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ARTICLE INFO ABSTRACT

Keywords: Late Cenozoic lacustrine mixed carbonate-siliciclastic sequences in the northwestern Qaidam basin (NW China)
Reservoir are mainly composed of high porosity and low permeability fine-grained rocks but have big potentials of oil-gas
Hydrocarbon accumulation commercial production. However, how these fine-grained rocks generate high-quality reservoirs and accumulate
Biomarker

hydrocarbons, remains poorly known. This study focuses on shallow-buried Shang Youshashan Formation
(Middle-Late Miocene, N»?) and Shizigou Formation (Late Miocene-Pliocene, N.>) reservoirs and hydrocarbons
in Xiaoliangshan area of the northwestern Qaidam basin. We conduct mineralogy, petrography and porosity and
permeability analysis for reservoir rocks and biomarker analysis for hydrocarbons and potential source rocks.
The results indicate that the N,> high-quality reservoirs are dominated by fractured marlstones and lime
mudstones and constitute structural traps, whereas the N, hydrocarbon reservoirs are mainly composed of
siliciclastic-dominantly rocks and form stratigraphic-lithologic traps. Similar biomarker ratios between crude oil
samples and Paleogene organic matter-rich rocks reveal that hydrocarbons in the shallow system were likely
derived from deep-buried source rocks, rather than late Cenozoic lacustrine fine-grained rocks themselves. In
this case, large-scale vertical fractures created by kink band structures in the northwestern Qaidam basin are
supposed to facilitate hydrocarbon migration and accumulation. Preliminary production data and exploration
well oil-gas test results demonstrate highest yields and thus large hydrocarbon potentials in the N,? marlstone
and lime mudstone reservoirs. Collectively, we suggest that relatively high-permeability, fractured and carbo-
nate-rich reservoirs on structural highs are favorable targets for future oil-gas exploration in the northwestern
Qaidam basin. This petroleum system provides a typical and significant example for hydrocarbon exploration
and development in mixed carbonate-siliciclastic fine-grained rocks of nonmarine petroliferous basins.

Mixed carbonate-siliciclastic rock
Qaidam basin

1. Introduction

It is widely realized that oil and natural gas production around the
world have resulted in a decline of hydrocarbon reserves in conven-
tional sandstone and carbonate rock reservoirs (Bentley, 2002). Un-
conventional reservoirs, such as tight sandstones, shales, mixed carbo-
nate-siliciclastic fine-grained rocks and volcanic rocks, have received
more and more attention (e.g. Pitman et al., 1982; Poppelreiter and
Aigner, 2003; Delpino and Bermtdez, 2009; Clarkson et al., 2012; Zou
et al., 2013; Macquaker et al., 2014). While mixed carbonate-silici-
clastic sequences in marine environments and their implications for
petroleum systems have been widely studied (e.g. Brooks et al., 2003;
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Coffey and Read, 2004; Barnaby and Ward, 2007; Garcia-Garcia et al.,
2009; Lee and Chough, 2011; Zecchin and Catuneanu, 2017), in-
vestigation on formation mechanism of high-quality reservoirs in la-
custrine mixed carbonate-siliciclastic fine-grained rocks and hydro-
carbon accumulation processes, remains poorly reported.

Widespread Cenozoic lacustrine mixed carbonate-siliciclastic rocks
have been discovered in the western Qaidam basin, northern Tibetan
Plateau (Figs. 1 and 2; Hanson et al., 2001; Zhang et al., 2006; Song
et al., 2010, 2014; Jian et al., 2014; Ji et al., 2017). Decades of hy-
drocarbon exploration by the Qinghai Oilfield Company, PetroChina
demonstrate that those low-permeability mixed carbonate-siliciclastic
fine-grained rocks don't only serve as high-quality hydrocarbon source
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rocks, but can also be high-potential oil and gas reservoirs (e.g. Hanson
et al., 2001; He et al., 2008; Feng et al., 2013). Nanyishan and Jian-
dingshan oilfields, located in northwestern Qaidam basin (Fig. 1C),
were successively found in the last century and have been exploited till
now, where oil and gas are mainly stored in both deeply buried (ca.
2500-4000 m) Paleogene and shallow (ca. < 2500 m) Neogene mixed
carbonate-siliciclastic sequences (Zhang et al., 2006; Feng et al., 2011;
Wang et al., 2012). Previous reservoir characterization results indicate
that formation of the deep hydrocarbon reservoirs is controlled by
structural fracturing and diagenetic dissolution (Fu, 2010; Feng et al.,
2011, 2013; Zeng et al., 2012), whereas reservoir space of the shallow
sequences is dominated by primary pores in the mixed carbonate-sili-
ciclastic rocks (Tang et al., 2013). Previous drilling and structural in-
terpretation indicates that the Xiaoliangshan area (Fig. 1C) is located in
a topographic depression and preserves a deeply-buried, organic
matter-rich, fine-grained Cenozoic sedimentary succession (e.g. Jiang
et al., 2009). Hence, the Xiaoliangshan area had been always con-
sidered as a significant hydrocarbon source region in the northwestern
Qaidam petroleum system for a long time (Huang et al., 1989; Zhu
et al., 2005; He et al., 2008; Jiang et al., 2009).

Recent exploration results (six exploration wells since 2010,
Fig. 1D) of the Xiaoliangshan area indicate high potentials of com-
mercial production for low-permeability hydrocarbon reservoirs in the
shallow (500-2000 m) Neogene mixed carbonate-siliciclastic se-
quences. Reservoir petrography and high-quality hydrocarbon reservoir
formation mechanism remain enigmatic, which results in high chal-
lenges of hydrocarbon exploration and severely restricts long-term ex-
ploration deployment in this area. Furthermore, the source and accu-
mulation mechanism of the shallow-preserved oil resources in the
Xiaoliangshan area remain open questions. These issues need to be
solved to have a better understanding of the Xiaoliangshan petroleum
system and to facilitate hydrocarbon exploration and production in the
Qaidam basin.

In this study, we focus on the middle Miocene to Pliocene lacustrine
mixed carbonate-siliciclastic sequences in the Xiaoliangshan area,
northwestern Qaidam basin (Fig. 1), and mainly present results of mi-
neralogy, petrography and petrophysical property analysis of re-
servoirs, biomarkers of crude oil and potential source rocks and some
related production data. We attempt to answer: 1) what controls the
development of high-quality hydrocarbon reservoir and 2) why and
how hydrocarbons accumulated in the shallow mixed carbonate-silici-
clastic sequences in the northwestern Qaidam basin.

2. Geological setting

The Qaidam basin is a nonmarine, petroliferous basin that lies in the
northeastern corner of the Tibetan Plateau (Fig. 1). The basin floor sits
about 2.7-3km above sea level, and the basin is surrounded by three
large mountain ranges that reach elevations of up to 5 km. To the south
are the East Kunlun Mountains which separate the Qaidam basin from
the Hoh Xil basin (Fig. 1). The Qilian Mountains are to the east as a ca.
300 km wide fold-thrust belt (Yin and Harrison, 2000). To the north-
west are Altun Mountains, which are created by an active left-lateral
strike-slip fault (Altyn Tagh Fault) and separate the Qaidam basin from
the Tarim basin (Fig. 1).

The Qaidam basin contains an exceptionally thick Mesozoic and
Cenozoic sedimentary succession of 3-16 km, which was mainly de-
posited in a fluvial-lacustrine depositional environment (Xia et al.,
2001; Zhuang et al., 2011; Guan and Jian, 2013). Lower and Middle
Jurassic are characterized by gray coal-bearing siliciclastic deposits,
while Upper Jurassic and Lower Cretaceous strata mainly consist of red
sand-dominant deposits (Cao et al., 2008, 2012; Jian et al., 2013a,
2018). It is well known that the depocenter of the basin shifted east-
ward during the Cenozoic (Wang et al., 2006; Yin et al., 2008; Bao
et al., 2017). Hence, Cenozoic strata in the basin display spatial and
temporal variations and mixed carbonate-siliciclastic deposits (e.g.
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Fig. 2) are mainly distributed in the western Qaidam basin (Song et al.,
2010; Guan and Jian, 2013; Jian et al., 2013a; b; 2014; Ji et al., 2017).
The Cenozoic strata can be divided into 7 stratigraphic units (Fig. 3) as
follows: 1) Lulehe Formation (E;,,, ~53.5-~45Ma); 2) Xia Gan-
chaigou Formation (Es, divided into E;' and E;® in the local hydro-
carbon exploration and development, ~45-~35.5Ma); 3) Shang
Ganchaigou Formation (N;, ~35.5-~22Ma); 4) Xia Youshashan For-
mation (N,!, ~22-~15Ma); 5) Shang Youshashan Formation (N,2,
~15-~8Ma); 6) Shizigou Formation (N3, ~8-2.8 Ma); and 7) Qige-
quan Formation (Q;.p, 2.8 Ma—present).

The Qaidam basin is an important sedimentary basin for hydro-
carbon exploration and production in northwest China, with the annual
production at seven million tons oil equivalent since 2011 (Wang et al.,
2012; Feng et al., 2013; Fu et al., 2016). The basin is usually divided
into three major exploration & production areas, i.e., north margin
block belt, west depression and sanhu depression (Fig. 1B), focusing on
Jurassic-Paleogene, Paleogene-Neogene and Quaternary strata, re-
spectively (e.g. Pang et al., 2004, 2005; Cao et al., 2008; Feng et al.,
2013; Wang et al., 2015; Yu et al., 2016). Most natural gas is extracted
from the east part of the basin, while crude oil is mainly collected from
the western basin (Fig. 1B; Fu et al., 2016). The Nanyishan and Jian-
dingshan oilfields contribute most hydrocarbon production in the
northwestern Qaidam basin over the past decades (Zhang et al., 2006;
He et al., 2008; Feng et al., 2011; Wang et al., 2012). The Xiaoliangshan
oilfield was recently found and the hydrocarbon resource has been
mainly exploited from shallow-buried N,? and N,* carbonate-silici-
clastic sequences (Wang et al., 2012).

3. Materials and methods

Wells L3 and L4 were first drilled by Qinghai Oilfield Company,
PetroChina in 1981 and 1998, respectively. Exploration wells L101,
L102, L103, L104, L5 and L6 (Fig. 1D) were drilled in 2010-2011,
concentrating on shallow N,? and N,? sedimentary strata (Fig. 4). Rock
cutting examination and conventional well logging (e.g. natural
gamma-ray, spontaneous potential and acoustic logging) were con-
ducted along with the drilling.

More than 400 m cores (e.g. Fig. 2) were obtained from the hy-
drocarbon exploration wells (e.g., L101 and L6). More than 1200 se-
dimentary rock samples were collected from these rock cores, and five
crude oil samples were collected from Well L5 and two production wells
(i.e., Wells 13-23 and 13-21). Sedimentary rock samples were made to
regular and casting thin sections for petrography study. Alizarin red
solution was used on the thin sections to distinguish carbonate mi-
nerals.

Porosity and permeability measurement was performed at Research
Institute of Petroleum Exploration & Development of Qinghai Oilfield
Company, PetroChina. A helium porosimeter was employed to obtain
porosity (%) and density data for the samples. The permeability
1073 x pmz, mD) was measured using a soap-film flowmeter at room
temperature.

X-ray diffraction (XRD) analysis of rock powders was carried out on
a Rigaku D/max-rA rotating anode X-ray diffractometer (12 KW). Each
sample was continuously scanned under 40 kV, 100 mA, wave length of
1.5406, 26 range of 3°-75°, step width of 0.02° and scanning speed of
4°/min.

Five rock samples (3 samples from N, strata and 2 samples from
N3 strata) and five crude oil samples (3 samples from N2 reservoirs of
exploration well L5 and 2 samples were collected from N, reservoirs of
production wells) were selected for biomarker analysis. The rock sam-
ples were first crushed and then powdered to 100-200 mesh. The
Soxhlet extraction approach (De Castro and Priego-Capote, 2010) was
employed for organic matter separation. Detailed pretreatment and
extraction procedures were given in Duan et al. (2006). Soluble organic
matters were extracted twice using ultrasonication with a mixture of
dichloromethane and methanol (2:1, v/v) for 56 h. Total hydrocarbons
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Fig. 1. (A) Location of the Qaidam basin. (B) Hydrocarbon production backgrounds of the Qaidam basin. (C) Geological map of the northwestern basin. (D) Major
exploration wells (circles) in the Xiaoliangshan area (two crude oil samples were collected from production wells 13-23 and 13-21). N,!: Xia Youshashan Formation;
Ny Shang Youshashan Formation; N,3: Shizigou Formation; Q;.»: Qigequan Formation; Q3 4: Holocene.

were then eluted with n-hexane and saturated hydrocarbon components
were separated from the extracts by column chromatography on alu-
mina over silica gel. Those targeted organic matters were analyzed
using an Agilent gas chromatography-mass spectrometry (GC6890N/
MSD5973N). The detailed analytical procedures followed Duan et al.
(2006) and Luo et al. (2016). The operating conditions in this study
were: temperature ramped from 80 °C to 290 °C at 3 °C/min and held at
290 °C for 30 min, with He as carrier gas, and the ionization energy of
the mass spectrometer was set to 70 eV.

4. Results
4.1. Stratigraphy correlation and oil-gas test of exploration wells

Based on cutting logging, well logging and 3-D seismic data, the
subsurface N,? and N,? strata in the Xiaoliangshan area were correlated
(Fig. 4). The upper part of N,® strata drilled by those shallow ex-
ploration wells (L101, L102, L103, L104, L5 and L6) can be divided into
Sequences S1, S2 and S3, and the N, strata can be separated into Se-
quences S4, S5 and S6. Oil-gas test (24 layers in total) of the exploration
wells was conducted by the Qinghai Oilfield Company, PetroChina.
Most of the test layers are located in Sequences S1 and S4 (Fig. 4A;
Table Al in Appendix A). Several oil-water layers appear in the Se-
quence S1 of Wells L101 and L5, whereas all the test layers in the Se-
quence S1 of Wells L102, L103, L104 and L6 are identified as water

677

layers. Two test layers in Sequence S4 of Well L101 are oil layers, while
the test layers in the same sequence of Well L103 are present as oil-
water layers (Fig. 4A). Furthermore, these two oil-water layers of Well
L103 have much larger average daily production (oil-gas test) than the
two oil layers of Well L101 (Fig. 4A; Table A1).

4.2. Mineralogy

Typical XRD patterns and mineral composition results are shown in
Fig. A1 (in Appendix A) and Table A2 (in Appendix A), respectively.
Overall, the N,? and N, sedimentary rocks have variable mineral
compositions, and carbonate minerals (calcite and dolomite, with
subordinate aragonite, siderite and magnesite) are abundant in the
analyzed samples (Table A2). Several N,> samples have greater than
60% carbonate mineral contents (Fig. 5A). Evaporite minerals (mainly
including anhydrite and halite) are also very common in the sample,
although most samples have less than 10% evaporite mineral contents
(Fig. 5B). Samples with relatively high evaporite mineral contents
(> 10%) dominantly distribute in the N> strata (Fig. 5B).

Fig. 5C-D displays the mineral compositions of three oil-gas test
layers of Well L101. The results indicate that the N, hydrocarbon re-
servoir rocks have much higher carbonate contents and relatively lower
evaporite mineral contents than the N, hydrocarbon reservoir rocks
(Fig. 5C and D).
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Fig. 2. Representative rock cores (A) and the corresponding lithology column (B) of Well L101 in the Xiaoliangshan area. The lithology column is based on on-site
core description. The illustrated rock cores, which are mainly composed of marlstones and mudstones, were collected from 1347.09m to 1359.19 m (N,2). The
marlstones are characterized by macro-fractures (marked by yellow arrows) and show black and dark grey in colors, while the mudstones are characterized by
abundant horizontal millimeter-scale laminations and show grey in colors. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

4.3. Petrography

A variety of rock types were identified from the analyzed samples,
including mudstone, lime mudstone, muddy siltstone, limy siltstone,
siltstone, sandstone (dominated by lithic arenite and lithic wacke),
marlstone, algal limestone and oolitic limestone. The sandstones are
dominantly fine-grained and poorly to moderately sorted (Fig. 6A and
B). Hydrocarbon reservoir rocks in the N,> strata are mainly composed
of immature muddy siltstones, siltstones and fine sandstones. These
sedimentary rocks are weakly lithogenetic and are characterized by
syn-depositional anhydrite minerals (Fig. 6A and B). Intergranular pore
(primary) is the dominating reservoir space type in these siliciclastic-
dominantly rocks (Fig. 6C). However, the hydrocarbon reservoir rocks
in the N, strata are dominated by marlstones and lime mudstones, and
post-depositional fractures dominate the reservoir space (Fig. 6D and
E). It is worth noting that macro-fractures are also abundant in these
carbonate-rich rocks (Fig. 2A). Furthermore, a 10 cm oolitic limestone
layer with high porosity (primary intergranular pores) was recognized
in the oil-gas test layer (1343-1357 m) of Well L101 (Fig. 6F).

4.4. Reservoir petrophysical properties

Overall, the N,? and N,> mixed carbonate-siliciclastic sequences of
Well L101 are composed of high-porosity (most > 10%) and low-per-
meability (most < 50 mD) sedimentary rocks (Table A3 in Appendix
A). The shallow-buried N,® samples have overwhelmingly higher por-
osity values (averaging 28.5% for N,3, 21.8% for N,?) and similar
ranges of permeability values (0.04-44 mD for N,>, averaging 3.8 mD;
0.03-60 mD for N,?, averaging 3.6 mD) than N, samples (Fig. 7A).
Although the analyzed reservoir rocks with different oil-gas-bearing
possibility (based on rock cutting logging data) do not show obvious
difference on porosity and permeability values (Fig. 7B), samples from
the N, oil-gas test layer of Well L101 have low porosity values (aver-
aging 21.1%) and more variable permeability values (0.1-27 mD)
(Fig. 7C). Samples from those two N> oil-gas test layer have relatively
high porosity values (averaging 27.2%) and a much narrow range
(0.4-9 mD, except a 33 mD value for a fine sandstone sample) of per-
meability values (Fig. 7C).
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Fig. 4. (A) Subsurface stratigraphy framework and oil-gas test results of major drilling wells in the Xiaoliangshan area. The number close to the test layer symbol is
the average daily production of oil/water. For data, see Table Al in Appendix A. (B) and (C) Detailed stratigraphic correlation of the S4 and S1 sequences in the N*
and N,? sedimentary strata, respectively (blue bands in Fig. 4A). The black dash lines represent boundaries of sub-layers in a sequence. Lithologic logging and oil-
bearing records are based on the rock cutting examination during the drilling. GR: natural gamma-ray logging; AC: acoustic logging. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.5. Biomarker analysis

Several biomarkers, including n-alkanes, isoprenoid alkanes, ter-
panes and steranes, were employed to evaluate organic matter features
of the rock and crude oil samples. Representative biomarker spectra are
shown in Fig. A2 in Appendix B. The biomarker analysis results are
shown in Table 1 and Fig. 8. The isoprenoid Pr/Ph and terpane Gam-
macerane/C3y hopane ratios are common biomarker parameters for
depositional environments of hydrocarbon source rocks (e.g.,

Moldowan et al., 1986; Hughes et al., 1995; Luo et al., 2017, 2018a; b).
The XC,,./XCy3+ n-alkanes and sterane aoa-20R-C,,/C,g ratios are
usually employed to evaluate organic matter types of the rocks (e.g.,
Seifert, 1978; Philp and Gilbert, 1986; Meyers and Ishiwatari, 1993).
And the hopanoid Cs3;ap-225/22(S + R), steroid Coyg-aaa-20S/

680

Evaporite minerals

Fig. 5. XRD analysis-based mineral compositions of
the N,2 and N,* mixed carbonate-siliciclastic rocks in
the Xiaoliangshan area (samples from Wells L101 and
L6). (A) and (B): data of all the analyzed samples; (C)
and (D): data of samples from three oil-test layers
(1343-1357 m in N2, 791.5-796.5 m and 758-761 m
in N,®) of Well L101. For data, see Table A2 in
Appendix A. Q + F: quartz, K-feldspar and plagio-
clase; Carbonate minerals: calcite, dolomite, arago-
nite, siderite and magnesite; Siliciclastic minerals:
quartz, K-feldspar, plagioclase and clay minerals;
Evaporite minerals: gypsum, anhydrite and halite.

Carbonate minerals

Evaporite minerals

Carbonate minerals

20(S + R) and steroid Coo-BB/(aa+ ) ratios are frequently-used
biomarker maturity parameters (e.g., van Graas, 1990; Farrimond et al.,
1998; Luo et al., 2018a).

4.5.1. Biomarkers of sedimentary rock samples

The n-alkanes of the analyzed N,> and N,® sedimentary rocks dis-
tribute from C;4 to C3s5 and are dominated by C;¢ or Cy, homologues
(Fig. A2). The £Cy5./XCy3, values, which indicate dominance of short
chain n-alkanes, range from 0.96 to 1.91 (Table 1; Fig. 8). These sam-
ples have OEP; (odd-even predominance of short chain n-alkanes) and
OEP,, (odd-even predominance of long chain n-alkanes) values ranging
from 0.92 to 1.06 and from 1.00 to 1.41 (Table 1), respectively. Iso-
prenoid alkanes of the analyzed rock samples are dominated by phy-
tane, and the N,> samples have relatively higher Pr/Ph values than N>

Fig. 6. Representative photomicrographs of hydro-
carbon reservoir rocks of Well L101. (A) Immature
and matrix-supported siltstone (758.6m); (B) fine
sandstone with abundant anhydrite matrixes
(792.6 m); (C) intergranular pores (blue) in the silt-
stone reservoir (758.0 m). (D) Marlstone (1348.2 m).
(E) Microfractures (blue) in the marlstone reservoir.
(F) Oolitic limestone and intergranular pores (pri-
mary) (1355.8 m). Anh: anhydrite; Q: quartz; P: pla-
gioclase; C: carbonate; Ch: chert. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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samples, with ranges of 0.58-0.62 and 0.26-0.38 (Table 1; Fig. 8), re-
spectively. Terpanes of the samples are dominated by pentacyclic tri-
terpenes, and the Gammacerane/Czo hopane ratios range from 0.17 to
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Fig. 7. Binary plots of permeability vs. porosity. (A) Porosity and permeability
data of all the samples from Well L101. (B) Porosity and permeability data of
oil-gas-bearing reservoir samples from Well L101. In this study, the oil-gas-
bearing possibility was determined during rock cutting examination and can be
classified into 4 levels: I (fluorescent, cannot be seen by naked eyes), II (oil
stained, the oil-bearing part taking < 5% of the sample), III (oil patch, 5-30%)
and IV (oil immersed, 30-60%). (C) Comparison of the porosity and perme-
ability data of samples from three oil-test layers of Well L101. For data, see
Table A3 in Appendix A.

0.53 (Table 1). Steranes of the samples are characterized by high aaa-
20R cholestanes, medium aaa-20S cholestanes as well as low afif
cholestanes and diacholestanes. The ST-Cyg-aaa-20S/20(S + R), ST-
Coo-BB/(aa+BB) and ST-aaa-20R-C,;/Cye ratios have ranges of
0.05-0.41, 0.23-0.39 and 0.48-1.24 (Table 1), respectively.

4.5.2. Biomarkers of crude oil samples

Overall, the crude oil samples from N, and N,> reservoirs have
similar biomarker compositions. £Cy, /XCo3, ratio, OEP; and OEP,
values of n-alkanes for the crude oil samples have ranges of 0.98-1.32,
0.78-1.14 and 0.94-1.00, respectively (Table 1). Pr/Ph and Gamma-
cerane/C3o hopane values display small ranges of 0.35-0.39 and
0.50-0.61, respectively. Furthermore, N, and N,® crude oil samples
have relatively consistent sterane compositions and thus show small
ranges of ST-Cpe-010-20S/20(S + R), ST-Coo-Bp/(cc+pp) and ST-
aaa-20R-C,,/Cyg ratios (Table 1; Fig. 8), varying from 0.34 to 0.41,
from 0.34 to 0.39 and from 0.98 to 1.07, respectively.

5. Interpretation and discussion
5.1. Formation of shallow-buried hydrocarbon reservoirs

Both XRD analysis-based mineralogy and petrography results in-
dicate that the subsurface N,> and N,® sedimentary strata in the
Xiaoliangshan area mainly consist of mixed carbonate-siliciclastic rocks
(Figs. 5 and 6). This is consistent with on-site core description and rock
cutting logging data (e.g. Figs. 2 and 4). Previous sedimentary facies
analysis suggests that these fine-grained rocks were deposited in lake
environments under relatively arid climate conditions, and the lake
water became increasingly shallow and brackish over time (from a
semi-deep fresh to semi-brackish lake environment to a shallow
brackish lake environment) during the middle-late Miocene (Jian et al.,
2014). The arid climates and salinization of lake water are also sup-
ported by abundant syn-depositional evaporite minerals in the N> se-
dimentary rock samples (Fig. 5B) and relatively high Gammacerane/Csq
hopane values of the analyzed samples (Table 1). High Gammacerane in
sediments has been commonly considered to be associated with highly
stratified and saline water columns (Fu et al., 1992; Damsté et al., 1995;
Stephens and Carroll, 1999).

It is well acceptable that the northwestern Qaidam basin was re-
gionally in underwater environments with low input of clastic detritus
(or away from drainages) during the Miocene to Pliocene (e.g. Zhang
et al., 2006; Tang et al., 2013; Jian et al., 2014; Ji et al., 2017). This
kind of sedimentary environment couldn't generate thick and widely-
extended siliciclastic rock sequences. This results in high challenges of
seeking high-quality reservoir and thus hydrocarbon exploration in this
area. Petrographic results demonstrate that primary intergranular pore
in muddy siltstones, siltstones and fine sandstones dominates the re-
servoir space in the N,° strata, whereas micro-fractures in marlstones
and lime mudstones of the N,? strata are an important reservoir space
type (Fig. 6). The generally low and variable permeability values of the
samples from the N,? oil-test layer (i.e. 1343-1357 m) of Well L101
(Fig. 7C) imply that the micro-fractures are probably heterogeneously
distributed in carbonate-rich rocks. Besides, macro-fractures (Fig. 2A)
probably serve as a significant role on the formation of high-quality
reservoirs in the N, strata. Although those N,? siliciclastic-dominantly
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Table 1

Marine and Petroleum Geology 98 (2018) 675-686

Organic geochemical indicators of source rock and crude oil samples in the Xiaoliangshan area, northwestern Qaidam basin.

Sample information and biomarker proxy Rock samples

Crude oil samples

L101-5 L101-10 L101-25 L101-28 L101-35 XLS-1 XLS-2 XLS-3 XLS-4 XLS-5

Sample information Well L101 L101 L101 L101 L101 L5 L5 L5 13-21 13-23
Formation N2 [\ N2 N,? N2 N,2 N,? N,? N,° N,®
Depth (m) 1397.5 1379.52 1239.33 804.14 762.93 1467.5 1408 1374.3 759 760
N-alkanes ¥Co./ZCy3+ n-alkanes 0.96 1.45 1.59 1.26 1.91 1.27 1.32 1.06 1.09 0.98
OEP, 0.95 0.92 1.0 0.94 1.06 0.93 1.05 1.14 1.07 0.78
OEP, 1.00 1.02 1.04 1.41 1.06 0.99 0.99 1.00 1.04 0.94
Isoprenoids Pr/Ph 0.38 0.33 0.26 0.58 0.62 0.38 0.39 0.38 0.35 0.36
Terpanes Gammacerane/Czo hopane 0.53 0.29 0.42 0.17 0.36 0.51 0.61 0.50 0.50 0.58
HOP-C3;03-225/22(S + R) 0.60 0.56 0.75 0.58 0.60 0.62 0.56 0.60 0.62 0.61
Steranes ST-Co9aaa-20S/20(S + R) 0.24 0.09 0.05 0.41 0.36 0.34 0.41 0.38 0.40 0.41
ST-Cao-BB/(ctt + BP) 0.33 0.23 0.25 0.36 0.39 0.38 0.39 0.37 0.34 0.37
ST-aaa-20R-Cy7/Cog 0.93 0.93 0.48 1.24 0.96 1.00 1.07 0.98 0.99 1.07

ST: steroid hydrocarbons; HOP: hopanoid hydrocarbons. £Css /XCy3+ n-alkanes: sum of Cj5 to Cop/sum of Coz to Cag n-alkanes; OEP; = (Cy7+6%Cyg+ Co1)/
(4*Cyg+4*Cyp) n-alkanes; OEP, = (Cas+ 6*Cay + Ca9)/(4%Cag + 4*Cog) n-alkanes; Pr/Ph: pristine/phytane; HOP-Cz;ap3-22S/22(S + R): Cz;-af-homohopanes 22S/
22(S + R); ST-Cy9-aaa-20S/20(S + R): Cyg-aaa-24-ethyl-cholestanes 20S/20(S + R); ST-Cao-fB/(ac + BB): Cao-24-ethyl-cholestanes (afifp 20S+ o 20R)/(aaa
20S+ aaa 20R +afpf 20S +af P 20R); ST-aaa-20R-Cy,/Cag: aaa 20R cholestane/24-ethyl-cholestane.

rocks have higher porosity values than the N,> carbonate-rich rocks
(Fig. 7), given the limited distribution of the siliciclastic-dominantly
rocks, we suggest that the best hydrocarbon reservoirs in the Xiao-
liangshan area are located in the N, carbonate-rich and fractured se-
dimentary sequences. This conclusion is reinforced by the oil-gas test
results (Fig. 4A; Table A1), which show that the Sequence S1 of the N,?
strata indicates high oil-water yields. Since the shallow-buried carbo-
nate-siliciclastic rocks are of high porosity and low permeability (Figs. 6
and 7), permeability is the most important factor for formation of high-
quality reservoirs. Therefore, unravelling the fracture distribution in
the carbonate-siliciclastic fine-grained rocks is a key for hydrocarbon
exploration and development in the shallow-buried strata of the Xiao-
liangshan area.

The significance of fractures is also advocated by previous studies
on Paleogene lacustrine carbonate reservoirs of the western Qaidam
basin, which indicate that occurrence and abundance of open fractures
mainly control the distribution of favorable reservoirs (Fu, 2010; Zeng
et al., 2012 and reference therein). However, the shallow-buried Neo-
gene reservoirs in this study have quite different reserving space types
with the deep Paleogene reservoirs, where diagenetic dissolution also
plays a major role on the formation of high-quality hydrocarbon re-
servoirs (Feng et al., 2011, 2013).

Furthermore, grainstone, such as oolitic limestone (e.g. Fig. 6F) and
algal limestone sequences, are also regarded as significant targets for
searching high-quality reservoirs in the northwestern Qaidam basin
(Zhao, 2015). Another typical case of the grainstone as an important
reservoir rock type in a lacustrine mixed carbonate-siliciclastic petro-
leum system is the Lower Triassic Rogenstein Member of the Bunt-
sandstein Formation at De Wijk and Wanneperveen fields, NE Nether-
lands, where oolitic limestone beds have excellent reservoir
petrophysical properties and serve as gas reservoirs, and overlying low-
permeability claystones serve as cap rocks (Palermo et al., 2008).

5.2. Source of shallow-preserved hydrocarbons

Although total organic carbon (0.4%-1%) and chloroform bitumen
“A” (as high as 0.35%) proxies reveal that the N,?2 and N, sedimentary
rocks in the Xiaoliangshan area have pretty high abundances of organic
matters and thus can be high-quality source rocks of hydrocarbons,
relatively low rock pyrolysis temperature Tpq, (360°C—420 °C) and vi-
trinite reflectance values (most < 0.6% (Fig. A3)) indicate that the
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shallow-buried fine-grained rocks are of low-maturity (He et al., 2008;
Jiang et al.,, 2009; Wang et al., 2012). The low ST-Cyo-aca-20S/
20(S + R) ratios (ranging from 0.05 to 0.24) for the analyzed N2 rock
samples (Table 1; Fig. 8) also support relatively low thermal maturity of
the rocks (van Graas, 1990; Farrimond et al., 1998). Note that the N>
rock samples have higher ST-Cy90aa-20S/20(S + R) and ST-C,9-BB/
(o + BP) values (with ranges of 0.36-0.41 and 0.36-0.39, respectively)
than those N> rock samples (Table 1; Fig. 8), implying probable pre-
sence of intense biodegradation on the N, rocks. Previous studies
suggest that biodegradation on organic matter-rich rocks can accelerate
transformation from the biological configuration into the more stable
geological configuration, and thus increases ST-Cygoa0-20S/20(S + R)
and ST-Cyo-Bp/(ac+BP) values (e.g. Curry et al., 1994; Sun et al.,
2009). This signifies that the thermal maturities of the shallow rocks are
likely overestimated using these biomarker maturity parameters. By
contrast, the crude oil samples from the N, and N,> reservoirs have
much higher ST-Cygaaa-20S/20(S + R) values (with the range of
0.34-0.41), revealing high maturity (Fig. 9) and have obviously dif-
ferent chromatograms with the N,? and N, sedimentary rock samples
(Fig. A2). Therefore, we conclude that the late Cenozoic (N,? and N,%)
lacustrine fine-grained rocks in the Xiaoliangshan area, i.e. the reservoir
rocks themselves, are likely not source rocks for the shallow-preserved
hydrocarbons.

Biomarker data of potential source rocks from the adjacent regions
(including Jiandingshan, Hougouzi, Nanyishan, Dafengshan, Youquanzi
and Kaitemilike areas) in the northwestern Qaidam basin and data of
the deeply buried strata of Xiaoliangshan area were collected from
Huang et al. (1989), Zhu et al. (2005), Zhao et al. (2007), He et al.
(2008) and Lu et al. (2008) for the oil-source rock correlation (Fig. 9).
Based on an integrated comparison of the various biomarker ratios, we
conclude that the shallow-preserved hydrocarbons are most likely de-
rived from Ez® and N; rocks in the Nanyishan area, or N; rocks of
Xiaoliangshan and Dafengshan areas. This can be explained as follows.
First, the N,? and N,> crude oil samples have obviously higher Gam-
macerane/C3y hopane (averaging in 0.54) and ST-Cysaca-20S/
20(S + R) (averaging in 0.39) values than most of the collected N’
sedimentary rocks (Fig. 9). Thus, N,' sedimentary rocks of the north-
western Qaidam basin are not sources rocks for the shallow-preserved
hydrocarbons. The analyzed crude oil samples have similar values for
most biomarker proxies with N; rocks in the northwestern basin, and
the Es? rocks in Nanyishan area, rather than other areas. For instance,
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(Fig. A3 in Appendix A).
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the ST-C,o-BB/(cct+ BPB) values of Es® rocks in the Xiaoliangshan area
are greater than 0.4; the £Cy,/2Cy3, n-alkanes of Eg? rocks in the
Dafengshan area are greater than 1; and the ST-aaa-20R-Cy;/Cayg value
of Es® rocks in the Jiandingshan area is ca. 0.5. All these values are
much higher or lower than the corresponding biomarker ratios of the
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Fig. 9. Biomarker-based comparison of shallow-preserved hydrocarbons in
Xiaoliangshan area and potential source rocks from the northwestern Qaidam
basin. The horizontal dashed lines indicate averages of biomarker ratios of the
analyzed crude oil samples. Note that hydrocarbons in the N,2 and N,? strata of
the Xiaoliangshan area are most likely from Paleogene source rocks, including
Es rocks of Nanyishan area as well as N; rocks of Nanyishan, Xiaoliangshan
and Dafengshan areas, specifically. Refer to Table 1 for the abbreviations of the
biomarker proxies. The biomarker data in addition to the data in this study are
from Huang et al. (1989), Zhu et al. (2005), Zhao et al. (2007), He et al. (2008)
and Lu et al. (2008).

analyzed crude oil samples (Fig. 9). Note that a more rigorous hydro-
carbon source could be concluded if there is a big published dataset for
the Paleogene rocks in the northwestern Qaidam basin. Nevertheless,
we contend the significance of Paleogene rocks in nearby regions for
providing hydrocarbons to the shallow reservoirs of the Xiaoliangshan
area.

5.3. Hydrocarbon accumulation in the late cenozoic lacustrine mixed
carbonate-siliciclastic sequences

Given that the shallow-buried strata in this region are mainly
composed of fine-grained lacustrine sedimentary rocks, any overlying
mud-rich, or micritic carbonate-rich, low-permeability rocks can act as
cap rocks for those hydrocarbon reservoirs. From the perspective of
mineralogy and petrography, there is no obvious difference between
reservoir rocks and cap rocks in the late Cenozoic lacustrine mixed
carbonate-siliciclastic petroleum system (Figs. 5 and 6), except the
minor siltstone, fine sandstone and oolitic limestone reservoirs (Fig. 6).
This means that any post-depositional cracks or diagenetic infillings
could lead to mutual conversion between cap and reservoir rocks.

The N, hydrocarbon traps are interpreted based on preliminary
production data. About 40 shallow production wells were drilled in the
anticlinal axis regions of the Xiaoliangshan area (Fig. 10), focusing on
the upper part of Sequence S4 of the N, strata (Wang et al., 2012).
Hydrocarbons were persistently exploited by the Qinghai Oilfield
Company during 2010-2011. The results show that the production
wells close to Well L103 have highest hydrocarbon and water yields,
whereas those wells in the structural high have relatively low yields
(Fig. 10). It is consistent with oil-gas test results of exploration wells
L101 and L103, which demonstrate that the Sequence S4 of Well L103
has much larger hydrocarbon and water production, compared with
Well L101 (Fig. 4A). Additionally, faults are not developed in the re-
latively high production region (Fig. 11). All these findings suggest that
the siliciclastic-dominantly hydrocarbon traps in the N,> strata are
likely stratigraphic-lithologic traps, rather than structural traps. By
contrast, the oil-gas test results reveal that the carbonate-rich reservoirs
in the N,? strata and corresponding hydrocarbon and water therein
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constitute typical structural traps (Fig. 4A). The test layers on the
structural high indicate overwhelming oil and oil-water signals, while
those layers in the relatively low region mainly indicate water signals
(Fig. 4A).

Since the shallow oil resources in the Xiaoliangshan area were de-
rived from deep-buried hydrocarbon source rocks, a large-scale vertical
migration system is required for the hydrocarbon accumulation.
Deformation and shortening of the Cenozoic sedimentary strata in the
Qaidam basin is regarded as a result of the convergent setting between
the India and Asia plates (e.g. Yin and Harrison, 2000; Wang et al.,
2006; Zhou et al., 2006). Although the hydrocarbon-bearing structures
within the Qaidam basin are mostly interpreted as high-angle thrust
faults (e.g. Zhou et al., 2006; Bao et al., 2017), we favor the structures
in northwestern Qaidam basin (e.g. Nanyishan, Jiandingshan and
Xiaoliangshan structures) are featured by kink band-dominating anti-
clines (Mo et al., 2007; Zheng et al., 2007). Ideally, a kink band is a
parallel-sided zone transecting foliation, within which the foliation is
rotated by slip on itself (Faill, 1969; Suppe et al., 1997). Fold geometry
of this kind of structure indicates that the anticlinal hinge-zones are
cracked but connected (Fig. 11C). This is revealed by the NE-SW seismic
profile of the Xiaoliangshan structure (Fig. 11A), which shows no ob-
viously large-scale vertical faults deforming the N,? and N,> sedimen-
tary strata. In this case, the conjugated kink bands can serve as a
transport channel system for hydrocarbon migration (Fig. 12). Fur-
thermore, the fractures created by kink bands in some cases can also be
reservoir space for hydrocarbon accumulation (Mo et al., 2007).

6. Conclusions

This study conducts mineralogy, petrography, reservoir petrophy-
sical property analysis and biomarker analysis of shallow-buried la-
custrine mixed carbonate-siliciclastic fine-grained rocks from the
Xiaoliangshan area of northwestern Qaidam basin, combines oil-gas test
results of major exploration wells and preliminary production data, and
yields the following conclusions about the complicated hydrocarbon
system:

1) The hydrocarbons in the shallow N,2 and N> reservoirs of the
Xiaoliangshan area are likely from deep-buried Paleogene source
rocks (Es> and N; in the Nanyishan area, or N; rocks in the
Xiaoliangshan and Dafengshan areas, specifically), rather than the
late Cenozoic lacustrine fine-grained rocks themselves. And large-
scale vertical fractures created by kink band structures provide a
potential migration system for the hydrocarbon accumulation.

2) The shallow hydrocarbon system in the Xiaoliangshan area at least
has two hydrocarbon trap types. Structural traps and stratigraphic-
lithologic traps dominate major hydrocarbon traps in the N,* and
N, strata, respectively.
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Well L101
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Fig. 11. Structural pattern of the Miocene strata in

the Xiaoliangshan oil field. (A) Typical seismic sec-
tion shows an anticline with kink band features; (B)
Plane distribution of the two kink bands (red) and the
major exploration wells; (C) Sketch of a kink band
model and fractures therein. Note that the anticlinal
hinge-zones are cracked but connected, which prob-
ably serve as a large-scale vertical migration system
for hydrocarbon accumulation. (For interpretation of
the references to color in this figure legend, the

reader is referred to the Web version of this article.)

—==
Q % @ NE
—_ z
N23 \/ \(_
WN
N22 \ f
1 7
N
/
EZ — — ~— —
sandstone reservoir
=
carbonate reservoir
Eis2 oil and w:te_rmi i
gration|

Fig. 12. Hydrocarbon accumulation model of the shallow-buried mixed car-
bonate-siliciclastic sequences in the Xiaoliangshan area, northwestern Qaidam
basin.

3) High-quality reservoirs in the N, strata are dominated by fractured
marlstones and lime mudstones, while siliciclastic-dominantly rocks
serve as major hydrocarbon reservoir rock types in the Ny> strata.

4) As the mixed carbonate-siliciclastic fine-grained rocks are of high
porosity and low permeability, we suggest that looking for relatively
fractured, high-permeability and carbonate-rich reservoirs on
structural highs in the northwestern Qaidam basin would be a pri-
mary direction for future oil-gas exploration.
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