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Abstract

CO, reservoirs are widely distributed within the Yingcheng Formation in the Songliao Basin, but the extreme horizontal
heterogeneity of CO, content causes difficulties in the exploration and exploitation of methane. Former studies have fully
covered the lithology, structure, and distribution of the reservoirs high in CO, content, but few are reported about migration
and accumulation of CO,. Using the East Changde Gas Field as an example, we studied the accumulation mechanisms of
CO, gas. Two original types of accumulation model are proposed in this study. The fault-controlled accumulation model
refers to gas accumulation in the reservoir body that is cut by a basement fault (the West Xu Fault), allowing the
hydrocarbon gas generated in the lower formation to migrate into the reservoir body through the fault, which results in a
relatively lower CO, content. The volcanic conduit-controlled accumulation model refers to a reservoir body that is not cut
by the basement fault, which prevents the hydrocarbon gas from being mixed in and leads to higher CO, contents. This
conclusion provides useful theories for prediction of CO, distribution in similar basins and reservoirs.

Keywords Carbon dioxide reservoir - Mantle-derived CO, - Faults - Reservoir formation mechanism - East Changde Gas
Field - Songliao Basin

1 Introduction also been accidentally discovered during natural gas

exploration over the past two decades (Xu et al. 1995; Sun

The Songliao Basin is a Mesozoic—Cenozoic basin located
in northeastern China that contains abundant oil and gas
resources. Several billion tonnes of oil have been discov-
ered in the basin’s oil fields since exploration began in
1950. However, in addition to the large amount of hydro-
carbon gas, a number of CO, reservoirs, whose CO, con-
centrations vary significantly from < 30 to > 98%, have
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et al. 2009; Guo et al. 2017a, b). These CO, reservoirs are
located within a narrow strip within the Xujiaweizi
Depression, the Changling Depression, and the Wanjinta
Depression. However, CO, accumulation has an extremely
heterogeneous horizontal distribution. The difference in the
CO, content of two wells located less than 1 km apart can
be as much as 70%. For example, the Changde area in the
Xujiaweizi Depression has a complex gas genesis, with
both organic gas (methane) and inorganic gas (CO,).
Reservoirs with CO, contents > 84% have been discovered
in the volcanic reservoirs, e.g., in wells Fs9 and Fs701 in
the Yingcheng Formation in East Changde. Whereas, in
wells Fs7 and Fs6, located less than 3 km away, the CO,
content is 15%—40%. This phenomenon has resulted in a
great deal of interest in the genesis of CO, and the reservoir
formation process in the Songliao Basin (Yang et al. 2011;
Fu and Song 2005; Shao et al. 2000; Qu et al. 2016; Xu
et al. 1999; Dai 1996; Du 2005; Guan 1990; Zhang et al.
2009; Li et al. 2006; Guo et al. 2000; Yu et al. 2010; Cao
1996; Rui et al. 2018a, b). Most scholars agree that the CO,
in the Songliao Basin is inorganic and mantle-derived
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according to the isotopic composition of the CO,. It is
generally accepted that mantle fluids, especially basaltic
magmas, contain significant amounts of volatiles, such as
CO,, H,0, and He. When the temperature decreases as
upwelling occurs, the magma will degas, and these vola-
tiles will continuously migrate through fractures and pores,
and can be trapped in CO, reservoirs under the appropriate
conditions. This is how mantle-derived CO, reservoirs
form (Yang et al. 2011). However, previous studies have
failed to produce a reasonable explanation for the differ-
ences in the CO, contents of reservoirs that are located
fairly close together. Several scholars have proposed a self-
generating and self-preserving reservoir formation model.
They argue that the CO, in the Songliao Basin is derived
from magmas associated with Cretaceous volcanic activity.
The CO, degassed from these magmas due to decreasing
temperatures when the magma cooled, and it was stored
in situ forming reservoirs (Liu et al. 2005; Tan et al. 2005).
According to this theory, there should be widespread CO,
reservoirs in the Songliao Basin wherever Cretaceous
volcanic rocks are located. However, the CO,-containing
reservoirs have a limited distribution—they are mainly
located where faults intersect (Guo et al. 2000; Yu et al.
2010; Zeng et al. 2017). Due to the fact that the density of
CO, is greater than that of hydrocarbon gases, several
scholars proposed the “gravitational differentiation”
reservoir formation model, which concludes that gravity
caused CO, to accumulate at the bottom of reservoirs and
hydrocarbon gases at the top (Lin et al. 2010; Wei et al.
2009). However, there is little difference between the
density of CO, and the densities of methane and ethane.
Therefore, whether such a small density difference can lead
to such a significant difference in the horizontal distribu-
tion of CO, needs to be investigated further.

In this study, several typical reservoirs in East Changde
were selected to investigate the genesis of CO, using core
data gas samples, temperature, pressure, and seismic data.
Based on this data, the distribution characteristics of vol-
canic reservoirs and basement faults are discussed, and a
CO, migration and reservoir formation model for East
Changde is explored in order to analyze the factors gov-
erning CO, distribution in the Songliao Basin.

2 Geological setting

The Songliao Basin is the largest Mesozoic—Cenozoic
continental basin in northeastern China. It is 750 km long,
330-370 km wide, and covers an area of nearly
255,000 kmz, extending from north to south through Hei-
longjiang Province, Jilin Province, and Liaoning Province
(Fig. 1). The Songliao Basin has experienced three phases
of evolution, i.e., rift, depression, and structural inversion.
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It has undergone widespread deposition of Cretaceous—
Quaternary strata with a structure characterized by faults at
the bottom and depressions at the top. Three structural
layers can be identified: a fault-depressed structural layer, a
depressed structural layer, and an inverted structural layer.
During the past decade, several CO, reservoirs or CO,-
containing reservoirs (fields) have been accidentally dis-
covered during natural gas exploration in the Songliao
Basin. Currently, there are multiple high CO,-content
reservoirs and gas seepages, such as the CO, gas seepages
in the Five Connected Ponds on the north edge of the basin
and the high CO,-content middle-shallow sand-conglom-
erate reservoirs located in the Wanjinta, Gudian, Qian’an,
and Honggang Depressions. A number of CO, reservoirs
and gas spots in the volcanic reservoirs of the Yingcheng
Formation were also recently discovered by deep explo-
ration, such as the Fangshen 9 (CO, content = 84.2%—
90.4%), Xushen (CO, content = 24%), Xushen 10 (CO,
content = 90%), Xushen 19 (CO, content = 93%), Xushen
28 (CO, content = 80.7%), and Dashen 2 (CO, con-
tent = 32%) in the Xujiaweizi Depression, East Changde,
in the northern part of the Songliao Basin (Lu et al. 2005,
2008; He et al. 2005) (Fig. 1). Thus, it can be concluded
that CO, is widely, but unevenly, distributed in the Son-
gliao Basin. The absence of well-established conditions for
industrial utilization and treatment of this CO, has made it
riskier and more difficult to explore and exploit the asso-
ciated hydrocarbon gases.

2.1 Structural characteristics

Tectonically, the Changde area is located in the western
slope in the Xujiaweizi Depression (Fig. 1). From a
regional perspective, the western region is undergoing
basement uplift and is split into a northern half and a
southern half by the ancient valley running along Chang
wells 101-102. Situated in the depression in the eastern
part of the basement uplift, the East Changde Gas Field is a
syncline structure trending northwest with a depth of up to
4100 m. This syncline is characterized by simple structural
features and some topographic highs. The sedimentary
strata pinch out to the west above the basement uplift. The
East Changde Gas Field is located in the western part of the
Xujiaweizi Depression (Figs. 1, 2) where reservoirs are
developed in the volcanic reservoir bodies in the Lower
Cretaceous Yingcheng Formation.

There is a 2-6 km, NNE-trending fault with a fault
displacement of 40—100 m located in the syncline area of
the northern part of the East Changde Gas Field. This is a
long-lived normal fault that separates the Qingshankou
Formation hanging wall and the Shahezi Formation foot
wall. A 1-2-km-long, NS-trending fault is located to the
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Fig. 1 Location of the Songliao Basin and the Xujiaweizi Depression. Modified from Lu Xuesong (Lu et al. 2009)

south where two primary fault characteristics are observed,
i.e., the fault trends are close to that of a depression-con-
trolling fault and the faults are located near a depression-
controlling fault. These faults provide channels for gas
migration and accumulation, control fracture development
of reservoirs, and improve reserve and percolation capa-
bilities of the reservoirs.

2.2 Formation
Gas reservoirs in East Changde are mostly located in the

Lower Cretaceous volcanic strata, which is why this study
focuses on the Lower Cretaceous strata (Fig. 3). Due to the

fact that this area is an uplift structure developed on
uplifted basement on the edge of a rift basin, part of the
strata in the uplifted area is missing. The uplifted basement
is mainly composed of metamorphic rocks and intrusive
rocks, e.g., high-resistance phyllite and granite. From
bottom to top, the Lower Cretaceous strata consist of the
Huoshiling Formation, the Shahezi Formation, the Ying-
cheng Formation, the Dengloudu Formation, and the
Quantou Formation. The Huoshiling Formation is com-
posed of volcanic rocks and siltstone that unconformably
overlie the basement and exhibit limited structural devel-
opment. The locally well-developed Shahezi Formation is
mainly composed of low-resistance dark mudstone,
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Fig. 2 Structure map of the Yingcheng Formation, East Changde
Gas field

argillaceous sandstone, and sandy conglomerate. The
Yingcheng Formation is divided into four members from
bottom to top. The first member of the Yingcheng For-
mation, which contains volcanic rock reservoirs, is mainly
composed of argillaceous siltstone, mottled sandy con-
glomerate, and volcanic rocks. The second and third
members of the Yingcheng Formation are absent in this
region. The compact volcanoclastic rocks of the fourth
member of the Yingcheng Formation serve as the cap rocks
for this region. The 20-65-m-thick first member of the
Denglouku Formation is mainly composed of a set of
mottled high-resistance conglomerate and sandy con-
glomerate stratum with a small amount of coarse sandstone
and fine sandstone, which locally unconformably overlies
the basement. The 80-120-m-thick second member of the
Denglouku Formation is mainly composed of low-resis-
tance dark mudstone, which serves as an effective regional
cap rock. The 300-500-m-thick first and second members
of the Quantou Formation are composed of coastal, shal-
low-lake, and fluvial mudstone with argillaceous sandstone
and sandstone. These members also serve as regional cap
rocks.
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3 Methods
3.1 Analytical methods

A considerable amount of information was used in this
study, including core samples, gas samples, and tempera-
ture and pressure data. The core samples were used to
analyze the petrologic features of the volcanic reservoirs,
and together with isotopic analyses of the gas samples, to
determine the source of the CO,. Samples collected from
different wells were analyzed to determine the character-
istics of the volcanic reservoirs and their relationship to the
nearby faults by analyzing the data in the context of the
seismic, temperature, and pressure data. Based on these
analyses, two models for CO, migration and accumulation
are proposed to further describe the factors governing CO,
reservoir distribution in the East Changde Gas Field, and
possibly throughout the Songliao Basin.

3.2 Data

The data used for this study includes core samples, gas
samples, seismic data, and temperature and pressure data
for the reservoirs. See Table 1 for a summary of the data.

1. A total length of 205.9 m of core samples was
collected from five wells, and the core samples were
all from the first member of the Lower Cretaceous
Yingcheng Formation.

2. Eleven gas samples were collected from five wells.
Ten liters of gas was sampled from each well and
stored in a cylinder under pressure. As shown in
Table 1, the depth of each sample is the average depth
of the perforation interval.

3. The seismic data, with a dominant frequency of 30 Hz,
covered 553 km? of the Xujiaweizi area. A pre-stacked
GR inversion was conducted on the volcanic reservoirs
in the Yingcheng Formation, East Changde. Due to
their high gamma ray value, which differs significantly
from that of the surrounding rocks, we were able to
precisely determine the distribution of the volcanic
reservoirs in the section.

4. Temperature and pressure data was collected from the

logging-while-drilling reports compiled by the China
National Petroleum Corporation (CNPC) (Table 1 and
Fig. 4).

3.3 Geochemical analyses

All of the experiments in this study were conducted at the
Petroleum Geology Experiment Research Center, Research
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Fig. 3 Lower Cretaceous strata in East Changde

Table 1 Summary of data for

Gas sample depth, m

Temperature, °C

Pressure, MPa

the gas reservoirs in East Well Core depth, m
Changde Fs6 3324.5-3379.3
Fs7 3473.6-3529.5
Fs701 3598.7-3623.2
Fs9 3646.8-3671.4
Fs9-1 3560.1-3606.2

3250 137.2 335
3410 138.1 35.1
3374 138.2 34.3
3490 139.5 352
3580 138.1 34.1
3620 140.0 38.0
3625 141.7 37.1
3640 142.0 38.1
3660 143.1 39.1
3600 139.1 36.0
3650 142.5 38.9

Institute of Petroleum Exploration and Development, Bei-
jing, China.

1.

Whole rock geochemical analyses were conducted on
52 samples from the 5 wells listed in Table 1. Sample
preparation involved fusing 0.5 g samples of rock
powder with 2.0 g of LiBO, followed by dissolution in
200 mL of 5% HNOj;. Major oxide compositions were
determined using inductively coupled plasma emission

spectroscopy (ICP-ES). The results are shown in
Fig. 5.

The gas samples were fed into a Thermo Fisher mass
spectrometer through the output valve on the pressure-
retaining cylinder. He gas was absorbed by an active
charcoal trap at 800 °C, and the CO, gas was
cryogenically extracted using liquid nitrogen (Cao
1996). Then, the volume of He and CO, was measured

@ Springer
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at room temperature (20 °C) and pressure. The results pH (Liu et al. 2005; Tan et al. 2005). 6'3C and *He
are shown in Fig. 6. isotopic analyses of the CO, and He were conducted
3. The CO, and He were transferred to an airtight 2 L using a Thermo Fisher mass spectrometer and the
amber glass bottle. Two to three drops of HgCl, following formula:
solution (3.7 g-:50 mL™") were added to the glass
bottle in advance to avoid a photochemical reaction. (B3c/2c)
. 13 sample
To prevent CO, loss, 5 mL of NaOH solution was 0°C= mone 1] x 1000
( )standard

injected into the bottle through the cork to balance the
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Each measurement comprised of three pulses of refer-
ences followed by six pulses of sample CO, or He gas. The
parameters used are as follows. The chromatographic col-
umn was 30 mm x 0.25 mm; the column temperature was
300 °C; the injection volume was 1 pL; the carrier gas was
Ar; the gas flow was 1 mL/min; the split was 10:1; and the
mass spectrometry conditions were an EI ion source of
70 eV, a nucleo-cytoplasmic ratio scan range of
m/z = 80-700. The precision for both '°C and *He is +

0.1%o. The results are shown in Table 2.

4 Results and discussion
4.1 The origin of CO, gas

BCco,, R/IR, (R is the *He/*He value of the sample; R, is
3He/*He value of air), and C02/3He are the commonly used
indices for source determination of CO,. The first of which
is used to determine whether the gas has an organic or
inorganic genesis, while the latter three are used to deter-
mine whether the gas is crust- or mantle-derived (Ballen-
tine et al. 2000; Marty et al. 1989; Trull et al. 1993). It is

generally agreed that a *Cco, of > —10%o indicates an
inorganic origin, and R/R,>2 and CO,/He > 2x10°
indicate a mantle origin (He et al. 2005). Table 2 shows the
helium isotope and CO, isotopic data for the East Changde
samples. Besides, it is important to make clear whether He
and CO, are coupled, otherwise R/R, would be meaning-
less. Lu XS (Liu et al. 2016) has done detailed research
about CO, and He gas in Songliao Basin and concluded
that they are from the same origin.

As shown in Table 2, the 13CCO2 values for Well Fs7 are
— 10.07%0 and — 11.51%o, which are slightly less than
— 10%o, indicating a combined organic—inorganic genesis,
with the inorganic genesis of CO, being dominant. The
13CCO2 from the other four wells were greater than — 8%,
indicating an inorganic genesis. As a result, it is concluded
that the CO, in East Changde has a broad inorganic origin.
Helium isotope ratios suggest that the R/R, value in East
Changde is between 2.35 and 3.68 (except for that of Well
Fs7), which is much higher than the criterion for mantle-
derived genesis, i.e., R/R, > 2 (Fig. 6). In addition, the
CO,°He ratio of the gas from Well Fs9 is
(1.96-1.97) x 10° (close to 2 x 10”), which is close to the
CO,/*He ratio of primitive magma generated in the upper
mantle (Sano et al. 1986). Based on this evidence, we
conclude that the CO, in East Changde is mantle-derived.

Geochemical analysis of the volcanic rocks provided a
basis for the further determination of the origin of the CO,.
According to the TAS diagram (Fig. 5) of the Yingcheng
Formation (Mesozoic) volcanic rocks from the Songliao
Basin, the Mesozoic volcanic rocks are mainly silicic and
intermediate rocks (rhyolites, dacites, and andesites) and a
small amount of mafic rocks formed by crust-derived
magma. Detailed studies have shown that silicic and
intermediate magmas could not preserve large amount of
volatile gases, since these magmas lack large ion lithophile
elements (LILEs) and light rare earth elements (LREEs)
which are CO, loving (Mysen et al. 1975); while in East
Changde reservoirs, CO, content is up to 87.2%. This
contradiction shows that high CO,-content reservoirs are

Table 2 Carbon and helium isotopic data for the CO, reservoirs in East Changde

Well no. Fm. Well depth, m Content of natural gas component, % ‘3CCO2, %o R/R, CO,/*He
Methane Heavy hydrocarbon N, CO,

Fs6 K;yc' 3413 78.93 2.03 13.77 — 855 2.39

Fs7 K,yc' 3476 52.13 1.68 0.94 3248 — 1151 1.84

Fs7 K,yc' 3489 66.75 1.97 1.12 29.16 — 10.07 1.92

Fs701 K,yc' 3580 10.60 3.14 0.82 80.43 —2.27 3.66

Fs9 K,yc' 3625 13.82 0.23 046 842 - 573 3.68 1.97 x 10°
Fs9-1 K,yc' 3650 11.13 2.67 0.98 87.25 — 3.49 2.71 1.96 x 10°
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less likely to be formed by Mesozoic magma degassing.
Thus, we conclude that once formed, the Mesozoic vol-
canic rocks served only as reservoirs, and the CO, was
derived from Cenozoic mantle-derived magmatic activity.
Liu et al. (2016) identified a huge Cenozoic heat flow
diapir approximately 40 km eastward from East Changde
gas reservoirs by analyzing the seismic data acquired over
Xujiaweizi Depression. Liu et al. (2016) further concluded
that the heat flow diaper has a high impact on the CO, gas
in Changling, Wanjinta and Changde gas reservoirs. The
work of Yu (Guo et al. 2017a, b) also shows that Cenozoic
magmas are mainly basaltic, and the heat flow diapirs
formed by this mantle-derived basaltic magmatic activity
during the Himalayan structural evolution contained a large
amount of volatiles, such as CO,, which then migrated
along the major faults to the Mesozoic volcanic reservoirs
where it accumulated. This is the current model for the
formation of high CO,-content reservoirs in East Changde.

4.2 Distribution of reservoirs and faults

The distribution of faults and potential reservoirs signifi-
cantly influences the distribution of CO, reservoirs.
Reservoir continuity is a key factor in studying the distri-
bution of CO, concentrations. Whether or not the seem-
ingly horizontally interconnecting reservoirs are truly
spatially connected largely determines the horizontal dis-
tribution of the CO, concentration. However, basement
faults serve as one of the key channels for the migration
and accumulation of CO,. Therefore, close attention should
be paid to faults, which can connect the various reservoirs,
and heat flow diapirs, which can serve as gas sources.

4.2.1 Reservoir distribution in the East Changde Gas Field

In previous studies, the reservoirs intersected by wells Fs9,
Fs9-1, Fs701, Fs7, and Fs6 were called the East Changde
Gas Reservoir (Huo et al. 1998) and were treated as a
uniform reservoir system. Thus, the CO, contents of the
various parts of one reservoir system should be approxi-
mately the same. However, the CO, contents of Wells Fs6
and Fs7 in the East Changde Reservoir are both < 40%,
while the CO, contents of wells Fs701 and Fs9, which are
only 2.5 km away from wells Fs6 and Fs7, are > 80%
(Fig. 4). This phenomenon sharply contradicts previous
research findings.

In this study, comprehensive analysis of seismic, litho-
facies, temperature, pressure (Guo et al. 2017a, b; Rui et al.
2017a, b; Wang et al. 2018), and CO, content data suggests
that there should be at least two sets of volcanic reservoirs,
i.e., Fs6 and Fs7 are in one reservoir body, and Fs701, Fs9-
1, and Fs9 are in the other. The GR inversion data, col-
lected by CNPC (Fig. 7), indicates that the volcanic
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reservoirs in East Changde are mainly distributed within
the Lower Yingcheng Formation (K;yc'). A thin volcanic
reservoir is located in the northwestern region of Changde,
and it is intersected by wells Fs6 and Fs7. The other
reservoir is located in the central-southeastern part of the
Xujiaweizi Depression. It is a 50-80-m-thick, large-scale
reservoir, and it is intersected by wells Fs701, Fs9-1, and
Fs9. These two sets of reservoirs are not interconnected.

In addition, the temperature and pressure data as well as
the CO, contents also indirectly verify the conclusions
discussed above. As shown in Fig. 6, the temperatures and
pressures of the stratum intersected by wells Fs9, Fs9-1,
and Fs701 show a consistent positive correlation, sug-
gesting that they share the same temperature—pressure
system, whereas wells Fs6 and Fs7 are part of another
temperature—pressure system that is not interconnected
with the former. In terms of CO, content, the five wells
exhibit significant differences. The CO, contents of wells
Fs9, Fs9-1, and Fs701 are > 80%, whereas those of wells
Fs7 and Fs6 are < 40%, i.e., 39.9% and 15.3%, respec-
tively. Figure 4 and Table 1 together indicate that the
amount of CO, within the pore space decreases with the
increasing buried depth of our reservoir. Note that there
exists a different declined trend of CO, between Fs6-Fs7
and Fs701-Fs9-Fs901. This phenomenon indicates that
there are two separate reservoirs.

4.2.2 Fault distribution within the East Changde Gas Field

The depth of the Moho in the Songliao Basin ranges from
29 to 34 km. The higher CO,-content wells are mainly
located in areas where the Moho depth is relatively shallow
(less than 32 km; Fig. 8), which indicates a strong con-
nection between the CO, and the mantle. As indicated by
Fig. 8, the migration of CO, is closely associated with the
major basement faults, i.e., the high CO,-content wells are
primarily located near basement faults, especially at the
intersections of fault zones. Combining with the work of
Zhang (Zhang 2003), it is concluded that basement faults
are important channels that control the upwelling of CO,.
The NS trend of the CO, distribution (Fig. 8) in the Son-
gliao Basin is mainly controlled by the Sunwu—Shuangliao
lithospheric fault zone in the middle of the basin. Upper
mantle upwelling resulted in a shallow Moho depth in this
area and the formation of major deep faults, which resulted
in the production of mantle-derived magma, i.e., the major
source of the CO, that was infused into the lithosphere.
The fault distribution in East Changde was investigated
by means of a seismic section of the Xujiaweizi Depres-
sion. This investigation revealed the migration channels
responsible for CO, accumulation. We conclude that a
large heat flow diapir developed near wells Xushen 23 and
Xushen 21 (Figs. 1, 9b), and the seismic section exhibits
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Fig. 7 Inverted seismic section of the reservoirs in East Changde

extremely chaotic reflection characteristics. This is highly
consistent with that of the research conducted by CNPC
(Figs. 1, 9a) (Liu et al. 2016). Supplied by mantle-sourced
heat flow, this heat flow diapir migrated into the top of the
Lower Cretaceous Huoshiling Formation and became an
important CO, source for the Xujiaweizi area. There are
three basement faults in the Xujiaweizi Depression, i.e., the
West Xu Fault, the Mid Xu Fault, and the East Xu Fault.
These faults connect the heat flow diapir, which was gen-
erated by magmatic activity, with the Cretaceous volcanic
reservoirs. With its small dip angle and large length, the
West Xu Fault controls the formation of CO, reservoirs in
East Changde. It is worth noting that the West Xu Fault
cuts the volcanic reservoir body in which wells Fs6 and Fs7
are located; however, it does not cut the reservoir body in
which wells Fs701 and Fs9 are located.

4.3 Migration and accumulation model

The major basement faults and paleo-volcanic conduits that
developed during the depositional stage of the Yingcheng
Formation serve as channels for the upward migration of
mantle-derived inorganic gases. These basement faults also
serve as effective channels for organic hydrocarbons. As a
result, both the major basement faults and the paleo-vol-
canic conduits are the major factors that control the
migration, accumulation, and amount of organic hydro-
carbon gases and mantle-derived inorganic gases in the
volcanic rock reservoirs. In East Changde, the CO, content
is > 84% in the reservoir where wells Fs9 and Fs701 are
located, but it is as low as 15%—40% in the reservoir where
wells Fs7 and Fs6 are located. The distance between these
reservoirs is less than 3 km. In addition, Figs. 1 and 9 show
that the heat flow diapir is located 40 km away to the east
of the two reservoirs, and the migration of CO, gas is
mainly through basement faults and volcanic conduits.
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Thus, it is not very likely that the difference in the CO,
contents of the two reservoirs is directly caused by the
location of the heat flow diapirs. The gas migration chan-
nels (faults and/or volcanic conduits) and related gas
accumulation modes of the two reservoirs are the factors
that control the large differences in the CO, content of
these reservoirs. In summary, there are two models for CO,
accumulation, i.e., the fault-controlled accumulation model
and the volcanic conduit-controlled accumulation model
(Fig. 10).

An example of the fault-controlled accumulation model
is the volcanic body that is located above the West Xu
Basement Fault and which is drilled by wells Fs6 and Fs7
(Fig. 10a). Many detailed studies (Liu et al. 2016) have
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Fault; F7, Zhalaite-Jilin Fault; F8, Horqin—Yitong Fault; F9, Tuquan—
Siping Fault; F10, Zhalute—Kaiyuan Fault; F11, Nemoerhe Fault; F12,
Halamutu Fault; and F13, Xilamulun Fault

proven that the volcanic body in the Yingcheng Formation
was formed at 117-102 Ma, i.e., Early Cretaceous,
including the reservoir body intersected by wells Fs9, Fs9-
1, Fs701, Fs7, and Fs6, before the Cenozoic CO, emission.
The West Xu basement fault extends upward along the
volcanic conduit, cuts through the volcanic body, and
extends upward into the Denglouku Formation. Studies
conducted by the CNPC (Liu et al. 2016) in the Songliao
Basin indicate that the West Xu Fault was formed in the
Carboniferous-Permian, and it was active during the
Mesozoic and Cenozoic. In addition, the study conducted
by Lu SF (Lu et al. 2017) on the Shahezi Formation shows
that the source rocks reached the gas generating stage at
100-80 Ma, when the West Xu Fault was highly active. So
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a combination of these two conclusions shows that the
West Xu Fault was open and active, allowing it to serve as
a channel for the migration of the hydrocarbon gas into the
volcanic reservoir. By connecting the heat flow diapir body
located in the basement rocks, the volcanic conduits, the
Lower Cretaceous Shahezi Formation, and the reservoirs,
the West Xu Fault allowed mantle-derived CO, to migrate
and accumulate in the gas reservoir located along the West
Xu Fault, and in the meantime hydrocarbon gases released
from hydrocarbon-derived rocks in the strata of the Shahezi
Formation also migrated and accumulated in this gas
reservoir (Rui et al. 2017c, d; Cui et al. 2018a, b). This
accounts for the coexistence of CO, and hydrocarbon gases
in wells Fs6 and Fs7, which resulted in a CO, content
lower than 40%.

An example of the volcanic conduit-controlled accu-
mulation model is the volcanic rock reservoir intersected
by wells Fs701, Fs9-1, and Fs9 (Fig. 10b). This volcanic
body was formed by intermediate magma that welled up
along another volcanic conduit in the eastern part of the
Xujiaweizi area. Lu et al. (2009) studied the structural
evolution and characteristics in Xujiaweizi area and

Formation; T42, top of the Shahezi Formation; T43, top of the
Huoshiling Formation; T5, top of the basement; TC-P, top of the
Carboniferous-Permian Formation; TD, detachment surface; TK,
Conrad discontinuity; TM, Moho surface; the location of CC' and BB’
is referred to Fig. 1

concluded that neither the volcanic conduit nor the reser-
voir body was damaged by later structural events. As a
result, mantle-derived CO, was able to migrate from the
heat flow diapir upward along the volcanic conduit and
accumulate in the volcanic reservoir. Without a fault to
provide a migration path, hydrocarbon gases in the strata of
the underlying Shahezi Formation could not accumulate in
the reservoir body (Sun et al. 2016; Wang et al. 2017),
which resulted in CO, contents as high as 70%-80% in
wells Fs701, Fs9-1, and Fs9.

The two accumulation models mentioned above seem to
provide foundations for predicting CO, content in East
Changde. As mentioned above, the horizontal distribution
of CO, content is highly heterogeneous, and we concluded
that this heterogeneity could be explained by the accu-
mulation pathways. If the igneous rock reservoirs are cut
by basement faults, then the CO, content would be gen-
erally less than 40% because the mixture of hydrocarbon
gases. The low CO, content in the reservoir at the borehole
places of Well Fs6 and Fs7 indicate that the basement
faults in East Changde are open as the avenue for hydro-
carbon migration. If the igneous rock reservoirs connect
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with a volcanic conduit instead of being cut by basement
faults, then the CO, content would be generally greater
than 70%.

5 Conclusions

In this study, the following conclusions have been reached:

1. The CO, reservoirs in East Changde are actually two
sets of disconnected silicic volcanic reservoirs located
in the Yingcheng Formation (Klycl). One set of
reservoirs is intersected by wells Fs6 and Fs7, and the
other set is intersected by wells Fs701 and Fs9. The gas
migration channels (faults or volcanic conduits) and
gas accumulation modes of the two well areas (sets of
reservoirs) are the factors that control the large
differences in the CO, content of these reservoirs.

2. The CO, migration and accumulation in East Changde
can be accounted for by two models, i.e., a fault-
controlled accumulation model and a volcanic conduit-
controlled accumulation model. The reservoirs formed
by these models vary significantly. In the fault-
controlled gas supply model, hydrocarbon gases in

@ Springer

the underlying strata migrate and accumulate in the
reservoir, which results in lower CO,-content reser-
voirs. Whereas in the volcanic conduit-controlled
accumulation model, CO, migrates directly from the
heat flow diapir to the reservoirs, and the hydrocarbon
gases cannot effectively enter, resulting in higher CO,-
content reservoirs.
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