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Abstract

We show how different processes impact the molecular and C isotopic composition of natural gas in the Middle Indus Basin (MIB), Pakistan
where Lower Cretaceous (Sembar) shale beds in the Sulaiman Foredeep that contain Type 111/11 kerogen generated thermogenic gas. These
very dry thermogenic gas samples were generated at high maturity, but post-generation processes also have influenced the composition of
natural gas: e.g., the admixture of microbial methane; biodegradation. The C isotopic composition of methane, ethane, and propane in a dry
gas sample (C1/C, = 74) produced from a Jurassic carbonate reservoir at the Nandpur Field on the Punjab Platform indicates it was generated
by isotopically-heavy kerogen (8*3C = -23.5%0 PDB) in the wet gas window (VR = 1.4%). A drier (C1/C, = 279) gas sample produced from a
Paleocene sandstone reservoir at the Pirkoh Field in the Sulaiman Foldbelt was generated at higher maturity (VR =~ 1.8%) by kerogen with the
same C isotopic composition. The C isotopic composition of kerogen isolated from the Sembar Formation and from shale beds in the overlying
Lower Goru Formation ranges from -23.4 to -25.8%o. PDB, supporting other evidence those Lower Cretaceous source rocks generated the
thermogenic gas in the MIB. The presence of isotopically-heavier propane in two other very dry gas samples produced from the Paleocene
reservoir and from the underlying Cretaceous reservoir at the Pirkoh Field indicates they are slightly biodegraded.

The C isotopic composition of methane in several “wetter” (C1/C, = 82-96) gas samples produced from shallower Lower Eocene limestone
reservoirs at the Sui Field in the Sulaiman Foldbelt indicates they contain a small amount (=10%) of microbial methane. Several gas fields also
are present on the Mari-Kandhkot High separating the MIB from the Lower Indus Basin. The molecular and C isotopic composition of several
natural gas samples produced from Lower Eocene limestone reservoirs at the Kandhkot Field and at the Sui Field are very similar — evidence
they have a similar origin. Natural gas samples produced from a shallower Upper Eocene limestone reservoir at the Mari Field are much drier
(C4/C;=360-700). But the C isotopic composition of methane (813C ~ -48 10 -52%0 PDB) indicates they contain a significant amount (~40-
509%) of microbial methane, and the presence of isotopically-heavy ethane (5°C = -14 to -21%. PDB) demonstrates microbes have metabolized
C,+ compounds. Thus, the very high methane/ethane ratios in the Mari gas samples are not evidence they were generated at very high maturity.
Finally, most of the MIB gas samples contain 3.2-8.8 mol% CO,, whose C isotopic composition (-6.8 to +0.5%0 PDB) indicates most of the



CO, formed during high-temperature diagenetic reactions that involved marine carbonate minerals: i.e. it was not generated by low-maturity
kerogen.
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ABSTRACT
We show how different processes impact the molecular and C isotopic composition of natural gas in the
Middle Indus Basin (MIB), Pakistan where Lower Cretaceous (Sembar) shale beds in the Sulaiman Fore-
deep that contain Type IlI/Il kerogen generated thermogenic gas. These very dry thermogenic gas
samples were generated at high maturity, but post-generation processes also have influenced the com-
position of natural gas: e.g., the admixture of microbial methane; biodegradation. The C isotopic com-
position of methane, ethane, and propane in a dry gas sample (C,/C, = 74) produced from a Jurassic
carbonate reservoir at the Nandpur Field on the Punjab Platform indicates it was generated by isotopi-
cally-heavy kerogen (613C = -23.5%0 PDB) in the wet gas window (VR = 1.4%). A drier (C,/C, = 279) gas
sample produced from a Paleocene sandstone reservoir at the Pirkoh Field in the Sulaiman Foldbelt was
generated at higher maturity (VR = 1.8%) by kerogen with the same C isotopic composition. The pre-
sence of isotopically-heavier propane in two other very dry gas samples produced from that reservoir
and from the underlying Cretaceous reservoir at the Pirkoh Field indicates they are slightly biodegraded.
The C isotopic composition of methane in several “wetter” (C,/C, = 82-96) gas samples produced from
shallower Lower Eocene limestone reservoirs at the Sui Field in the Sulaiman Foldbelt indicates they
contain a small amount (=10%) of microbial methane. Several gas fields also are present on the Mari-
Kandhkot High separating the MIB from the Lower Indus Basin. The molecular and C isotopic compo-
sition of several natural gas samples produced from Lower Eocene limestone reservoirs at the Kandhkot
Field and at the Sui Field are very similar — evidence they have a similar origin. Natural gas samples
produced from a shallower Upper Eocene limestone reservoir at the Mari Field are much drier (C,/C, =
360-700). But the C isotopic composition of methane (613C = -48 to -52%. PDB) indicates they contain
a significant amount (=40-50%) of microbial methane, and the presence of isotopically-heavy ethane

(613C = -14 to -21%o0 PDB) demonstrates microbes have metabolized C,, compounds. Thus, the very
high methane/ethane ratios in the Mari gas samples are not evidence they were generated at very high
maturity. Finally, most of the MIB gas samples contain 3.2-8.8 mol% CO,, whose C isotopic composition
(+0.5 to -6.8%o0 PDB) indicates most of the CO, formed during high-temperature diagenetic reactions
involving marine carbonate minerals.

1. INTRODUCTION: PETROLEUM GEOLOGY
OF THE MIDDLE INDUS BASIN (MIB).

A large number of commer-
cial gas accumulations have
been discovered in the MIB
(Mujtaba, 1997). The first
large gas discovery was
made in the Sulaiman Fold
Belt at the Sui Field, where
=8.5 Tcf of reserves were
discovered. The Mari gas
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field (containing =6.3 Tcf of
reserves) was discovered
southwest of the Sui Field.
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Figure 1. Map of the Middle Indus Basin, Sulaiman Fold Belt are dry
showing the location of gas fields discussed in |8dS that also contains a
this poster and major structural elements in |significant amount of CO,

the basin (adapted from Nazeer et al., 2013). and nitrogen (Figure 1),
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Figure 2. Schematic structural cross section through the Middle Indus Basin
(Nazeer et al., 2013). The architecture of the MIB and the Western Canadian
Sedimentary Basin are similar.
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The Lower Cretaceous Sem-
bar Formation is the most

important source rock in the
MIB (Figure 3).

LU LA 8

zoic sedimentary rocks in the Sulaiman Fold
Belt (Nazir et al., 2012). Red stars = gas
reservolrs.

2. SOURCE-ROCK BEDS IN THE LOWER CRETACEOUS SEMBAR FORMATION

Marine shale beds in the Sembar Formation probably have generated
most of the dry thermogenic gas present in the MIB. Geochemistry
data (e.g., RockEval; VKA) indicate those source rocks have only fair-
good quality, and principally contain gas-prone (Type lll) kerogen with

admixtures of oil-prone (Type Il) kerogen and inert organic matter
(Type IV) (Figure 4). Sembar source rocks have reached the gas
window in the Sulaiman Fore Deep (Nazir et al., 2013).
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Figure 4. TOC and RockEval data measured on cuttings obtained from the
Sembar Formation in the MIB or the Lower Indus Basin (Nazir et al., 2012).
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3. MOLECULAR AND C ISOTOPIC COMPOSITION OF GAS SAMPLES AND SOURCE
ROCK SAMPLES COLLECTED FROM SEVERAL FIELDS IN THE MIDDLE INDUS BASIN
We used geochemical data measured on gas samples collected at the
Pirkoh and Sui fields in the Sulaiman Fold Belt, two gas fields on the

Mari-Kandhkot High, and the Nandpur Field on the Punjab Platform
(Table 1).

0, |CO,| N, | C, | C, | cucz| Cc, | iC, | nC, | iCs | nCs | 8°C, | 8DC, | 8"C, | 8"°C, | 8"°CO,

Well Name Formation
% %0

Nandpur-04 Samanasuk Limestone 03| 7.0 775 14.9 0.2 /5 nd.| nd| nd| nd| nd| -331 -143 -28.3 n.d. -6.8
Pirkoh-06 Pab Sandstone 05| 7.7\ 7.7 83.7 0.3 280, nd.| nd.| nd| nd| nd]| -333 -145 -26.6 -4.2
Pirkoh-07 (Pab) Pab Sandstone 0.7/ 6.9 8.3 83.7 0.3 280 0.1 nd.| nd| nd| nd| -31.0 -135| -26.2| -25.4 -5.0
Pirkoh-07 (Ranikot) |Ranikot Formation 0.6| 6.6 7.4 851 0.3 280 0.1 nd.| nd| nd| nd| -31.0 -136| -27.0{ -25.8

Pirkoh-10 Ranikot Formation 1.1l 6.4 9.7 825 0.3 280f 0.1 nd.| nd| nd| nd| -314 -136 274 -24.1 -4.0
Sui-16 (SUL) Sui Upper Limestone 0.5 1.1 6.0 90.9 1.0 91f 0.3] n.d. 0.1f nd.| nd.| -36.2 -144|  -24.5| -25.2 -4.4
Sui-16 (SML) Sui Main Limestone 0.5 7.1f 5.2 85.9 0.9 95 0.2 0.1 0.1 nd.| nd.| -36.0 -144| -24.2| -24.9 3.1
Sui-21 Sui Main Limestone 0.6| 6.7] 145 77.1 0.8 96| 0.2 0.1 0.1 nd.| nd.| -36.0 -142 -24.0| -24.5 3.1
Sui-31 (SUL) Sui Upper Limestone 0.5 0.5 7.1 90.3 1.1 82 0.3 0.1 0.1 nd.| nd.| -36.5 -146| -25.7| -26.3 -6.5
Sui-31 (SML) Sui Main Limestone 0.7 5.7] 6.4 85.8 1.0 86 0.3 0.1 0.1f nd.| nd.| -36.1 -145 -24.5| -25.1 -2.5
Sui-43 Sui Main Limestone 0.7] 5.2| 6.2 86.5 1.0 87| 0.2 0.1 0.1f nd.| nd.| -36.1 -143 24.7| -24.9 -3.0
Sui-69 Sui Upper Limestone -36.3 -144|  -24.6| -25.7 -6.5
Kandhkot-10 (SUL) [Sui Upper Limestone 3.8| 4.0 26.9| 64.1 0.9 71 0.2 0.1 0.1 0.1 0.1 -36.3 -144(  -25.7| -24.3 -3.5
Kandhkot-10 (SML) |Sui Main Limestone 3.6 4.4 27.8| 63.0 0.9 /0 0.2 0.1 0.1 0.1 0.1f -36.3 -144|  -25.7| -254 -4.0
Kandhkot-11 (SUL) |Sui Upper Limestone 0.6 5.5| 15.0 77.5 1.0 78| 0.3 0.1 0.1 0.1 0.1| -36.2 -143| -25.7| -25.9 -4.8
Kandhkot-11 (SML) |Sui Main Limestone 0.6 3.2 13.7| 80.9 1.2 67| 0.3 0.1 0.1 0.1 0.1f -36.2 -143| -26.0{ -25.8 -6.1
Mari-04 Habib Rahi Limestone 1.7 5.6| 22.9| 69.6 0.1 7000 nd.| nd| nd| nd| nd| -475 -190 -21.5 n.d. 0.4
Mari-24 Habib Rahi Limestone 0.4 4.0/ 18.6| 76.8 0.2 380/ nd.| nd| nd| nd| nd| -47.2 -192 -13.8 n.d. 0.5
Mari-39 Habib Rahi Limestone 0.6 23.1| 76.0 0.2 380 n.d.| nd.| nd| nd| nd]| -52.2 -197 -17.3 n.d.

Mari-50 Habib Rahi Limestone 0.4| 8.8| 18.7| 71.9 0.2 360 nd.[ nd.| nd| nd| nd]| -47.8 -190 -20.3 n.d. 2.1

Table 1. Molecular and C isotopic composition of gas samples produced from several
fields located in the Middle Indus Basin (Ahmad and Alam, 1992).

Methane/ethane ratios demonstrate that gas samples from the Pirkoh
Field are drier than gas samples from the Sui Field or the Kandhkot

Field. Gas samples from the Mari Field are even drier (C,/C, = 360-700)
(Figure 5).
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Figure 5. Methane/ethane and ethane/propane ratios in gas samples produced from
several fields in the MIB.
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Figure 6. C and H isotopic composition of dry gas samples produced from the MIB.

Nitrogen is associated with dry thermogenic gas in the MIB. Because micro-
bial methane probably contains very little nitrogen, microbial methane
dilutes the abundance of nitrogen in a mixed gas sample. We used that
principal and geochemical data measured on OGDCL gas samples produced
from Mesozoic reservoirs on the Punjab Platform to estimate the C isotopic
composition of microbial methane in the MIB (= -71 per mil PDB) (Figure 7).

Abundance of N»> and C Isotopic Composition of Methane
In OGDCL Natural Gas Samples (Middle Indus Basin)
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Figure 7. Estimating the C isotopic composition of microbial methane in the MIB.
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The C isotopic composition of methane, ethane, and propane can be
used to estimate the level of maturity at which thermogenic gas was

The C isotopic composition of methane in gas samples produced from the

Sui Limestone reservoir at the Sui Field in the Sulaiman Fold Belt and at the
generated — but only if that sample does not contain microbial methane Kandhkot Field indicates they contain =10% microbial methane (Figure 10).
and it is not biodegraded (a process that alters the C isotopic composi-

tion of C,, compounds (James and Burns, 1984).
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Figure 8. The Cisotopic composition of methane and ethane indicates that a gas

sample from the Nandpur-04 well (purple square) was generated at lower maturity isotopically-heavy C. The C isotopic composition of ethane in gas samples
than drier gas samples at the Pirkoh Field (red symbols). Gas samples produced at the produced from the shallow Habib Rahi Limestone reservoir at the Mari Field
Kandhkot Field (green symbols) and at the Sui Field (blue symbols) were generated in demonstrate they have been biodegraded. These gas samples also contain

the dry gas window. a significant amount of microbial methane (Figure 11). The presence of

microbial methane and the microbial destruction of C,, compounds
6. THERMOGENIC GAS-SOURCE ROCK CORRELATIONS USING C ISOTOPIC DATA explains why the Mari gas samples are so dry (methane/ethane = 360-700).

A “Chung diagram” can be used to estimate the C isotopic composition
of the kerogen that generated a thermogenic gas sample. This involves -10.0 -
plotting the C isotopic composition of HC gas compounds vs. 1/carbon :

Chung Diagram for Middle Indus Basin Gas Samples

, , , -15.0 : Severely biode- |
number of each compound, and extrapolating the linear correlation to : raded ethane I Moderately

: . J A .. biodegraded
the value on the Y-axis where X = 0.0: i.e., Cn >100 (Chung et al., 1988). -20.0 - w7 ethane

%,
© ~~
Om
O QO
T O
IS N= :
Dry gas samples pro- - E -25.0 -
00 _Correlation Between Gas and Source-Rock Samples duced from the Pirkoh- :g g_ 06
7)) - - . -
S~ (Slgntly biode- 07 well and the Nand- éc%) :
% _ P graded propane ~— - _ _
T _25_0}"" P pur-04 well were gene- c © -35.0 7| —e—Pirkoh-07 (Ranikot) o
% = _ rated by kerogen con- 8 = 400 - —o—Kandhkot-11 (SML) \
=it : . ‘“ ” 13 Q) 2 - B/ -Mari .,
= = | =4-Mari-04 .
29 a0 taining heavy C (6-°C 22 4eq _ BNY
=10 = -23.5 per mil PDB) — S g ™Y | .-@- Mari-24 ‘-.
oo . : : O O 1N 3 =~40-50% micro-".,
05 [ Crotwopic Composiion similar to the C isotopic ©D O -50.0 | A Mari-39 vial methane b
:—él 8'35'0 of Kerogizlzi:ij\lae?‘g'f; —e~Pirkoh-07 (Ranikot) composition of kerogen @ o | =-<=-Mari-50 A
S Q : | —A—Pirkoh-10 (Ranikot) : ~99. —r+r + + 1.1 1 T T T T+ T T —T —T T T T 1
ﬁ O : W sembar Formation || 04 (Samanasuk) In Lower Clr(etaceolus 0.00 0 95 050 0 75 100
400 e -
0.00 0.25 0.50 0.75 oo |[POUFCETTOC Samp > 1/Carbon Number
1/Carbon Number from the MIB (Figure Figure 11. Ethane in biodegraded gas samples from the Mari Field contains very
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9. INTERPRETING MICROBIAL METHANE + THERMOGENIC GAS
MIXING LINES WHEN SAMPLES HAVE BEEN BIODEGRADED

The gas samples produced from the Mari Field do not lie on the
canonical mixing line between high-maturity thermogenic gas and
microbial methane even though they are =50:50 mixtures of both
types of natural gas. The explanation is that the thermogenic gas

component is biodegraded — significantly increasing the methane/
(ethane + propane) ratio (Figure 12). They incorrectly seem to con-
tain a significant amount of the type of microbial methane that
forms in landfills during the fermentation of acetic acid.
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Figure 12. The biodegradation of C,, compounds in Mari gas samples makes
it difficult to interpret the kind of microbial methane they contain using a
standard method developed by Whiticar (1994).

Key Observation and Conclusions

Thermogenic gas samples in the Middle Indus Basin also commonly contain
some amount of microbial methane that formed during the reduction of CO.,,.
The C Isotopic composition of the microbial methane Is = -70 per mil PDB.

The thermogenic component of dry natural gas In the MIB principally was
generated by source-rocks beds In the Lower Cretaceous Sembar Forma-
tion In the Sulaiman Foredeep at VR = 1.4% by gas-prone kerogen that
contains isotopically-heavy C (613C = -23.5 per mil PDB).

Gas samples produced from the shallow Habib Rahi reservoir at the Mari
Field on the Mari-Kandhkot High are moderately to severely biodegraded.
Those gas samples are extremely dry because they contain a significant
amount of microbial methane, and microbes metabolized C,, compounds.

Most of the CO, In the gas samples we studied was generated during high-
temperature diagenetic reactions that involved marine carbonate minerals.

10. ORIGIN OF CARBON DIOXIDE IN GAS SAMPLES PRODUCED FROM THE MIB

The C isotopic composition of CO, can be used to help understand
the origin of that non-HC compound in gas samples: e.g., CO, that
forms during the anaerobic biodegradation of oil contains “heavy” C,
while CO, that forms during the diagenesis of kerogen contains
“light” C.  The C isotopic composition of CO, in MIB gas samples
ranges from -6.8 per mil to +0.5 per mil. Because a feasible mag-

matic source of CO, in the MIB has not been identified, the most
reasonable interpretation is that compound principally formed
during the diagenesis of marine carbonate minerals (Figure 13).
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Figure 13. Cisotopic composition of carbon dioxide in MIB gas samples.
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