from
the Lewis Shale in the southern part of the study
area, indicating that these springs are fed by more
geochemically evolved water that has undergone

sulfate reduction. Enriched Lewis Shale water has
Na-HCOs-type major ion chemistry and more ra-
diogenic strontium ratios.

Most Atlantic Rim springs have §'3Cpc val-
ues that fall within the range of typical ground-
water and surface water and record normal geo-
chemical interactions and processes. Enriched Lewis
Shale springs are an exception as they have §'>Cp;c
values indicative of enrichment by bacterial meth-
anogenesis (Figure 4).

Actively bubbling methane springs are likely
sourced from Mesaverde Group coalbed reser-
voirs. The amount of methane emitted from these
springs fluctuates; the principal author observed
various amounts of gas, from zero gas emissions to a
“rolling boil,” discharging from the same spring
during multiple visits for two field seasons. The
variability of gas emissions may be related to local
variations in hydrostatic pressure of near-surface
coalbed reservoirs or the variability of gas influx
from saturated reservoirs. Because fluids feeding
these springs are at least partially sourced from
Mesaverde Group coalbed reservoirs, enriched
8'3Cpic springs could potentially be influenced by
CBNG production.

The Application of 5'>Cpc for Characterizing
Coalbed Natural Gas Reservoirs

The second goal of this study was to determine the
extent to which carbon isotopic tracers in produced
water can guide CBNG development to those areas
where gas production is maximized and water pro-
duction is minimized. Positive §'3Cpc of CBNG-
produced water indicates that bacterial methano-
genesis is associated with these waters (Figure 6;
Table 1). However, a significant range in 6'>Cpyc
exists in Atlantic Rim CBNG samples, which pro-
vides additional information about the potential
for CBNG production from individual wells and
related reservoirs (Figure 6).

Theoretically, because CBNG production tar-
gets the same Mesaverde Group coal beds reservoirs
across the Atlantic Rim, the §'*Cpyc values of pro-
duced waters should be comparable that is to say,
Mesaverde Group coal beds that correlate strati-
graphically and have similar depths and structural
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settings should result in reservoirs wherein coalbed
water has undergone similar §'*Cpjc enrichment.
This is not the case in Mesaverde Group coalbed
water (Figure 6; Table 1). Most noticeably, all
CBNG wells from the Brown Cow pod have rela-
tively low 63 Cpyc (Figure 6; Table 1). Wells from
the Blue Sky pod have a high relative variability of
carbon enrichment: peripheral wells BS7 and BS10
are more enriched than wells in the center of the
pod (BS8, BS9, and BS11) (Figure 6; Table 1). This
indicates that water from coalbed reservoirs of the
Brown Cow and some Blue Sky wells, although
enriched compared with typical depleted ground-
water, are either associated with less active metha-
nogenic bacteria than other Atlantic Rim CBNG
samples or these samples have been diluted with
light depleted 6'3Cpyc water. If dilution is the ex-
planation for the low 83 Cpjc of these samples,
then applying a simple binary mixing calculation
using enriched 6'3Cpjc from Sun Dog wells and
depleted 6'3Cpjc from Mesaverde Group springs
suggests that the proportion of depleted §'3Cp;c
water produced from these wells is approximately
between one-half and three-fourths.

In addition to the lower §'3Cpyc values, the
water chemistry of Brown Cow, BS8, BS9, and
BS11 samples differs from other produced water
samples (Figure 5; Table 1). The TDS content is
lower, and bicarbonate, chlorine, and sodium con-
centrations in these wells are more similar to At-
lantic Rim springs than to other produced water
samples (Tables 1, 2). The lower §'*Cp;c and wa-
ter chemistry values of Brown Cow wells, BSS,
BS9, and BS11 suggest the influence of a hydraulic
connection to other depleted groundwater or sur-
face water sources.

Structural analysis of the Mesaverde Group in
the subsurface indicates that the reservoirs of At-
lantic Rim CBNG wells with relatively low '3 Cp;c
have been influenced by faulting and fracture sys-
tems. An unsealed fault in the subsurface can create
a pathway for fluid migration. Although no mapped
surface expressions of faulting in the area of the
Brown Cow and Blue Sky wells exist (Figure 1), a
subsurface structure contour map of the Mesaverde
Group identifies multiple faults, the largest being a
normal fault located just west of sampled Brown

Cow wells (Figure 8). This fault has nearly 1000 ft
(305 m) of vertical throw and has offset Mesaverde
Group coalbed reservoirs, providing the mechanics
for an unconfined hydrologic system. If the fault is
nonsealing, it may provide a pathway for isotopi-
cally depleted water to migrate into the reservoir
from above or below, resulting in samples that have
less brine and a lessened methanogenic carbon iso-
tope signature (Figure 7C).

Unlike Brown Cow wells, all of which have
comparable water characteristics, samples at the
center of the Blue Sky pod are isotopically and
chemically distinct from the water of peripheral
Blue Sky wells (Figure 1; Table 1). The structure
contour map identifies two faults striking north-
south through the center of the sampled Blue Sky
wells, which become progressively enriched with
regard to 6'3Cpjc the farther they are positioned
from the faults (Figures 1, 7B, 8). Well BS9, lo-
cated between the faults at the center of the Blue
Sky pod, has a 6'3Cpjc of +0.0%0, whereas wells
to the east and the west of the fault have en-
riched 6'3Cpyc of +14.3 and +18.8%o, respectively
(Figure 7B; Table 1). Analyte concentrations also
increase with distance from these faults (Table 1).
This suggests that CBNG reservoirs in the Blue
Sky pod are partially confined or unconfined as a
result of faulting (Figure 7B), allowing water with
isotopically light carbon compositions and lesser
amounts of brine to mix into the coalbed reservoir.

Although samples in the Doty Mountain and
Sun Dog pods do not have the degree of isotopic
variation recorded in Brown Cow and Blue Sky wells,
evidence exists that §'>Cpyc values in these pods
also define attributes related to hydraulic confine-
ment. Analysis of §'3Cpjc values in Doty Mountain
wells and the structure contour map indicate that
the coalbed reservoirs of sample DP18 could be
partially confined or unconfined as a result of fault-
ing. The deepest sampled well in the pod, DP18 has
the lowest measured 8'3Cpc value of all Doty
Mountain wells and is located less than 250 ft (76 m)
from a fault (Figure 8; Table 1). When compared
with the nearest Doty Mountain wells, the lower
S5B3Cpyc values, as well as lesser concentrations of
analytes, of DP18 suggest that water with isotopi-
cally light carbon compositions and lesser amounts
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Table 1.

of brine has been introduced into the coalbed res-
ervoir, possibly along the fault (Figure 8; Table 1).

All Sun Dog wells are isotopically enriched
with regard to carbon relative to most other Atlantic
Rim wells (Figure 6; Table 1). Sun Dog wells are
located on the crest of a broad anticline and are
not associated with any faults (Figures 7A, 8). Al-
though Sun Dog wells are completed at similar
depths and intervals to Brown Cow wells, they have
much higher 6'3Cpjc values and analyte concen-
trations (Table 1). This suggests that Sun Dog

coalbed reservoirs have not mixed with isotopi-
cally light lower brine water, and that these res-
ervoirs are nearly or wholly confined (Figure 7A).

The Application of 5'>Cp,c for Analyzing
Coalbed Natural Gas Production Potential

We have suggested that 6'3Cpyc in Atlantic Rim
CBNG wells can be used to indentify hydraulically
confined CBNG reservoirs. This capability alone
makes 6§'3Cpyc a significant coalbed reservoir and
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CBNG analysis tool, but further evidence suggests
that §'3Cpjc analysis can be applied to help eval-
uate the production potential of a CBNG field like
the Atlantic Rim.

Atlantic Rim CBNG wells record a correlation of
the amount of produced gas with §'3Cp;c (Figure 9;
Table 3). Gas production was analyzed for the first
30 months of reported data for each Atlantic Rim
CBNG well sample (Table 3). Sun Dog well sam-
ples have the highest §'3Cp;c and produced the
most gas, whereas Brown Cow well samples have
the lowest §'3Cpyc and produced little or no gas

(Figure 9; Table 3). Figure 9 shows that Sun Dog
wells and most Blue Sky wells generate gas im-
mediately after water production begins, although
the low 6'3Cpyc Blue Sky wells have produced less
gas than high 6'3Cp;c Sun Dog wells. Unlike Sun
Dog and Blue Sky wells, most Doty Mountain wells
do not generate gas immediately. However, they
do produce more gas than Blue Sky wells after 24
months, indicating that with time, the hydraulic
pressure of Doty Mountain CBNG reservoirs can
be effectively lowered to promote the desorption
of gas (Figure 9; Table 3).

B Brown Cow samples
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® Sun Dog samples
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Atlantic Rim CBNG pods also record varia-
tions in cumulative water/gas ratios. These corre-
late strongly with 6'3Cpjc, which is best illustrated
by comparing Brown Cow and Sun Dog pods
(Figure 10; Table 3). Both well sets were com-
pleted in 2004 and 2005 at similar depths and
completions (Table 1). Brown Cow well samples
have the lowest §'3Cpc values and the highest
cumulative water/gas ratios (Figure 10; Table 3).
Sun Dog well samples have the highest §'3Cp;c
and lowest cumulative water/gas ratios and are the
most efficient and productive CBNG wells sam-
pled in the Atlantic Rim.

Doty Mountain wells have the second highest
513Cpjc enrichment values and have the second
lowest cumulative water/gas ratios (Figure 10;
Table 3). Geochemical data indicate that most of
Doty Mountain wells appear to be completed in
confined reservoirs, and over time, the cumulative
water/gas ratios of Doty Mountain wells have low-
ered (Table 3). Currently, Doty Mountain wells are
second only to Sun Dog wells in the amount of gas
they produce (WOGCC, 2010). Although Blue
Sky wells produced more gas than Doty Mountain
wells during the first 2.5 yr of production, they
also produced more than three times the amount
of water (Figures 9, 10; Table 3). As previously
described, the low 6'3Cpjc values of interior Blue
Sky wells suggest that these reservoirs are not as
hydraulically confined as Doty Mountain reservoirs,
and as a result, more water was produced to effec-
tively desorb the gas.

A correlation between water/gas ratios, produc-
tion potential, efficiency, and 6'3Cpyc is predicted:
5B Cpjc should be less enriched in coalbed reser-
voirs that are hydraulically connected to multiple
water sources with isotopically light carbon com-
positions. An unconfined coalbed reservoir is likely
to produce more water during CBNG production
than a confined coalbed reservoir, because the hy-
draulic pressure of multiple connected reservoirs
would need to be reduced to promote CBNG
desorption. Sun Dog wells, which have highly en-
riched 63 Cpyc values and low cumulative water/
gas ratios, appear to be producing from confined
coalbed reservoirs (Figures 7A, 10; Table 3). Brown
Cow wells, which are not as enriched regarding

6'3Cpic and have high cumulative water/gas ratios,
are likely producing from partially confined or un-
confined coalbed reservoirs (Figures 7C, 10; Table 3).

Using 63 Cpic may help producers determine in
which geographic areas coalbed reservoir water has
undergone the most biologic methanogenic activ-
ity and/or those coalbed reservoirs that are con-
fined. A contoured 6'*Cpc map highlights the re-
gional coalbed reservoirs with the greatest §'>Cpyc
enrichment (Figure 11). These highly enriched res-
ervoirs are also the areas of peak CBNG produc-
tion (Figure 11; Table 3) (WOGCC, 2010). Based
on coalbed reservoir methanogenic enrichment
trends, the northern segment of Dry Cow Creek
has the highest potential for efficient CBNG pro-
duction, and the southern areas of the Atlantic Rim
show lesser potential for efficient CBNG produc-
tion (Figure 11). Figure 11 also highlights the ef-
fects of faulting on enrichment trends, particularly
in Blue Sky and Brown Cow wells. Note that all
Brown Cow and Blue Sky wells have now been
shut (WOGCC, 2010). We suggest that mapping
83 Cpyc distributions would provide useful infor-
mation for planning CBNG development.

Limitations of 6'3Cp,c in Coalbed Natural
Gas Analysis

The enrichment of §'3Cpyc is directly related to
bacterial methanogenesis. The generation of ther-
mogenic gas will not enrich DIC ratios, and §'*Cpyc
characterization is inapplicable in CBNG reservoirs
that are exclusively thermogenic. Current models
represent the Atlantic Rim as a mixed gas coalbed
reservoir, where both thermogenic and biogenic gas
are present, but only biogenic gas is fingerprinted
by 6'3Cpic of produced water. The 6'3Cpyc alone
cannot identify which specific isotopically light
reservoirs are in communication with coalbed res-
ervoirs. Water quality, strontium isotopic compo-
sitions, well logs, and geologic interpretation of
likely reservoirs may aid in distinguishing these
r€Servoirs.

Recall that §'3Cpyc analysis records the char-
acteristics of the produced water at the time the
wells were sampled. An important area of future
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research is to document the evolution of §'3Cp;c
in individual wells over time so we can understand
and relate any changes in water and gas produc-
tion, as well as integrate the effects of operational
procedures (i.e., completion and drilling tech-
niques, pump efficiencies, etc.) on §'3Cpjc values.
For a better understanding of methane genesis,
emplacement, and migration in Atlantic Rim coal
beds, it would be useful to integrate isotopic data
from gas analysis into future research, data which
were unavailable for this study. In this study, we
establish the value of using isotopic geochemistry
of CBNG waters to characterize the nature and
confinement of CBNG reservoirs; future research
will explore additional aspects of gas production.

CONCLUSIONS

This study used major ion geochemistry, ®’Sr/*°Sr,
and 6'3Cpjc of surface water and groundwater to
characterize the hydrology of the Atlantic Rim in
Wyoming. The 6§*Cpjc in CBNG-produced water
was used to identify Atlantic Rim CBNG reservoirs
that have good hydrologic potential for efficient
natural gas production.

Strontium isotopic composition and major ion
geochemistry of surface water identified two distinct
populations. Stream water and Mesaverde Group
springs have Ca-Mg-SO4~type water and higher
87Sr/%0Sr values. Lewis Shale samples have sulfate
reduced, Na-HCO3-type water and low ®/Sr/%°Sr
values.

An enriched 6'3Cpyc identifies groundwater
in which biogenic production of methane has oc-
curred. The 63 Cpic of groundwater that is not
associated with methanogenesis has ratios of -7
to —15%o, whereas water coproduced with coal-
bed natural gas has ratios as high as +23%o. One
group of Atlantic Rim springs have positive §'>Cpyc:
enriched Lewis Shale springs have Na-HCOs-
type water, and some of them emit methane. En-
riched Lewis Shale springs have higher TDS (800-
4000 mg/L) than springs with negative 6'3Cpjc
(TDS typically <1000 mg/L). These springs occur
together in clusters updip of the CBNG produc-

tion areas. The variations in abundance of methane
emerging from these springs may be related to
local variations in hydrostatic pressure of the near-
surface methane-bearing reservoirs or influx from
other gas-saturated coalbed reservoirs.

Although water produced with CBNG exhibit
a wide range of ®’Sr/%°Sr values, all are Na-HCO5—
type water with relatively high TDS (>1000 mg/L)
and positive §'3Cpjyc. These data suggest that the
water-rock interaction along subsurface flow paths
resulted in different mean ®/Sr/®°Sr, but that all
CBNG water underwent sulfate reduction and
methanogenesis. Water samples from wells with
low water/gas ratios have the highest §'*Cp;c and
produce the most gas. Water samples from wells
with lower, although still positive, 5'3Cpyc values
reflect the addition of isotopically light water from
other reservoirs. Structure contour mapping of the
Mesaverde Group identifies faults in proximity to
low 6'3Cpic wells. The results of this study indi-
cate that geochemical and isotopic analyses, partic-
ularly analysis of §'*Cpyc, help to identify Atlantic
Rim CBNG reservoirs with the highest potential
for natural gas production while minimizing un-
necessary water production.
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