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ABSTRACT

The Nanpu sag is a typical petroliferous area in the Bohai Bay
Basin. Crude oil density and viscosity, natural gas components
and biomarker chemistry of crude oil, and shale sample extracts
were analyzed to determine the characteristics and the origin of
oil and gas and the effects of source rock on oil and gas distri-
bution. The discovered heavy oil present in the shallow layers of
the Liuzan, Gaoshangpu, and Laoyemiao regions are a product of
biodegradation and oxidation. The crude oil samples from the
offshore locations are low density and viscosity, indicating good
preservation conditions. Biomarker compositions indicate that
the crude oils can be divided into four types: A, B, C, and D. Both
type A and D oils were sourced from the third member of the
Shahejie Formation. Type A oil is primarily distributed in the
Liuzan and Gaoshangpu regions, whereas type D oil is chiefly
distributed in the nos. 1, 2, 5, and Beipu structural belts (SBs).
Type B oil, derived from the third member of the Dongying
Formation, is primarily distributed in the Laoyemiao, Gaonan,
and Liunan SBs. The type C oil is primarily derived from the first
member of the Shahejie Formation and is distributed in the Beipu
and nos. 1-4 SBs. The hydrocarbons are primarily distributed in
the regions where the thick source rocks interact with faults. The
discovered natural gas in the Nanpu sag is primarily observed as
dissolved gas in oil and free gas.
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INTRODUCTION

The Nanpu sag is rich in oil and gas resources. Petroleum has
been found in the basement and in all sedimentary units from the
Paleogene to the Neogene with different oil and gas abundances
(Dong et al., 2003, 2010; Mei et al., 2008). In onshore structural
belts (SBs), there is a very high level of exploration (including the
Laoyemiao, Gaoshangpu, Liuzan, and Beipu SBs). Recently,
considerable oil and gas resources have been discovered in off-
shore SBs (Nanpu nos. 1-5 SBs), indicating significant petroleum
exploration potential (Dong et al., 2010). The existing source
rock studies have examined the origin of oil and gas focusing on a
specific SB rather than the whole Nanpu sag (Mei et al., 2008;
Zhao et al., 2008). Issues such as depth distribution, origin and
spatial distribution of the different oil and gas families, distribu-
tion of source rock, and controls on the accumulation and dis-
tribution of the oil and gas need to be examined (Li et al., 2008;
Mei et al., 2008; Zhao et al., 2008; Jiang et al., 2016a, b, ¢).

New crude oil and shale samples were collected and analyzed
from the whole Nanpu sag. In addition, the oil and gas accu-
mulation distribution, physical properties, type and source of the
crude oil, composition of the natural gas, thermal maturity, and
depositional environment of source rock are comprehensively
analyzed to determine the effect of source rock on the oil and gas
distribution in the entire Nanpu sag in this paper. Based on the
analysis of crude oil and source rocks in the Nanpu sag of Bohai
Bay Basin, this paper provides a research method for the explo-
ration of oil and gas fields in other rift basins. The geochemical
characteristics of crude oil combined with the macroscopic dis-
tribution of source rocks can predict the favorable spatial distri-
bution of crude oil under the influence of faults. At the same time,
this is a reversible analytical approach, based on the characteristics
of the discovered oil field, to infer the range of possible control
effective source rocks.

GEOLOGICAL SETTING
Tectonics

The Nanpu sag is located in the northeastern Huanghua de-
pression of the Bohai Bay Basin in North China, covering an area
of approximately 1900 km? (~730 mi?). The onshore and the
offshore areas are 540 and 1360 km? (~210 and 530 mi®), re-
spectively (Liu et al., 2009; Wan et al., 2012). The Nanpu sag
is bounded to the northwest by the Laowangzhuang and
Xi’'nanzhuang uplifts, to the northeast by the Baigezhuang and
Matouying uplifts, and to the south by the Shaleitian uplift (Shi
et al., 2011; Zhou et al., 2011) (Figure 1). The subsags and

Characteristics and Origin of Oil and Gas in the Nanpu Sag, Bohai Bay Basin

Downloaded from http://pubs.geoscienceworld.org/aapgbull/article-pdf/105/7/1435/5347778/bltn17395.pdf
bv China Univ Petroleum (East China) L ibrarv Serials Dent user



118°15'E

118°30'E

IBohai Bay Basi

'__,f_ w7 Nanpu Sag

Xi’nanzhuang

Z
=
=
o
(o))
[ag]

,//.),-— i
= NP2-1 V
| 8] [asa] []
= o L
2,\ Well Town Ng top fault
) ] o

Boundary  Shoreline Subsag
fault

Oil field  Gas field |

4 8 12 km

|
39°10'N

|
39°00'N

118°15'E

118°30'E

Figure 1. Location map, structural units, and distribution of the oil and gas fields in the Nanpu sag. AA” is the north-northwest structural

section in the Nanpu sag. Ng = Neogene Guantao Formation.

structure belts are controlled by third-order faults,
such as the Gaoliu, Miaonan, Laopu, and Hatuo
faults (Li et al., 2010). The sag contains the following
structural elements: (1) four subsags (Shichang,
Linque, Liunan, and Caofeidian subsags), (2) onshore
SBs, and (3) offshore SBs (Figure 1). Figure 2 shows a
typical section across the Nanpu sag with a north-
northwest direction.

The Nanpu sag experienced a synrift stage
during the Paleogene and a postrift stage during the
Neogene (Xu et al., 2008; Dong et al., 2010; Chen
et al., 2016) (Figure 3). The synrift stage can be sub-
divided into episodes I, II, and III (Guo et al., 2013).
There existed two directions of extension (northwest-
southeast, followed by north-south direction) that were
closely related to the direction change of the Pacific
plate movement (ca. 40 Ma) (Tong et al., 2013).
During episode I, the Nanpu sag experienced
northwest-southeast direction extension, following pre-
existing Mesozoic weaknesses. This was followed
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by north-south extension following preexisting faults.
Therefore, there are extensional normal faults trending
to the northeast and northeast-east, with numerous
tensional-shear faults that are locally observed with Y-
shaped, X-shaped, and step fault styles in the section
(Tong et al., 2013) (Figure 2).

Stratigraphy and Paleogeography

In the Nanpu sag, the Cenozoic sedimentary strata
are composed of the Paleogene Shahejie and Don-
gying Formations, Neogene Guantao (Ng) and
Minghuazhen (Nm) Formations, and the Quaternary
Pingyuan Formation, with a maximum thickness of
7500 m (24,600 ft) (Dong et al., 2003) (Figure 3).
The Shahejie Formation is lacustrine to deltaic
and has been subdivided into three members: Es;,
Es;, and Es3 from top to bottom based on lithologic
characteristics. The Es; was deposited in a lacustrine-
delta sedimentary environment, with relatively weak
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Figure 2. Structural section (AA’) in the Nanpu sag. Ed, = first member of the Dongying Formation; Ed,,; = second member -+ third
member of the Dongying Formation; Ed; = third member of the Dongying Formation; Es, = first member of the Shahejie Formation;
Es,.s = second member + third member of the Shahejie Formation; K = Cretaceous; Ng = Neogene Guantao Formation; Nm = Neogene
Minghuazhen Formation; O = Ordovician; TWT = vertical two-way traveltime.

tectonic activity. It is composed of a gray coarse-
grained sandstone, fine-grained sandstone, siltstone,
and grayish and dark gray shale (Figure 3). The Es;
contains thinner conglomerate and mudstone, which
were eroded in most of the Nanpu sag because of
basement uplifting. The Es3 comprises thick dark gray
and gray-black shale with thin layers of sandstone, es-
pecially within the Gaoshangpu and Liuzan SBs.

The Dongying Formation was mainly deposited
in a fan delta and deltaic sedimentary environment
and has been subdivided into three members: Ed;,
Ed,, and Eds (Jiang et al., 2009; Chen et al., 2016)
(Figure 3). The Ed; comprises a gray shale, pebbled
sandstone, and sandstone; the Ed, consists of a gray
shale, pebbled sandstone, and fine-grained sandstone;
and the Eds is composed of a gray conglomerate,
pebbled sandstone, and gray shale.

The Ng consists of braided river deposits with a
conglomerate, sandy conglomerate, basic volcanic
rock, and thin gray-green and gray shale.

The Nm is a set of meandering river deposits with
shale and massive sandstone (Zhang et al., 2010)
(Figure 3). Quaternary Pingyuan Formation consists of

terrigenous detrital deposits, with the depocenter being
located in the Laopu-Hatuo area.

MATERIALS AND METHODS

Crude-oil density and viscosity data were collected
from the Jidong Qilfield Company, China National
Petroleum Corporation. The 58 natural gas samples
were obtained by a drainage method under satu-
rated salt water. The geochemical data are listed in
Table 1. The molecular composition was analyzed for
both oil and gas samples by the State Key Laboratory of
Petroleum Resource and Prospecting, China University
of Petroleum, Beijing. An Agilent 6890N gas chro-
matograph (GC) equipped with flame ionization
and thermal conductivity detectors was used to de-
termine the molecular composition of the natural
gas samples. The hydrocarbon gas components were
separated by using a capillary column (PLOT Al,O;,
50 m x 0.53 mm). Helium (99.999%) was used as the
carrier gas with a constant flow of 0.3 ml/min. The
injection temperature was 200°C. The column oven
was maintained at 30°C for 10 min, then increased from
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Table 1. Natural Gas Component Contents in the Different Gas Layers in the Nanpu Sag

Well Depth, m Formation C, % N,, % CO,, % G % C/CL
N38-10 1778.0 Nm 71.70 6.09 1.89 9.55 0.89
NP1 1819.6 Nm 88.21 0.88 0.15 1.55 0.98
N21 1643.1 Nm 77.58 0.73 450 12.16 0.86
L103-1 1804.7 Nm 82.33 1.52 - 8.18 091
N13 1353.3 Nm 95.40 3.36 0.98 0.00 1.00
NP11-C9-X205 1669.7 Nm 93.26 523 0.19 0.45 1.00
NP1-29 2253.7 Ng 78.36 1.33 1.17 127 0.92
M28-26 2049.3 Ng 92.87 1.48 0.28 2.71 0.97
NP1-3 2342.1 Ng 77.53 0.54 0.57 9.70 0.89
NP1-3 2342.1 Ng 78.26 0.72 0.52 8.75 0.90
NP1-15 2188.4 Ng 63.04 2.00 0.07 16.66 0.79
NP1-15 2188.4 Ng 59.25 0.48 0.10 20.69 0.74
LPN1 2362.3 Ng 74.59 0.00 1.92 1.03 0.99
LPN1 2217.9 Ng 72.87 0.00 0.72 3.18 0.96
NP1-22 2749.0 Ng 55.26 1.05 1.09 29.17 0.65
NP1-3 2342.1 Ng 60.75 3.85 0.65 17.18 0.78
NP2-3 2564.6 Ed, 79.91 0.00 0.13 6.69 0.92
NP2-3 2564.6 Ed, 80.15 0.00 0.13 6.55 0.92
NP1-5 2741.0 Ed, 62.28 0.63 2.25 16.04 0.80
NP1-5 2741.0 Ed, 68.31 0.50 1.91 13.37 0.84
NP1-2 2341.0 Ed, 84.57 0.86 0.33 7.18 0.92
NP1-3 2646.5 Ed, 81.96 0.67 1.05 6.39 0.93
LPN1 2506.5 Ed, 74.59 0.00 1.92 1.03 0.99
M24X2 2701.7 Ed, 91.58 - 1.90 2.50 0.97
M24X1 2645.8 Ed, 91.39 0.43 0.74 294 0.97
M11 2516.8 Ed, 93.07 1.13 0.40 1.74 0.98
M8x1 2369.0 Ed, 84.19 1.08 0.46 6.93 0.92
B28 3169.5 Ed, 91.46 1.40 0.27 248 0.97
B10 3132.0 Ed, 91.48 0.87 0.44 3.00 0.97
M8X1 2332.8 Ed, 89.12 3.74 - 247 0.97
B6X1 3073.6 Ed, 85.06 1.50 1.60 5.30 0.94
G25X1 3302.7 Ed, 85.02 1.18 244 11.13 0.88
JhiXi 3526.4 Eds 86.16 1.88 1.09 5.32 0.94
B2 3551.8 Eds 81.92 1.97 0.29 8.25 0.91
B2 3551.8 Eds 81.70 1.93 1.40 7.56 0.92
M5 2366.5 Eds 87.26 0.95 3.98 237 0.97
B2 3551.8 Eds 82.31 1.51 0.69 8.01 0.91
B10 3641.1 Eds 89.44 1.18 0.95 299 0.97
G29 3089.5 Eds 91.43 0.52 0.73 2.18 0.98
G40 3186.2 Eds 93.43 0.15 0.05 2.74 0.97
B4 3841.6 Es, 94.29 1.24 0.08 2.26 0.98
B12-1 4269.1 Es, 53.59 0.00 - 2343 0.70
PG1 3269.7 Es, 84.64 0.47 2.38 437 0.95
G20 3821.0 Es, 90.70 0.80 0.97 3.36 0.96
M7 2866.9 Es, 78.45 411 0.30 8.64 0.90
G25X1 3960.3 Es, 85.14 1.58 1.36 11.86 0.88
(continued)
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Table 1. Continued

Well Depth, m Formation C, % N,, % CO,, % G, % G /Cis
G10 3127.1 Ess 93.88 0.74 0.24 248 0.97
Gl16 3769.5 Es; 76.30 1.46 - 13.66 0.85
L13X1 32154 Ess 68.37 1.59 - 15.92 0.81
L15-15 2598.8 Ess 68.07 2.19 - 15.63 0.81
L17-17 32334 Ess 77.78 5.33 0.08 797 0.91
G12 3585.7 Es; 67.01 0.86 0.33 22.55 0.75
L15-15 2598.8 Ess 75.76 2.64 - 10.72 0.88
L13 3230.9 Es; 62.24 1.95 0.31 21.81 0.74
G16 3814.0 Es; 78.31 1.29 - 12.39 0.86
L13-13 3116.8 Es; 71.05 1.34 0.19 16.12 0.82
L11-12 3130.5 Es; 62.67 2.51 - 23.10 0.73
L1 2578.5 Es; 72.07 1.75 0.01 18.13 0.80

Abbreviations: - = not applicable; Ed, = first member of the Dongying Formation; Ed, = second member of the Dongying Formation; Ed; = third member of the Dongying Formation;
Es; = first member of the Shahejie Formation; Es; = third member of the Shahejie Formation; Ng = Neogene Guantao Formation; Nm = Neogene Minghuazhen Formation.

30°C to 90°C at 15°C /min, and eventually from 90°C
to 180°C at 6°C /min. Peak areas were integrated,
and mole percent of the hydrocarbons was calculated.
The precision of the analysis was +5%.

A total of 116 samples were obtained, including
11 crude oil, 44 oil-bearing sandstone samples, and
61 shale samples. The typical shale and oil-bearing
sandstone samples are shown in Figure 4. The 72 (11
oil-bearing sandstone samples and 61 shale samples)
powdered samples (80-100 g) were extracted for
72 hr using a Soxhelt apparatus with chloroform as

(A)

the solvent to obtain the extract (bitumen). The
fraction separation of the bitumen for all (116)
samples was performed using conventional column
chromatography. The bitumen was dissolved in ex-
cess petroleum ether for 24 hr and filtered to obtain
precipitable asphaltenes. The soluble components
were separated by conventional column chromatog-
raphy into saturated, aromatic hydrocarbon and resin
fractions. The GC—mass spectrometry analysis for the
saturated fractions was accomplished with a Thermo
Fisher Scientific Finnigan Trace DSQ™ instrument

(B)

PG2, 4091.07 m, Eds, black shale sample.

NP1-5,2717.40 m, Ed,, oil-bearing sandstone sample.

Figure 4. Typical shale (A) and oil-bearing sandstone (B) samples in the Nanpu sag. Ed, = first member of the Dongying Formation;

Ed; = third member of the Dongying Formation.
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equipped with an HP-5MS fused silica column 60 m
(196.8 ft) in length and 0.25 mm in diameter and
coated with a thickness of 0.25 um of silica gel film.
The GC oven temperature was initially held at 50°C
for 1 min and later programmed to 120°C at 20°C/
min, 250°C at 4°C/min, and 310°C at 3°C/min and
was finally held at 310°C for 30 min.

HYDROCARBON DISTRIBUTION

The relationships among source rock, oil-bearing
layers, and cap rocks display three source-reservoir-cap
assemblages (Figures 2, 5): (1) new-bed generation and
old-bed preservation (NG-OP), (2) self-generation and
self-preservation (SG-SP), and (3) old-bed generation
and new-bed preservation (OG-NP). The NG-OP as-
semblage means that the discovered oil and gas are
generated in new strata but accumulated in relatively
old strata, the SG-SP assemblage means the reservoir
and the source rock are in the same layers, and the
OG-NP assemblage means the discovered oil and gas
are generated in old strata but accumulated in rela-
tively new strata. The NG-OP assemblage exists in
the nos. 1-4 SBs. Most of the oil and gas were dis-
tributed in the Ordovician strata at the base of the

main source rock (Shahejie Formation) that is also the
cap rock (Figure 5). The SG-SP assemblage is in the
Gaoshangpu and Liuzan SBs. The discovered oil and
gas are chiefly distributed in the Edsz to Ess. There
appears to be frequent interbedding of multiple
source rocks and reservoirs. In other SBs, the SG-SP
assemblage is not very developed (Figure 5). The
OG-NP assemblage exists in the Beipu, Laoyemiao,
Gaoshangpu, Liuzan, and nos. 1-2 SBs (Figure 5).
The discovered oil and gas are entirely generated and
migrated from the Eds to Es3 source rocks. Most SBs
contain oil, which is mainly distributed in the Ed,,
Ed;, Ng, and Nm, especially in the Ng and Ed;, but
the oil and gas in the Nm is chiefly onshore (Figure 5).

Formation testing results show that the oil layers
and gas layers differ in their vertical distribution
(Figure 6). The oil layers are mainly distributed in the
upper formations, such as the Nm, Ng, and Ed;. In
addition, several of them are distributed in the Es3 in
the Liuzan and Gaoshangpu SBs (Figure 6A). Most of
the gas layers are distributed in the Eds followed by
the Ed, and Ed,, with few being found in the upper
or lower formations (Figure 6B). All of the tested oil
and gas layers are at depths greater than 1500 m
(>4920 ft). The gas layers are mainly distributed in
the depth interval of 3000-4000 m (~9840-13,120 ft),
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Figure 5. Reservoir-cap assemblage and the vertical distribution of the oil and gas in the different structural belts of the Nanpu sag.
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whereas the oil layers and oil-water layers are chiefly
distributed between 2000 and 3500 m in depth
(~6560-11,480 ft) (Figure 7A-C). The accumula-
tion characteristics are different for the oil and gas
layers. Additionally, the dry layers (dense reservoir
not containing crude oil, gas, or formation water) are
principally below 3000 m (9840 ft) in depth (Figure
7D). The discovered oil and gas fields are around the
Linque, Liunan, and Caofeidian subsags with a ring-
shaped distribution (Figure 8). The gas fields are con-
siderably closer to the subsag center, and the oil fields
are distributed farther to the edge of the subsag.

CHARACTERISTICS AND SOURCES OF
HYDROCARBONS

Oil Density and Viscosity

In the Nanpu sag, the density and viscosity values of
the crude oil samples cover a wide range. However,
there are several trends in the different SBs (Figure

118°15'E

9). Generally, most of the oil samples are light-
medium oil, but there is also heavy oil discovered
mainly in the Gaoshangpu and Liuzan SBs (Figure 9).

The density of the lightest oil is less than 0.87
g/cm?, and the viscosity is less than 40 mPa-s (Figure
9). Over a depth of 2200 m (7216 ft), the density
and viscosity values of the crude oils increase as the
buried depth decreases, ranging from 0.87 to 0.97
g/cm® and from 40 to 600 mPa-s (even greater than
1000 mPa-s, locally), respectively. The heavy or vis-
cous oil is mainly distributed in the onshore Liuzan
and Gaoshangpu SBs, whereas the crude oil in the
Laoyemiao SB is medium light (Figure 10A, B). The
density and viscosity of the crude oil in the Beipu and
offshore areas have relatively low values, which are
lower than 0.83 g/cm® and 10 mPa-s, respectively
(Figure 10A, B). In general, the heavy crude oil is the
product of secondary actions, such as biodegradation,
oxidation, and dispersion of the light fraction (Killops
and Al-Juboori, 1990; Wenger et al., 2002; Head
et al., 2003). In the 2700-3000 m (~8856-9840 ft)
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Figure 8. Distribution of the oil and gas fields in the Nanpu sag showing an oil scope and gas ring around the hydrocarbon generation subsag.
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depth range of the Liuzan SB, a fraction of crude oil
with a high density and viscosity is related to the
uplift after the early oil accumulation and a second
deep burial stage (Wang and Zheng, 2008).
Furthermore, the density and viscosity values of
some crude oil samples are lower than 0.80 g/cm®
and 1 mPa-s at a depth of 3250 m (10,660 ft), which
are light oil in a condensate gas reservoir (Figure 10A, B).
When the reservoirs are at a high temperature and
high pressure in the deep basin, a lighter hydrocarbon
mixture may exist in the gas phase (Papay, 2003;
Ayala et al., 2007; Liu et al., 2009). At the surface,
the mixtures will divide into two phases: a liquid
light oil (condensate oil) and gas. The density and
viscosity values increase gradually as the buried depth
or temperature and pressure decrease (Figure 10).

Oil Types and Sources

The biomarkers are good indicators for oil-source
correlations. Because the normal alkanes and iso-
paraffins are considerably more readily affected by sec-
ondary alteration, the relatively stable sterane and terpane
biomarkers better reflect such parameters as the deposi-
tional environment, organic matter source, and thermal
maturity level (Wenger et al., 2002). Based on the sterane
and terpane biomarker characteristics, the crude oils are
divided into four types: A, B, C, and D (Table 2).

The type A oil contains a high content of 4-methyl-
Cj3g sterane and a low content of gammacerane. For the
type A oil, the contents of 4-methyl-Cs sterane are
higher than the other oils. The gammacerane/Csq ho-
pane, Cp7 180 (H),22,29,30-trisnornechopane/Cy7 170
(H),22,29,30-trisnorhopane (Ts/Tm), and diasterane/
regular sterane ratios range from 0.06 to 0.08, from
1.00 to 2.24, and from 0.10 to 0.12, respectively
(Table 2). This finding indicates a fresh water lacustrine
depositional setting. An approximately symmetrical V-
shaped distribution pattern of C;7, Cag, and Co90t0t0t(20R)
steranes (where R is right-handed stereo configuration)
indicates contribution of both aquatic organisms and
terrestrial higher plants (Huang and Meinschein,
1979; Volkman et al., 1998; Kohler and Clausing, 2000;
Adegoke et al., 2014) (Figure 11). The higher content of
Cy7, Cag, and Cyg 0 steranes shows that the maturity
level of the source rock is elevated. Type A oil is mainly
discovered in the Es; in the Liuzan and Gaoshangpu SBs
(Figure 5). The oil-source correlation results indicate that
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the type A oil is chiefly derived from the Es3 source rock
in the Shichang subsag (Figure 11).

Type B oil displays lower 4-methyl-Cs( sterane
and gammacerane abundances than the type A oil.
This oil type contains a slightly higher content of Ts
than Tm (Ts/Tm > 1) and a lower content of preg-
nanes. The gammacerane/C3o hopane, Ts/Tm, and
diasterane/regular sterane ratios range from 0.06 to
0.15, from 1.14 to 1.58, and from 0.15 to 0.17, re-
spectively (Table 2). The C,7, Cag, and Co9000t(20R)
steranes display an L-shaped distribution (Figure 12).
This finding indicates that the depositional environ-
ment of the type B oil was also freshwater lacustrine.
The organic matter was mainly derived from lower
aquatic organisms (Kohler and Clausing, 2000;
Adegoke et al., 2014). Type B oil is derived from the
Eds source rock of the Gaoshangpu and Liunan sub-
sags (Figure 12).

Type C oil contains a very low content of 4-methyl-
Czp sterane and gammacerane. The gammacerane/Czg
hopane, Ts/Tm, and diasterane/regular sterane ratios
range from 0.06 to 0.13, from 1.00 to 1.50, and from
0.11 to 0.19, respectively (Table 2). The distribution of
the Cy7, Cag, and Cog0i0t0(20R) steranes is L-shaped
(Figure 13). This finding indicates that the type C oil
was derived from fewer aquatic organisms in a depo-
sitional environment with a low water salinity. In
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Figure 9. Relationship between the density and viscosity for
the crude oil in the Nanpu sag.
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addition, type C oil samples range from low to middle
maturity (Table 2) (Kohler and Clausing, 2000).
The detailed oil-source correlation shows that the
type C oil is from the Ed; and Es; source rocks, which
have similar geochemical characteristics (Figure 13).

Type D oil contains a relatively high content of
gammacerane and a low content of 4-methyl-Csq
sterane. The gammacerane/Cs( hopane, Ts/Tm, and
diasterane/regular sterane ratios range from 0.16 to
0.47, from 1.00 to 1.20, and from 0.09 to 0.15, re-
spectively (Table 2). This result indicates that the
depositional environment of the type D oil is saline
lacustrine. The type D oil is an L-shaped distribution
pattern of Cy7, Cypg, and C901010L(20R) steranes, which
was mainly derived from fewer aquatic organisms
(Volkman et al., 1998; Kohler and Clausing, 2000;
Adegoke et al., 2014). The type D oil is closely related
to the Es3 source rock with a relatively lower maturity
(Figure 14).

1446

As is depicted in Figure 15, there are different
distributions for different types of crude oils. The
type A oil mainly occurs in the reservoirs of the
Gaoshangpu and Liuzan SBs around the Shichang subsag.
Additionally, the type B oil is distributed along the
Laoyemiao, south of the Gaoshangpu and Liuzan SB.
The type C oil mainly occurs around the Beipu and
the nos. 1-4 SBs. Finally, the type D oil is principally
distributed along the Beipu and nos. 1,2, and 5 SBs. It
should be noted that the type C and D oils have an
overlapping distribution zone in the Beipu and the
nos. 1 and 2 SBs, indicating that in this area, the oils
may be derived from multiple source rocks (Figure 15).

Natural Gas Characteristics and Source
In the Nanpu sag, the natural gas is mainly dissolved

gas in oil, but there is also some free gas. Based on the
formation test results, the gas-to-oil ratios of the tested
&
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Table 2. Comparison for the Characteristics of the Four Different Oils in the Nanpu Sag

Parameters Type A Type B Type C Type D

Cy7, Cog and Cyg V-shaped L-shaped L-shaped L-shaped
sterane

4-Methyl-Cs Highest High Low Lower
sterane

Gammacerane Lower Low Low High

Gammacerane/Cs, 0.06-0.08 0.06-0.15 0.16-0.13 0.16-0.47
hopane

Ts/Tm 1.00-2.24 1.14-1.58 1.00-1.50 1.00-1.20

Diasterane/regular 0.10-0.12 0.15-0.17 0.11-0.19 0.09-0.15
sterane

Maturity High Middle to high Low to middle Low to middle

Reduction or Weak reduction Weak reduction Weak reduction Weak reduction
oxidation

Salinity Lower Low Low High

Source of the Aquatic organisms and terrestrial Aquatic organisms Aquatic organisms Aquatic organisms
organic matter higher plants

Source rock Es; of the Shichang subsag

Distribution of the
crude oil

Es; of the Gaoshangpu and
Liuzan

Ed; of the Gaoshangpu and
Liunan subsags
Nm to Ed; of the onshore

Ed; to Es; of the Beipu  Es; of the offshore
and offshore
Nm to Eds of the offshore Nm to Ed; of the

offshore

Abbreviations: Ed; = third member of the Dongying Formation; Es, = first member of the Shahejie Formation; Es; = third member of the Shahejie Formation; Nm = Neogene
Minghuazhen Formation; Ts/Tm = C,; 18 (H),22,29,30-trisnorneohopane/C,; 170 (H),22,29,30-trisnorhopane.

zones display a wide range in the different SBs (Figure
16; Table 3). The gas-to-oil ratios of several onshore
areas (such as Liuzan, Gaoshangpu, and Laoyemiao)
show a decreasing trend as the buried depth decreases
(Figure 16A-C). However, the gas-to-oil ratios shows
little change in the offshore areas (Figure 16D). This
indicates that there are abundant solution gases in
both the onshore and offshore areas of the Nanpu sag.

The natural gas in the Nanpu sag mainly consists
of methane with a minor amount of nonhydrocarbons
(Table 1). Methane contents range from 59.25% to
95.40% (mean = 79.57%) (Table 1). The contents of
heavy hydrocarbon (Cs,) range from 0.00% to 29.17%
(mean = 8.93%). The nonhydrocarbons mainly consist
of nitrogen and carbon dioxide. The contents of the
carbon dioxide range from 0.00% to 4.50% (mean =
0.94%), most being less than 3.00%. The nitrogen
content ranges from 0.00% to 6.09% (mean = 1.49%)
(Table 1).

The gas dryness coefficient (C;/C;,) values range
from 0.65 to 1.00 (mean = 0.90), with a small pop-
ulation greater than 0.95. These values indicate that the
natural gas samples are mainly wet gas (Clayton, 1991;
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Saberi and Rabbani, 2015). Dry gas is mainly distrib-
uted in the upper Nm and Ng (Figure 17A). The Cy/
Cy. ratio increases as the depth decreases in Ed,, Ed;,
Ng, and Nm. This shows that there is vertical migration
differentiation of the natural gas (Figure 17A).

In the Eds, Es;, and Es; source rocks, the C,/C.
ratio does not show a regular variation with the burial
depth (Figure 17B). The wet gas and dry gas are
distributed in both the deep and shallow formations,
but the wet gas is more abundant. The natural gas
with the lower C,/Cy, ratio is chiefly distributed at
the depth interval between 3100 and 4200 m
(~10,168-13,776 ft), corresponding to the peak oil
generation (Figure 17C). This indicates that the
natural gas dryness in the source rock layers is strongly
controlled by thermal maturity.

SOURCE ROCK CONTROL ON THE
HYDROCARBON DISTRIBUTION

In Figure 18, the biomarker parameters Ts/Tm and
00.0-S/(S + R)-Cyg sterane (where S is left-handed

GAO ETAL 1447
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Figure 15. Distribution map of the four different oils in the Nanpu sag.

stereo configuration) ratios of the crude oil from the
different layers do not vary significantly as burial
depth changes (Table 4). Additionally, the bio-
marker parameters of the crude oils are clearly
higher than that of the source rocks at the shallow
depth, showing that the shallow source rocks had no
contribution to the accumulations. At the depth of
approximately 3100 m (~10,168 ft), the biomarker
parameters of the crude oils reached the source rocks’
values (Figure 18A, B). This indicates that the source
rocks are within the oil-generating window beyond a
depth of 3100 m (10,168 ft) (Figure 17C). In addi-
tion, the crude oil has experienced obvious vertical
migration from deep to shallow.

There are three-dimensional (3-D) seismic data
and thousands of wells in the Nanpu sag. Isopachs of
the Ess, Esj, and Eds were obtained using the 3-D
seismic data. A relationship between sedimentary fa-
cies and shale/stratum thickness ratio was established.
And then, the source-rock thickness contour maps of
the Es3, Es;, and Eds are plotted using the statistical

1452 Characteristics and Origin of Oil and Gas in the Nanpu S
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results of the dark shale thickness of the wells and
seismic prediction (Figure 19). The oil and gas are
mainly distributed in the areas with thicker source
rock. In the northwest and southeast of the sag
there are two depocenters, with the thickest being
more than 600 m (1968 ft) (Figure 19A). The
type A and D oils are mainly distributed in the
west and northwest of the Es3 source rock, respec-
tively. This finding suggests that the type A and D oils
are derived from the Es; source rock with a different
maturity. The Ess is the major hydrocarbon source
rock, making the greatest contribution to the oil and
gas generation in the Nanpu sag, which is in agree-
ment with the previous oil-source correlation results
(Zheng et al., 2007a, b; Mei et al., 2009).

The Es; source rock is thinner than the Ess
source rock, only approximately 300 m (~984 ft)
at most, with the depocenter migrating to the
southeast of the Nanpu sag. The type C oil, which
is derived from the Es; source rock, is mainly
distributed from the west to south in the southern

ag, Bohai Bay Basin
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Figure 17. Scatter plots of the natural gas drying coefficient (C,/C,,) versus depth of the Neogene Minghuazhen Formation (Nm),
Neogene Guantao Formation (Ng), first and second members of the Dongying Formation (Ed, and Ed,) (A), and third member of the
Dongying Formation (Eds), first member of the Shahejie Formation (Es;), and third member of the Shahejie Formation (Es) (B) as well as
vitrinite reflectance (%) versus depth (C) in the Nanpu sag.

sag, corresponding to the thicker part of the Es;

source rock (Figure 19B).

The Eds source rock has a moderate thickness, and
the thickest part is distributed in the south of the
Gaoshangpu SB. In addition, the type B oil is in or around

the thick (Figure 19C). Based on the analysis mentioned

above, the different types of oils are all associated with the

thicker part of the corresponding source rocks.
In the Nanpu sag, most of the hydrocarbons have
been discovered in the layers above the source rocks.

Table 3. Characteristics of the Gas-to-Oil Ratios for the Different Structural Belts in the Nanpu Sag

Formation Liuzan, m?/t Gaoshangpu, m*/t Laoyemiao, m*/t Offshore, m*/t
Nm 19-947; 261 (14) 6-992; 149 (56) 8-808; 230 (7) 59-1211; 423 (5)
Ng 13-603; 136.9 (12) 14-611; 130 (14) 19-4293; 724 (60) 47-2654; 623 (16)
Ed, - 40-4372; 713 (22) 261-395; 295 (3) 48-2372; 877 (21)
Ed, - 606-606; 606 (1) 225-1010; 652 (3) -

Ed, - 40-3050; 489 (12) 40-2474; 845 (3) -

Es, 11-10,362; 563 (56) 33-5608; 569 (60) - -

Minimum to maximum; average (samples).
Abbreviations: - = not applicable; Ed; = first member of the Dongying Formation; Ed, = second member of the Dongying Formation; Eds = third member of the Dongying
Formation; Es; = third member of the Shahejie Formation; Ng = Neogene Guantao Formation; Nm = Neogene Minghuazhen Formation.
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Figure 18. Scatter plots of C,; 18c. (H),22,29,30-trisnornechopane/C,; 170 (H),22,29,30-trisnorhopane (Ts/Tm) (A) and Co01000120S/
(20S+20R) sterane (where S indicates left-handed stereo configuration and R indicates right-handed stereo configuration) (B) versus

depth for the source rock and crude oils in the Nanpu sag.

This finding means that there is a clear vertical mi-
gration along faults. The hydrocarbons mainly occur
in the areas where the faults and source rocks
overlap. Therefore, the hydrocarbon distribution is
jointly controlled by both the source rock thickness
and the adjacent faults in the Nanpu sag.

The natural gas was discovered either above or
under the oil generation threshold in the Nanpu sag,
with a depth interval of 3000-3500 m (~9840-11,480
ft) (Figure 17C). Based on the analytical results of the
high-pressure physical properties for the crude oil in
the reservoirs, the solution gas- (in oil) to-oil ratio
decreases as burial depth decreases. From 3100 to
5000 m (~10,168-16,400 ft), the gas-to-oil ratio
decreases rapidly because the gas comes out of the
crude oil (Figure 20A). The gas coming from the
crude oil is the prominent mechanism for the gas
layer forming in the Nm, Ng, and Ed; (Gao et al.,
2012). In the Nanpu sag, when the burial depth
reaches the top of the oil window, large amounts
of gases are dissolved in the crude oil, forming more
gas layers in the upper part of the oil window (Figure
20B). At a depth of 1300-3000 m (~4264-9840 f9),

the gas-to-oil ratio has a smaller decrease. This
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indicates that above the depth of 3000 m (9840 ft),
only a small quantity of the dissolved gas comes
from the crude oil. This is an important reason why
there are fewer gas layers above the oil window’s
top depth (Figure 20B). Therefore, it is the ex-
solution of the dissolved gas in the oil that is an
important condition for the formation of gas layers
in the Nm, Ng, and Ed; of the Nanpu sag (Gao
etal., 2011). The discovered natural gas in the Nanpu
sag mainly occurs as dissolved gas in oil and free
gas. The free gas came from the exsolution of the
dissolved gas.

Based on the relationship between the source
rock evolution and the distribution depth of the oil
and gas, it is speculated that there will still be consider-
able oil to be found in the depth range of the oil window
and more gas or light oil within the depth range of the oil
window, even in the deeper sections (Figure 20C).

CONCLUSIONS

1. The discovered oils are mainly distributed in the
Nm, Ng, and Ed; in the whole Nanpu sag. But
the Es; oil layer is chiefly distributed in the Liuzan

GAO ETAL 1455



Table 4. Biomarker Characteristics of the Shale and Oil in the Nanpu Sag

Well Depth, m Formation Shale/Oil 9000001205/ (205+20R) Sterane Ts/Tm
G190X1 4010.0 Es; Shale 0.40 0.98
B2X1 3574.8 Ed; Shale 0.29 0.76
B30 3634.8 Ed, Shale 0.29 0.84
LBN1 3544.0 Es, Shale 0.35 1.01
NP1 3386.0 Eds Shale 0.34 047
Lao2X1 4506.6 Eds Shale 0.39 1.51
JHIX1 3129.0 Ed, Shale 0.32 0.57
NP1 3859.0 Es, Shale 0.35 0.96
NP5-81 4606.0 Es; Shale 0.39 0.68
L31-4 3270.0 Es; Shale 0.33 0.98
NP1 4655.0 Es, Shale 0.39 1.17
NP511 3566.6 Eds Shale 0.20 0.64
NP5X6 34144 Eds Shale 0.28 0.71
B6X1 31383 Ed, Shale 0.42 0.06
L35-4 2900.9 Es; Shale 0.07 0.12
B2X1 3575.2 Ed; Shale 0.34 0.24
G25-1 4187.8 Es, Shale 0.28 0.28
Gel 3630.0 Es; Shale 0.29 0.55
B30 3564.0 Ed, Shale 0.33 0.48
G62 40184 Ess Shale 0.26 0.75
G29X6 3141.0 Ed; Qil 0.42 1.35
G78 2963.6 Es, Qil 0.30 0.61
L202X2 24419 Ess Qil 0.47 5.32
JHIX1 3186.2 Ed, Qil 0.33 093
Lao2X1 4241.6 Ed, Qil 0.42 1.50
NP101 1677.9 Nm oil 0.40 1.01
NP11-B45-X503 2416.8 Ed, Qil 0.39 0.87
NP1-5 27173 Ed, oil 0.39 1.70
NP203X1 2825.2 Ed, Qil 0.40 1.06
NP2-1 2099.6 Ng oil 0.38 1.04
NP2-53 3129.4 Ed, oil 0.39 1.14
LP1 3049.6 Ed, Qil 0.31 1.05
NP4-1 2419.8 Ng oil 0.38 1.58
NP503 3453.0 Eds Qil 0.36 1.07
NP5-11 28253 Eds oil 0.41 1.46

Shale: source rock samples; oil: crude oil samples.

Abbreviations: Ed, = first member of the Dongying Formation; Ed, = second member of the Dongying Formation; Eds = third member of the Dongying Formation; Es, = first
member of the Shahejie Formation; Es, = second member of the Shahejie Formation; Es; = third member of the Shahejie Formation; Ng = Neogene Guantao Formation;
Nm = Neogene Minghuazhen Formation; Ts/Tm = C,; 18c (H),22,29,30-trisnorneohopane/C,; 17c. (H),22,29,30-trisnorhopane.

and Gaoshangpu SBs. The natural gases are mainly
distributed in the Eds. The oil and gas are distrib-
uted around the source kitchen in a ring-like shape.
The natural gases are closer to the sag center, whereas
the oils migrate to the margin of the subsag with a
longer lateral migration distance.

2.

The crude oil is mainly light and medium in density.
Some heavy oils occurring in the shallow layers are a
result of biodegradation and oxidation in the on-
shore Liuzan, Gaoshangpu, and Laoyemiao SBs.
The crude oils can be divided into four types: A,
B, C, and D. The type A and D oils are sourced
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Figure 20. Plots of the gas-to-ail ratio (A), testing gas (B), and oil layers number (C) versus depth in the Nanpu sag.

from the Es3 source rock, whereas the type B and
C oils are mainly derived from the Eds and Es;
source rocks.

3. Based on the information provided by crude oil
and source rock biomarkers, the oil-source cor-
relation in Bohai Bay Basin was analyzed. The oil
and gas show clear signs of vertical migration.
The areas with thick source rock and abundant
faults are favorable zones for oil and gas distri-
bution, which reflects the general characteristics
of oil and gas migration, accumulation, and pres-
ervation in rift basin. With the continuous discovery
of large oil fields in rift basins globally, this study
provides a reliable way to understand the potential
of oil and gas exploration in a rift basin.
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