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coalfield, Taiyuan

Few studies can be found on the origin of coalbed methane
in Tunlan minefield of Xishan coalfield, Taiyuan, which
leads to incomprehensive understanding of the overall
characteristics of coalbed methane genesis in Xishan
coalfield. Based on the chemical composition and isotope
test data of 6 gas wells in Xishan coalfield, this paper
discusses the origin of coalbed methane. The results show
that the average volume fractions of methane, ethane,
nitrogen, carbon dioxide and argon are 89.93%, 0.03%,
6.64%, 0.30% and 0.12% respectively. and the values of
carbon isotope and hydrogen isotope are -43.85%~-41.3%
and -238.27%~-222.45%. carbon dioxide isotope value is-
12.8%~-6.0%. Data of chemical composition and isotopic
test in Tunlan minefield shows that the coalbed methane has
undergone secondary transformation, which is due to coal
degradation. Secondary biogenic methane has been formed,
which is the mixed genetic coalbed methane, and the
secondary bhiogenic gas accounts for about 35%.

Keywords: Carbon isotope, coalbed methane, secondary
biogenic gas, thermal degradation, Xishan coalfield.

1. Introduction

T he chemical and isotopic compositions of coalbed gas
are the main contents of coalbed gas geochemical
investigation, and the carbon isotopic composition has
become an effective index to determine the origins of the
coabed gas and to understand the distribution law. Some
studies have shown that the carbon isotope value of methane
of coalbed gas becomes heavier with the coal evolution [1,2].
Actually, the coalbed gas carbon isotopic composition varies
greatly due to the influence of multiple factors including the
desorption-diffusion-migration effect, thermal evolution
degree, groundwater dynamic conditions and microbial
effects. The structure geometry influences the distribution of
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coalbed gas [3], and the tectonic uplift of the coal seam leads
to the desorption-diffusion-migration effect, which resultsin
the larger value of the carbon isotope of coalbed methane.
And the value becomes heavier with the increase of depth,
accompanied by zoning phenomenon in the plane [4]. The
isotopic differentiation effect of the coalbed gas formation
under the thermodynamic mechanism leads to the heavier
methane carbon isotope with the greater maximum reflectance
of coal vitrinite and coal seam depth [5-7]. The experimental
data confirms that the flowing water lightens the methane
carbon isotope [8], so the coalfields with strong
hydrodynamic force contain a small amount of coalbed gas,
where the methane carbon isotope is relatively light [9]. The
carbon isotopes of microbia coalbed methane are generally
lighter; the primary biogenic gases usually appear in the low-
rank coals, and the secondary biogases occur in coal rocks
with high thermal evolution and even in anthracite[10-11]. The
microbiogenic gases can even constitute the main reason for
the sustained and stable production of coalbed gas [12].
Compared to the conventional natural gas, the coalbed gas
composition and its carbon isotopic composition are
differently affected by the secondary action with different
influencing effects. The latter is determined in the geologic
period with the highest evolutional level, which can reflect
the thermal evolution process of coa seam [13,14]. At present,
few studies touch upon the relationship between origins of
methane and carbon dioxide of coalbed gas in the Taiyuan
Xishan coalfield, so it is necessary to study the origins of
coalbed gas in this area.

The author takes the gas production in the wellhead of
Tunlan minefield in the central of Xishan coafield asresearch
object (Fig.1(a) and (b)). Through testing and analyzing the
chemical components and carbon isotopes of coalbed
methane, the characteristics and the causes of formation of
the carbon isotope of coal seam methane and carbon dioxide
in this area are studied and discussed.

2. Regional geological background

The Taiyuan Xishan coalfield is located in the middle of the
Shanxi transitional block of the North China plate, the West
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Fig.1 Location and geological structure of Tunlan minefield

Wing of the Lvliang-Taihang fault block. The northern
boundary of the coalfield is the west part of Yuxian-Yangqu
fold belt. Its east and south end is adjacent to the Talyuan
basin, and Lvliang uplift is in its west. The whole area is
controlled by regional tectonic belts including the east-west
structure, the north-south structure, the north-north east to
north east trending structure and other composite structures.
The north-south structure significantly affects the structure
of the mining area. The tectonic evolution process of the West
Mountain in Taiyuan isdivided into 5 stageg[15-17]: (1) Late
Carboniferous to early Permian: slow settling stage with an
average sedimentation rate of no more than 14m/Ma.(2) Late
Permian to late Triassic: rapid subsidence stage with an
average settlement rate of 95m/Ma; the first hydrocarbon
generation period. (3) Early Jurassic to Middle Jurassic; first
uplift and then settlement. (4) Late Jurassic to the early
Cretaceous, experienced a strong Yanshan magmatic activity;
the second hydrocarbon generation period. (5) Since the late
Cretaceous, the strata were constantly eroded and the buried
depth of coal seam decreased continuously.

Tunlan minefield is located in the northwest of the Xishan
coafield. The strata extends in the direction of NW30°~60°,
inclining to SW with and inclination angle 5°~10°. It isawave-
like monocline structure from NNE to SSW, with relatively
developed small undulating folds. Surface faults appear in
group and are in the form of horst (Fig.1(c)). The main coa
bearing strata are upper Carboniferous Taiyuan formation and
lower Permian Shanxi formation, which contain 18 cod layers.
The average thickness of coal measuresis about 158.50m, and
the average thickness of coal seam is 15.70m, with a cod

432

bearing coefficient of 10%. The
extraction of coalbed methane mainly
occurs in Taiyuan formation No.8 and
No0.9 and Shanxi formation No.2, in
which rich coal, coking coal, lean coal
are mainly contained, and thickness of
No.9 is small with less stability. The
changing law of coal quality is
obvious. Vertically, the degree of
metamorphism from top to bottom is
gradually deepened; horizontally, the
degree of metamorphism gradually
deepens from the northwest to the
southeast.

The groundwater related to
coalbed methane in the Tunlan
minefield mainly belongs to Shanxi
formation sandstone fissure water
bearing rock group and the Taiyuan
formation sandstone thin layer
limestone fissure bearing water rock
group. The Shanxi formation
sandstone fissure water bearing rock
group has relatively good ability of
water bearing and water permeability, which weakens as depth
increases. K, is the main water bearing layer in the Talyuan
formation sandstone thin layer limestone fissure bearing water
rock group, with high water content and strong
hydrodynamic force. The hydraulic connection between
aquifersis weak, as shown in Fig.2.

3. Samplesand test methods

3.1 SAMPLE COLLECTION

The gas samples used in this experiment are collected by
the drainage gas-collection method, and the sampling water
is deionized saturated salt water sealed in glass bottles.

The sampling point of coalbed methane is in Tunlan
minefield, Xishan of Taiyuan City. XS-28 and XS-30 arein the
east-central part of the minefield. XS-25 isin the central part.
XS-13?XS-14 and XS-07 are in the southwestern part of the
well field. XS-13 and XS-30 are only extracted from coal beds
No.2+ No.8. The rest of holes are extracted from coalbeds
No.2+ No.8+ No.9. six groups of samples are collected from
coalbed gas well with six holes. Each group contains two gas
samples as contrasts. Coalbed methane is primarily extracted
from No.8 coalbed in Taiyuan formation. Every gas sample
contains 200~500mL. Relevant tests are conducted on
chemical constituents and isotope composition in the lab.

3.2 TEST METHODS AND CONDITIONS

The chemical composition and isotope testing of coalbed
gas are completed at the Key Laboratory of Lanzhou Oil and
Gas Resources Research Center, Institute of Geology and
Geophysics, Chinese Academy of Sciences. The chemical
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composition of coalbed gas is tested by the large-scale gas
isotope mass spectrometer (type: MAT 271, manufactured by
Feenigan, Germany) with the Faraday cup for signal reception
and the ionization source of electron bombardment.

The carbon isotope of methane and carbon dioxide and
the hydrogen isotope of methane are tested and analyzed on
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the stable isotope analysis system, which is mainly composed
of the gas chromatography (GC) and isotope ratio mass
spectrometer, referred to as“GC-IRMS’ analysis system. The
chromatograph type isAgilent 6890, and the chromatographic
column type is CP-Carbobond (manufactured by Varian
Company, 25cm in length, 0.53mm in inner diameter, 10umin
film thickness). Theinlet split ratio is 3:1, and the temperature
is200°C. The temperature is programmed to stay at 40°C for
5minand riseto 240 °C at therate of 15°C/min, at which point
the temperature is maintained for 10 min. Heliumisthe carrier
gas (purity > 99.999 %), whose flow rate is 5mL/min. The type
of the stable isotope mass spectrometer is Deltaplus XP
(manufactured by Thermo Fisher Scientific, USA), of which
the oxidation reaction temperature is 920°C, the ion source
filament emission current is 1.5mA and the electron energy is
120eV. The accuracy of the carbon and hydrogen isotope test
is+ 0.2%~+ 1%. The test results are shown in Table 1.

Tests on chemical constituents and isotope composition
of coalbed methane are completed in the key laboratory of
Lanzhou Research Center of Oil & Gas Resources, Institute
of Geology and Geophysics. Test results are shown in
Table 1.

4. Geochemical characteristics of coalbed methane

4.1 CHARACTERISTICS OF GEOCHEMICAL COMPONENTS OF
COALBED METHANE

In Tunlan minefield, CH, is the main component of
coalbed methane. The volume fraction ranges from 86.19% to
93.52%. Average content is 89.93%. The content of ethaneis
small, ranging from 0.02%~0.05%. Average content is 0.03%.
Non-hydrocarbon gases include nitrogen, carbon dioxide and
argon. VVolume contents are 4.54%~8.98%, 0.21%~0.34% and
0.07%~0.16% respectively. Average contents are 6.64%, 0.30%
and 0.12% respectively.The dry coefficient values are greater
than 0.99, which indicates that they are extremely dry gases
judging from the chemical components with the CDMI of 0.24
~0.38%.

Positive correlation exists between N, content and
813C(CH,). N, content is high. **C(CH,) is also high (Fig.3).
in addition, negative correlation exists between N, and CH,,
content (Fig.4). It shows that N, in the air dissolves into the
coal reservoir through underground water. N, content is high
in coalbed methane. N, is the main component of the
atmosphere, and its content reaches 78.08%. It can dissolve
into surface water and permeate to the underground coal
seam. Besides, chemical property isnot active, so it can exist
stably. Coalbed gasin thisregion is methane. The infiltration
capacity is different at different sections of the atmosphere.
Asaresult, linear decline and growth are shown between N,
and CH, contents in the coalbed gas. Hence, according to
the N, content, preservation conditions of coalbed gas can
also be inferred [18]. Among the test samples taken from
Tunlan minefield of Xishan in Taiyuan, other than XS-14 and
XS-13, N, contents in the rest of samples are greater than 5%.
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TABLE 1. GEOCHEMICAL COMPOSITION DATA OF COALBED METHANE IN TUNLAN MINEFIELD OF XISHAN COALFIELD

Well no. Composition /% Dryness ~ CDMI 3-value of isotope /% Coal Depth of
CH, CH, O, N, Ar C(f’l‘fg'li';r)‘t I'%  Tswc(cH,) aD(CHp stc(coy) A ”;’e;r‘:’] ‘,’;’fj
XS-07 87.57 0.03 0.21 8.77 0.15 >0.99 0.24 -42.32  -238.27 -12.2 2+8+9 390
XS-13 93.52 0.02 0.34 4.54 0.07 >0.99 0.36 -43.62 -233.66 -12.8 2+8 630
XS-14 93.33 0.05 0.32 4.55 0.07 >0.99 0.34 -41.3 -234.43 -6 2+8+9 601
XS-25 90.47 0.03 0.29 5.95 0.12 >0.99 0.32 -43.85 -235.41 -13.2 2+8+9 482
XS-28 86.19 0.04 0.33 8.98 0.16 >0.99 0.38 -41.45 -224.73  -11.65 2+8+9 345
XS-30 88.47 0.03 0.31 7.05 0.14 >0.99 0.35 -42.24  -222.45 -12.33 2+8 372
Average  89.93 0.03 0.30 6.64 0.12 0.33  -42.46 -231.49 -11.36
Note: CDMI = (CO,)/[ (CO)+ (CH,]

Buried depth is obviously inadequate. The buried depths of
XS-14 and XS-13 are greater than 600m. N, content is less
than 5% in coalbed gas, indicating favourable preservation
conditions in this area.

The average N, content of non-hydrocarbon components
in coalbed gasis 4.8 %, which isrelatively large. The nitrogen
in coalbed gas is mainly caused by atmospheric and organic
factors. The atmospheric nitrogen enters into the coalbed gas
reservoir along with groundwater in the form of dissolved gas,
so the composition is relatively stable with  (N,)/  (Ar) =
84. The organic nitrogen is mainly derived from the thermal
evolution of nitrogen in organic matter, and  (N,)/

(Ar)>>84. Due to the differences of solubility between
nitrogen and argon,  (N,)/(Ar) = 40 for the dissolved gasin
groundwater [19,20]. It can be seen from Table 1 that  (N,)/

(Ar) is between 50~65 with the average being 57 (between

Fig.3 Relational of 813C(CH,)-N, in Tunlun minefield

Fig.4 Relationa graph of CH4-N, in Tunlun minefield
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40 and 84), which indicates that the organic and atmospheric
nitrogen coexist in the coalbed methane. This further
illustrates the good fluidity of groundwater in Tunlan
minefield.

As for the perspective of hydrogeology, underground
water of Tunlun minefield includes three basal waters: middle
Ordovician fissure aquifer, upper carboniferous in limestone
of Talyuan formation aquifer and Shanxi sandstone fissure
aquifer. K, sandstone, No.2 and No.4 sandstone fissure
aquifers impact No.2 coal mine. Sandstone and limestone of
Taiyuan formation aquifer consists of L,, K, and L, layers of
limestone. The top of No.8 coalbed is L, limestone. Average
thickness of L, is 1.80m (Fig.2). Although aquifer exposure

@Poses little impacts on mining coal seam, it is deeply buried
with bad aquosity and connectivity. But hydraulic connection
exists between group rivers, rainfall and coalbed water, thus
forming the basis for secondary biogenic gas.

Coalbed CO, was generated during early stages of
codification. With the ongoing process thermal evolution,
CH, content increased, and CO, content declined [21]. In
coalbed gas of Tunlun minefield, CO, content ranges from
0.21% to 0.34%. Average content is 0.30%. CO,<5%, which s
at alow level. It is less influenced by CO, from inorganic
source and dissolution of carbonate mineras. It is mostly
influenced by decarboxylic reaction with organic macro-
molecules and organic matters decomposed by bacteria.
According to literature research [22], CO,<5% is another
feature of micro-biogenic factor for coalbed gas in Sydney
and Bowen basins. According to N,, content changes, it can
be inferred that coalbeds in Tunluan minefield and surface
water are closely related. Microbia floraisincorporated to the
coalbed to detect CO, content, and secondary biogenic gas
may exist in Tunlan minefield.

4.2 CARBON ISOTOPE CHARACTERISTICS OF COALBED GAS

Under different parent materials and coal forming
environment, the carbon isotopic characteristics of coabed
gas are different. And the carbon isotope fractionation is
caused by many physical, chemical and biological factorsin
later periods, resulting in the great varieties of carbon isotopic
characteristics of the current coalbed gas. Carbon is one of
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Fig.5 The origin of methane carbon and hydrogen isotopes of the
coalbed methane in Tunalan minefield (the base map is cited from
literature [27])

Fig.6 Bernard discrimination diagram of the origin of coalbed
methane in Tunlan minefield (the base map is cited from
literature [28])

the most important elements of coalbed gas, and ailmost all
the carbon in coalbed gas comes from coal. The carbon
isotope (8*3C(CH,)) of coalbed methane Tunlan minefield is
within the range of -43.85%~-41.3%, averaging -42.46%. the
hydrogen isotopes of methane (SD(CH,)) is -238.27%-~-
222.45% with an average value of -231.49%. The carbon
isotopes of ethane is -27.74%~-7.61%, the average of which
is-21.29%; and the carbon isotope value 5*C(CO,) of carbon
dioxide is-12.8%~-6%, averaging -11.36%.
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5. Discussions
5.1 ORIGIN OF METHANE

According to the geochemical parameters including the
chemical composition of coalbed gas and methane carbon and
hydrogen isotope, origins of the coalbed gas can be classified
into primary biogas, secondary biogas, thermal degradation
gas, thermal cracking gas and multi-genetic gas [23]. The
thermogenic and biogenic methane can be identified by
carbon isotopic composition. The primary biogenic methane
ismainly formed in theinitial stage of peat and low-rank coal
thermal evolution, and the secondary biogenic methane can
be formed in the high-rank coal [22]. The value of §*3C(CH,)
generated under the microbial action is generally less than -
50%. The value of §*3C(CH,) produced by the reduction of
carbon dioxide isin the range of -110%~-60%, and the value
of 8%C(CH,) produced by acetate fermentation isin the range
of -65%~-50% [24,25]. The carbon isotope of thermogenic
methane is relatively heavy and generally heavier than -50%.

The thermogenic methane is generated when the volatile
organic matter rich in hydrogen and oxygen undergoes the
physico-chemical changes under certain temperature (>50°C)
and pressure. The process of methane production by organic
matters in coal or peat under thermal action includes two
different mechanisms of formation and corresponding gas
generation phases: thermal decomposition and thermal
cracking [23]. In the early stage of codlification (R, valueis
within 0.50%~0.80%), the chemical components of the early
thermogenic coalbed gas produced from high-volatile
bituminous coa contain much moisture such as ethane and
propane except methane. In the stage of moisture generation
(R, valueis between 0.60% and 0.80%), the drying coefficient
of the coalbed gas is less than 0.8, and the ethane content
may exceed 11%. When the R, value is between 0.80% and
1.00%, the coal will produce a large amount of thermogenic
methane; when the R, value is about 1.20%, the coal seamis
in the peak of gas generation [26]. The R, value of No.8 in
Tunlan minefield is 1.1~1.65%, the coalbed gasisin the peak
of gas generation and may contain thermogenic gases.

The average carbon isotope of CH, in Tunlan minefield is
-42.46%, which is higher than the upper limit (-50%) of
secondary bhiogenic gas and is lower than the lower limit (-
35%) of thermal genetic gas of Qinshui Basin [7]. The genesis
of coalbed methane in Tunlan was analyzed through the
relationship between methane hydrogen isotopes and carbon
isotopes proposed by Whiticar [27] (Fig.5).The test data of
coalbed methane of Tunlan falls in the range of thermal
genesis gas. Methane hydrogen isotopes (6D(CH4)) of
coalbed methane in Tunlan minefield (SD(CH,)) are between -
238.27%~-222.45%, which is significantly lower than the range
of pyrolysis gas (CH,) values of Zhengzhuang and Hudi in
southern Qinshui Basin (-179.32%~-160.53%) [11], and is
included in the 3D(CH,) value range of the secondary
biogenetic coalbed methane of Li Yazhuang in Huozhou
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coalfield (-244%~-215%) [23]. This may show the mixed
results of two types of genetic types of coalbed methane.
According to the Bernard (Fig.6) of the relationship between
813C(CH,) and C,/(C,+C,), the coalbed methane in Tunlan has
undergone secondary transformation, which is not purely
thermogenic gas.

5.2 ORIGINS OF CARBON DIOXIDE IN THE COALBED GAS

Carbon dioxide in coalbed gas varies in contents and is
soluble in water. When the carbon dioxide content is less than
15%, it is considered to be organ ogenic; and when the
concentration is more than 60%, it is inorganic genetic [29].
The average carbon dioxide content in the coalbed gas of
Tunlan minefield is 0.30%, indicating organic genesis.

The vaue of 813C(COZ) in coalbed gas of Tunlan minefield
is within the range of -13.2% ~-6.0%, averaging -11.36 %.
Among the test samples taken from Tunlan minefield of
Xishan in Talyuan, other than XS-14 with the §**C(CO,) value
of -6.0%. The test results of carbon dioxide carbon isotope in
the rest of samples is within the range of -13.2% ~-11.65%,
averaging -11.36 % . Thetest results of carbon dioxide carbon
isotope of Tunlan minefield are significantly heavier than the
range of carbon dioxide carbon value of Sydney basin and
Bowen basin in Australia (-15.5%~+16.7%) [22] and in Upper
Silesian basin in Poland (-27.2% ~ -2.8%) [28]. Therefore,
carbon dioxide of the coalbed gas in the Tunlan minefield
should be the residual secondary biogas.

The carbon isotopic composition of carbon dioxide from
different sources may be different. The value of §**C(CO,) of
organic genesis is less than -10%; the inorganic genetic
313C(CO,) is greater than -8% [29], the 51*C(CO,) relative to
the secondary biogasisin the range of -40%~+20% [24]; and
the carbon isotope value of carbon dioxide from thermal
cracking of coal do not exceed 0.15% [30]. The value of
313C(CO,) in coalbed gas of Tunlan minefield is within the
range of -13.2% ~-6.0%, averaging -11.36%. Therefore, carbon
dioxide of the coalbed gas in the Tunlan minefield should be
the secondary biogas and thermal cracking gas.

5.3 THE RELATION BETWEEN ORIGINS OF METHANE AND DIOXIDE
CARBON IN THE COALBED GAS

The genetic analysis can aso be carried out on the basis
of the carbon isotope values of CH, and CO,[10]. The carbon
isotope values of CH, and CO, of Tunlan minefield are all in
the thermogenesis area, but the carbon isotope values of CH,
and CO, have positive correlation. According to existing
researches [10,12]. The carbon isotopic vaues of CH, and
CO, have a positive correlation, and secondary biogenic gas
exists at the surface of coalbed methane. The formation of
secondary biogas can be determined by the formula with
813C(CH,) and fractionating factor o(CO,-CH,) of §**C(CO,).

o(CO,-CH,)=(1000+3"3C(CO,))/(1000+3"*C(CH,)) ... ~ (1)

When o(CO,-CH,) is 1.03~1.06, indicating that secondary
biogenic gasis formed by methyl fermentation. When o,(CO,-
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CH,)1.06~1.09, indicating that secondary biogenic gas is
formed by reduction of carbon dioxide. According to Eq(1),
the isotopic fractionation factor a(CO,-CH,) of the sample
from Tunlan is 1.03~1.04, indicating it is methyl fermentation.

The value of §13C reflects the mass percentage of methane
produced by reduction of CO,.When the mass percentage of
methane is 50%, §13C is about +2%; when it is 30%, §'3C is
around -15% [31]. Since the average of 313C of the six samples
is -11.36%, it can be referred to that the percentage of the
secondary biogas formed by bacterial degradation is about
35%.

6. Conclusions

(1) The average volume fraction of CH, content of coalbed
mathane in Tunlan minefield in Xishan coalfield is
86.19%~93.52%, and the average content is 89.93%. The
content of ethane is few, which is 0.02%~0.05%, and the
average is 0.03%. The nonhydrocarbon gases are mainly
nitrogen, carbon dioxide and argon, and the volume
content is 4.54%~8.98%, 0.21%~0.34% and 0.07%~0.16%
respectively. Their average values are 6.64%, 0.30% and
0.12%. The drying coefficient is more than 0.99, which is
extremly dry gas, and CDMI is 0.24%~0.38%.

(2) Methane carbon isotopes of coalbed methanein the
Tunlan minefield in Xishan coalfield is -43.85%~-41.3%,
and the average is -42.46%o; the hydrogen isotopes of
methane is -238.27%~-222.45% with an average value of -
231.49%o; the carbon isotopes of ethane is -27.74%~-
7.61%, the average of which is -21.29%; the carbon
isotopes of carbon dioxide is -12.8%~-6.0% with an
average number of -11.36%.

(3) Coabed methane in Tunlan minefield has undergone
secondary transformation, which is mainly dominated by
thermal degradation of coal. Secondary biogenic gas CH,
exists, which meansit is mixed genetic coalbed methane,
and the ratio of secondary biogas gas is about 35%.
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