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Abstract

Initial analyses of noble gas isotopes, major element isotopes, and gas composition data from high carbon dioxide (CO,) natural gas samples at the La
Barge Platform, Wyoming, USA, indicate that the CO, has a strong crustal signature. This finding is in line with geochemical, mineralogical, and fluid
inclusion analyses that suggest that inorganic thermochemical sulfate reduction (TSR) is the source of La Barge's CO,. Isotopes of noble gases released
from hydrocarbons during TSR carry the isotopic signature of the air-saturated seawater and crustal environment of the hydrocarbon source rock. Helium
isotope ratios reported relative to their concentrations in air ranged from 0.077 to 0.085 (R/Ra); these values as well as those of neon and argon indicate
crustal origin. La Barge Platform is the largest source of CO; used in enhanced oil recovery (EOR) at oil and gas fields across the northern Rocky
Mountains. The field is located in southwestern Wyoming, west of the towns of Big Piney and La Barge. The field produces natural gas (21% average)
and CO;, (65% average) from the Mississippian-age Madison Limestone. In this initial round of sampling, three gas samples were collected from 14,500
to 16,500 feet of depth at three different well heads. These results are an initial effort towards describing the total CO, system at La Barge; this includes
source, reservoir extent, connectivity, and differentiability or fingerprinting. CO, generated from TSR is chemically related to the source hydrocarbon and
its total petroleum system. Noble gas isotope analyses may be another tool in defining extents and tracing migration in total petroleum systems and
associated CO, systems.
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Introduction Discussion Conclusions

Abstract Gas composition 1) Noble isotope geochemistry from LaBarge provides evidence of petroleum
Initial analyses of noble gas isotopes, major element isotopes, and gas composition data from high carbon dioxide (CO,) natural gas samples at the Gas composition (mole %) in the Madison Limestone at LaBarge is approximately 65% CO,, 24% CH,, 7% N,, 3% H.S and 0.7% He, (table 1) and in line with numbers reported by Stillwell genergtion, migration, trapping, and cracking events that corrobo_rate organic
LaBarge Platform, Wyoming, USA, indicate that the CO, has a strong crustal signature. This finding is in line with geochemical, mineralogical, and fluid (1989), Johnson (2005), and Huang and others (2007). Small variations in well chemistry were present, however more data is needed to investigate potential trends. chemistry-based results generated by the USGS for the Phosphoria total
inclusion analyses that suggest that inorganic thermochemical sulfate reduction (TSR) is the source of LaBarge’s CO,. Isotopes of noble gases released petroleum system. This provides a potentially di.agnostic %sotope Signa‘fure that
from hydrocarbons during TSR carry the isotopic signature of the air-saturated sea water and crustal environment of the hydrocarbon source rock. Helium Stable majors can be used to investigate other sources of CO, in the region to determine the

isotope ratios reported relative to their concentrations in air ranged from 0.077 to 0.085 (R/R,); these values as well as those of neon and argon indicate extent of the resource.

orici Delta (8) "*C for CO, in the samples are approximately —4%o (table 1) and could be explained by the thermal breakdown or TSR of inorganic carbonate materials in the presence of CH, and
crustal origin.

sulfate. Carbon (3"°C = —43%.) and deuterium (8D = —160%o.) isotopes ratios in the methane point to thermogenic gas formation. Sulfur isotope ratios (6**S) values in the H,S gas of +10%o

. . . . ) ) corroborate results from King and others (2014), who based on other data, suggest this is evidence of TSR from Mississippian sulfate. 2) In addition to corroboration, the n oble gas da_ta indicate that the ceonomie He
LaBarge Platform is the largest source of CO, used in enhanced oil recovery (EOR) at oil and gas fields across the northern Rocky Mountains. The field is resource also produced at LaBarge is of predominantly crustal origin coming

located in southwestern Wyoming, west of the towns of Big Piney and LaBarge. The field produces natural gas (21% average) and CO, (65% average) from the west with the migration of oil in the early Mesozoic. There is, however,

from the Mississippian-age Madison Limestone. In this initial round of sampling, three gas samples were collected from 14,500 to 16,500 feet of depth at also a small magmatic source of He that was probably supplied in the late
three different well heads. Cretaceous or early Tertiary from the east.

LaBarge vs. other CO, fields

Noble isotope investigations of gas from CO,-producing fields in the Northern Rockies are not available in the literature. Studies of fields from the Southern Rockies (Gilfillan and others, 2008)
and Merrill and others (unpublished) are available for comparison. As indicated in figures 3—6, LaBarge does not show similar noble gas isotope geochemistry to CO,-producing fields in the
Southern Rockies. Gilfillan and others (2008) have indicated that CO,-rich fields of the Colorado Plateau are associated with a mantle (rather than crustal) source of CO,. Karlstrom and others
(2014) have also shown the proximity of the southern fields to igneous geology that may have sourced the gas in question. LaBarge, however, is different as it is not associated with any known
nearby igneous geology and it also plots more closely to the crustal endmember than the Southern Rockies fields do. However, numerous deep faults could allow for migration of gas from
farther and deeper areas.

These results are an initial effort towards describing the total CO, system at LaBarge; this includes source, reservoir extent, connectivity, and
differentiability or fingerprinting. CO, generated from TSR is chemically related to the source hydrocarbon and its total petroleum system. Noble gas
isotope analyses may be another tool for defining extents and tracing migration in total petroleum systems and associated CO, systems.

Goals of the study Future research
1) To use isotope geochemistry to explore the generation, migration, and trapping history of the gases (CO,, CH,, He,, and H,S) at . 5 | .
LaBarge Mantlg Mantle Field work in 2014 includes plans to collect free and dissolved gas samples from
N Mantle 126010 . . . . .. .
. . . . 2 N E " - z . thermal springs in Paleozoic formations as well as samples from additional oil
2) To compare the chemistry of the gases at LaBarge to other large CO, producing fields in the Rocky Mountains. N . R and gas ernsg( fig. 12) P
3) To investigate the possibility of using noble gas isotopes to define a regional extent for the LaBarge total CO, system (Brennan . p . . . K .
. . ° © A o 42 aea0s
z ' 2 N F ., . . P . .
and others, 2005) in future sampling plans. L. 7_\;‘ 3 - fis ¥ P SWECPINEP : Overarching questions
£ i * H y . H i e . . . . . .
e o SR e - ~ Air " . o . 1) Do all Paleozoic CO, reservoirs in the basin have the same isotope signature or
= ‘ [ mmanon | 4| LaBarge geohgy ' . : ’E T x Ol o i | — e S . are the isotope signatures location specific?
- T ikl » ° % A
i . . .
T ; 1 The LaBarge Platform is located in Sublette County, Wyoming, on the ; =— ! ’ ’ SR, S . . . . . L
' g . Y, Wyoming, ' .w-.,fI N 3 2) Are there isotopic fractionation trends across the basin and along migration
y northern end of the Moxa Arch, a 124-mile-long, basement-involved Vwd\\ MONTANA Crust,” ° Crust ° Crust (e paths?
anticline, along the boundary between the Greater Green River Basin U= “Ne/ne HelHe (/7 “nefan He e 8/,
‘ and the Wyoming—ldahO—Utah Thrust Belt Province (ﬁg 1) 1 ~ \\ Figure 3. Neon isotope plot for LaBarge and southern Rockies fields. Figure 4. Neon-helium isotope plot for LaBarge and southern Rockies fields. Figure 5. Neon-argon isotope plot for LaBarge and southern Rockies Figure 6. CO,-helium isotope plot for LaBarge and southern Rockies fields.
. WYOMING fields.
Hydrocarbons produced from the field fall into two broad classes: sour e [ 1pano TS EE : e
. Paleozoic and sweet Cretaceous petroleum (Becker and Lynds, 2012).  ° e - \\ . . SH A - ¢
| The former Paleozoic reservoirs, and in particular the hydrocarbons and |~ = > Phases of fluid movement and noble gas chemistry . ; ; 2 2, gt
= _ gases of the Mississippian Madison Limestone, are the focus of this 2 s / ! T R T i N A AR M ‘ © rees” T : ¥ B
: B N . . . . . . = | aBarge Data L
i . e 1 investigation. The petroleum is sourced from organic materials in the =\ - L " o N\ e g LaBarg Dt ) W\
. R = . . . . . - - M Crustal antle
Permian Phosphoria Formation (fig. 2) and has migrated eastward in | = = o Trend . T\ * o 2 —
. ’ : - s . . aBarge Data arge Data V-
multiple Paleozoic reservoirs (Sheldon, 1967; Stilwell, 1989, and = L 9 == 1 . 10 {Phase2 g e
. . . . . OPLARATION . . - L ol = e~
references therein). LaBarge’s Paleozoic reservoirs are of scientific o e ot b P 9 ® 8 ° O Trend g 8 | z e @ \ : 7 - s T
and economic interest as they are a source of significant reserves of B Lo | e o P £ o | o3 rena g _
. . " Figure 2. Extent of the Permian Phospohoria Formation, the Air Saturated Sea Water Air Saturated Sea Water =
g z q (0] and hellum m addltlon to natural gas. source of Paleozoic oil and gas at LaBarge (figure from 44 Phase 1 | Ajr saturated Sea Water 4§ Phase 1 \ Air Saturated Sea Water r
| { UTAH COLORADO - 2 Johnson, 2005). 2 ? /
= i i ST L ! O Ar 2 2 5
Figure 1. LaBarge Platform location in the Greater Green River Basin (figure from 0 0 o m O air o A & g 1 " , rrase e o
Johnson, 2005). 0 0 =y - :
Res u Its 0.0 O.‘Q 0‘4 0‘6 0‘8 1.‘0 1‘2 1.4 0.0 0‘2 0.‘4 O.‘G O‘B 1‘0 1.‘2 14 0.0 0‘2 0‘4 U.‘G Uv‘B 1‘0 1.‘2 1.4 ‘000,01 0‘1 ; 10 0.0 0‘2 0‘4 0‘5 0‘8 1‘0 1‘2 1.4 x 5 = L | "' o e
FNe F2Ne FNe RIR, F2Ne
Figure 7. Modelled xenon and neon noble gas isotope Figure 8. LaBarge xenon and neon phase 1 fractionation. Figure 9. Xenon and neon phase 2 fractionation. Figure 10. Potential addition of mantle signature. Figure 11. Xenon and neon phase 3 and 4 fractionation. ]
hemistry based on Rayleigh fractionation model.
L B h . t chemistry based on hayleigh fractionation mode| Y ' = \
abarge geochemistr — - - . - - - ’ :
9 g. . . v . . . Phase 0: Deposition Phase 1: Oil generation Phase 2: Oil migration Phase 3: Oil trapping Phase 4: Gas generation
Gas composition and major element stable isotope data were generated by a commercial laboratory. Sample gas was collected from the well head in 500 ml . 9 o, ...
steel cylinders that were treated for st bearing gas. Samples for noble gas isotope work were collected from the steel cylinders and transferred into Sedlments.of t}.le Phosphorla Formation Oil is gen‘eratec! from the burial of Permian | Oil migrates .to the east upon generation Laramide tectonics }.1aulted migration as Oil begins cracking to gas in the late 3
copper tubes by Intertek. Noble gas analyses were performed by Andrew Hunt at the USGS in Denver, Colorado. Sulfur isotope samples were collected are fieSposned in a marine and near, shore | Phosphoria sediments in the equy alqng wi:st—dlppmg depf»smonal ﬂow thrust faults aqd uplifts blocked pathways. Cretqceous (Johngon, 2905 and references _ . =%
. . . . . environment across much of today’s retaceous (Sheldon, ; Stilwell, , | units. Differential stacking of sediments aBarge, oil became trapped under erein). The gas is partially converted to &
5 the ovlind SOT fing d t h of today Cret (Sheldon, 1967; Stilwell, 1989 ts. Differential stacking of sediment At LaBarge, oil b trapped und therein). The gas is partially ted t . :
rom gas i the Cylinders using rap sampling devices. > | Northern Rockies (fig. 2). and references therein; Johnson, 2005). Oil | during the Jurassic increased the regional Moxa Arch structures and a thrusted CO, and H,S through thermochemical L L S
Eo moves from Phosphoria to other Paleozoic | dip and further facilitated migration Paleozoic hanging wall. Faults and sulfate reduction (TSR) using anhydrite in ¥ | ;
Gas Comnosition and Stabls Isofones Nobie Gas Isotones 8 formations including down section (Johnson, 2005). volcanism during this period may have the Madison Limestone for sulfate s t{, B
P B P O Mississippian Madison Limestone. It is provided a path and source for (Becker and Lynds, 2012). Either during el - ! o
“He 20 £ “p, sy 132y possibly driven there by abnormal mantle-derived gases to enter the LaBarge | this phase or a previous one, the system Figure 12. Planned sampling sites for 2014 field work.
8N ccSTPlcc  ccSTPlcc  ccSTPlcc  ccSTPlcc  ccSTPlcc  ccSTPlcc pressures during maturation (Johnson, system (Huang and others, 2007). comes into contact with some magmatic
N o s Meth M61:|C scco. | m BhD N"<';°99" sus (x10) (x 109 (x 10%) (x 109 (x10%) (x 10 2005). gas or fluids where the heat possibly helps
Sample 2 , ethane | Methane ., Methane as drive cracking or TSR. References
LaBarge ! 6.154 71.438 2712 19.689 -43.67 421 -160.5 -0.68 9.7 6992 0.003 0.048 676 6.60 0317 Becker, T.P, and Lynds, R., 2012, A geologic deconstruction of one of the world’s largest natural accumulations of CO,, Moxa arch, southwestern Wyoming: AAPG Bulletin, v. 96,
tagafge % g-gg; gg-?‘;g 25;3 gg-gg; 44537-3 3 QJG‘ 1216; '8-32 18-2 ;ggg 8-882 8-82; ggg g-gé 8-232 Noble isotopes in the pore waters of the | Noble isotopes in Phosphoria pore waters | Migration separated the oil from the pore | A continued buildup of crustal-derived Gas formation leads to enrichment in n0.9,p. 16431660, o " ' ) o
A?r arge ’ : i : o -~ B - i 5240 16.45 315 9308 650 23 shales and carbonates take on the begin with compositions of ASSW. As oil | water and stopped exchange of nobles. nobles from the country rock accumulates | lighter nobles. As all of the oil is B_re""aa:'ds‘crn"nml}iihﬁﬁé;ﬁ:?@:ﬁﬁ;:?drs‘é,u%ﬁf'pﬁéc." 005 aturalgesreservors wit iah CUZ_ oneentatons s gl analoss mf 0 soreee Gree"huuswas_
signature of air-saturated sea water is generated, heavier nobles, mainly Xe This preserved the highly fractionated in the oil. Lack of interaction with active converted, though some solid bitumen is G'm"a?,'OS,,}N[I,'.Z"ci?g,ear::'u”;i;ﬁ;f:,lf;i’ci; o ,?mbm‘caersBuSSASEZSZ;m?.c:ZT%ﬂme:Frrd\.E:i\Sé?: " Tono. ;[h: gy ey el €0 ges esenors
Noble Gas Isotope Ratios . g (ASSW) (fig. 7). and Kr, are enriched in the oil due to their | signature. As the oil migrated, *Kr and fluid flow at 16,000 foot depths ends left over, most of the original high Xe and B o) ot o oy 0, e roservlfmodeling o maxirize the value of & (g sour-gasfld with igh concentretons
“‘He ‘He ] [ . 132 . . . . . ! nce, UAE.p 10 . _
co, R ThNe  Ne  Far  “ar ke e  MNe He | Ave. | Ac e | e | P | Fxe £ greater solubility (fig. ). Lighter nobles, | "**Xe were probably enriched above levels -} exchange with any atmospheric nobles. | Krsignal is transferred to the gas (fig. 11). B i e A b A I S AR PO A
Samol 3He Ra 2Ne 2Ne 36pAr 3BAr s, 132y o e 40p 100 ( _e) 2 represented by “He/*°Ar, are enriched in in the samples (fig. 9). “He probably began | Magmatic sources provide a small increase Southwestern Wyaming Province, Wyoming, Colorado,and Utah U.S. Geological Survey Digial Dt Series DDS-63-D, version 1,46 p. CD-ROM,
xair [3) . . . . . . usg: 069/dds-069-d/REPORTS/69_D_CH_4.pdf
Laaéna':gee 1 6.66x 108 0.080 7.32 0.2176 0.175 14227 0.304 0.186 0.069 106 (gz 83) 6.675x 10° 8.817x 108 0.132 6.711 8.957 8 the water relatlve to the 011' to mncrease as the 011 tOOk up Cl’ustal nObleS n lUI{A to eleVate the Slgnal fI'Ol'Il 002 to Karlstrom, K.E., Crossey, L.J., Hilton, D.R., and Barry, PH., 2013, Mant\e3H£and C0, degassing in carbonic and geothermal springs of Colorado and implications for
! . . . . . . . . . . . . . . . . . . S e Rocky M Gool
LaBarge2| 590x10° 0085 8.82 02200 0176 14085 0339 0.141 0.117 13 6113 4.143x10° 9.305x10°  0.224 6.397 9.707 © from the pore water passed during 0.08 and impact neon isotopes in a similar King, K, Watrs, .. Ko WL, Zimmer, M- Henes, WAL Lambort WA, Kiewe,C, Ptar, ., and Maciead, G, 01, Sur st sl of e an
LaBarge 3| 6.07x 102 0.077 8.33 0.1617 0.181 13044 0.311 0.171 0.105 11.5 87.97  4.382x10° 8.820x 10°  0.201 6.739 11.779 migration. fashion (fig. 10). s ;ssﬂ;'jgg; Vgg' thermal sulfa retuction in eservoircarbonates ot the 81g Piney La Barge p i oomplex: Geochl 0 pcta, v 134 p. 210-220.
Air 1.000 9.800 0.0290 0.188 2955 0.305 0.151 0.522 1.0 1.000 1.000 1.000 1.000 e oaintor o ez ofthe Moxa Arch and ths Madison Resarvoi: Gas Resaurces of Wyaring, it Annual Fis yoming
Sheldon, R.P, 1967, Long-distance migration of oil in Wyoming: Mountain Geologist, v. 4, p. 53-65.
Table 1. Results from geochemical analyses of three gas samples from LaBarge Platform.




