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Abstract
In this paper, the data of thin section, organic petrology, geochemistry, lithology and porosity were used to investigate 
enrichment conditions of Hetaoyuan Formation shale oil in the Biyang Depression. The results show the shale oil is a kind 
of low-maturity oil with medium density and low viscosity, and main factors controlling shale oil enrichment include total 
organic content (TOC), formation pressure, lithofacies and effective reservoirs. Shales in the fifth organic-rich interval are 
developed widely with large thickness (reach up to 150 m), high TOC content (2.0–4.68%), better organic matter types 
(type I and II1) and appropriate thermal maturity (usually larger than 0.5%), which are beneficial to generate much hydro-
carbon, and volume expansion causes overpressure in source rock, especially in sections with low hydrocarbon expulsion 
efficiency due to less fractures. Free hydrocarbons S1 values increase with TOC contents, and significant overpressure 
correlates with the larger OSI (S1/TOC × 100) values and porosity. Well-developed calcareous shales and argillaceous 
shales with silty shale interlayers have better porosity, and effective pores (throat diameters greater than 10 nm) contribute 
to 47.5% of the total volume.
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Introduction

Shale oil is one of the main unconventional resources and 
has become an important successive exploration frontier. 
Shale oil refers to liquid hydrocarbons in shale formations 
which occur in free, adsorbed and dissolved forms, etc., with 
economic development requiring horizontal drilling and 
fracturing (Zou et al. 2013). The successful development 
of shale oil plays in North America has led to active shale 
oil exploration in China (Nie et al. 2016). Several studies 
have addressed the concept, sedimentary environment, res-
ervoir characteristics, resource evaluation and development 

techniques, etc., of these resources (Jiang et al. 2014; Zou 
et al. 2015; Song et al. 2013), and the commercial oil flow 
has been discovered in Sichuan basin, Ordos basin and 
faulted basins in eastern China.

In this paper, taking an example from the organic-rich 
shales of Eocene Hetaoyuan Formation in the Biyang 
Depression, the enrichment conditions of lacustrine shale 
oil are discussed based on the analysis of hydrocarbon-
generating characteristics, formation pressure, lithological 
assemblages and associated reservoir features. Results from 
this study provide reliable geologic bases for lacustrine shale 
oil exploration in the Biyang Depression.

Geologic setting

The Biyang Depression, one of the sub-tectonic units in 
the Nanxiang Basin (Fig. 1a), is a half graben with small 
area and high hydrocarbon production. It can be divided 
into three structural units: northern slope, central sag and 
southern steep slope (Fig. 1b). The main hydrocarbon 
source rock is the third member (Eh3) of Hetaoyuan For-
mation, and can be subdivided into eight layers from base 
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to top. The upper three layers (Eh3
3–Eh3

1) can be further 
divided into six organic-rich intervals (ORIs) with TOC 
contents greater or equal to 2% (Fig. 1c), which are the 
main exploration targets for shale oil. The ORI 5 has been 
proved to be the favorable one by drilling wells BYHF 1 
and Cheng 2 with the daily oil production up to 23.6 m3.

Samples and methods

A total of 36 core samples are collected from ORI 5 of well 
BYHF 1 with the depth of 2415.72–2450.15 m. These sam-
ples are subjected to maceral studies, TOC measurements, 
Rock–Eval pyrolysis and organic geochemical analysis. A 

Fig. 1   a Sketch map of China 
showing location of the Nanxi-
ang Basin; b structural units 
of the Biyang Depression and 
location of the study area and 
key wells; c generalized strati-
graphic columns of the Biyang 
Depression and the lithologic 
sequence of ORI 5
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subset of six samples is subsequently selected for mercury 
injection capillary pressure (MICP) analysis. Two shale 
oil samples are collected from wells BYHF 1 and BYHF 
2 for physical properties and geochemical analysis. The 
TOC contents, organic petrology and geochemical analysis 
were performed at experimental research center of the Wuxi 
Research Institute of Petroleum Geology of SINOPEC. The 
TOC content was measured by Leco CS200 Carbon/Sulfur 
Analyzer, and organic matter was studied under reflected 
light at a magnification from 200 to 500 × using polished 
blocks. Maceral composition was identified and assessed 
semi-quantitatively. Gas chromatography (GC) analy-
sis of the saturated hydrocarbon was performed using an 
Agilent7890A gas chromatograph equipped with a 50-m 
DB-Petro column (0.20 mm I.D. and 0.50 µm film thick-
ness) as well as flame ionization detector (FID). The oven 

temperature was programmed from 80 to 300 at 3 °C/min 
and held at 300 °C for 20 min. The MICP tests were per-
formed using a Mercury Injection Porosimeter (Micromer-
itics AutoPore IV 9510) at University of Texas, Arlington, 
USA.

Results and discussion

Shale oil characteristics

The extracts of the two shale oil samples are medium oil 
with density of 0.8694 and 0.8748 g/cm3, and surface viscos-
ity of 15.76 and 15.58 mPa s, similar to the normal crude oil. 
Gas chromatographic analysis of the saturated hydrocarbon 
fractions of the obtained extracts indicates n-alkanes rang-
ing from n-C11 to n-C39 (Fig. 2), and n-alkanes with weak 

Fig. 2   The saturated hydro-
carbon gas chromatography 
analyses of shale oil from well 
BYHF 1 (a) and well BYHF 2 
(b) in Biyang Depression
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odd–even predominance between n-C21 and n-C27 indicate 
low maturity of crude oil.

Sources and contents of organic matter

Variations in the organic petrologic composition and bio-
marker (association) of shales may reflect origin of organic 
matter. Optical microscopy indicates organic-rich shales 
contain abundant sapropelinite (41.5–92.5%, Avg. 74.4%) 
(Fig. 3), consisting of lamalginite, structured remains of 
algae and bituminite. Lamalginites often exhibit moderate 
yellow fluorescence, and distribute parallel to beddings with 
lamellar form, or interbedded with microlayered clay miner-
als (Fig. 4a). Structured remains of algae fluoresce strongly, 
and appear to be larger than lamalginite with clear internal 
structure. They often exhibit pelletoid and distribute along 
the bedding with local concentration (Fig. 4b), and show 
cell structure under magnification (Fig. 4c). The content 
of liptinite ranges from 2.5 to 52.3% (Avg. 14.3%), with 
the dominant components of sporophore and liptodetrinite 
(Fig. 4d). Vitrinite generally constitutes from 2.4 to 42.8%, 
mainly including vitrodetrinite and phyllotelinite (Fig. 4e). 
Inertinite is a minor component, ranging from 0 to 3.7%. 
Clay material, pyrite and terrigenous debris are also recog-
nized (Fig. 4f). The existence of the inertinite only in the 
upper part of ORI 5 may be associated with depositional 
environment. During the upper part of ORI 5 deposition, the 
paleoclimate changed from hot-arid to humid/warm climate 
and water salinity decreased (Shang et al. 2015), and the 
unstable stratified water benefits increasing oxygen fugacity 
and the transformation from vitrinite to inertinite. According 

to the guidelines proposed by Meinschein and Huang (1981), 
a ternary diagram of regular steranes (C27–C29) for meas-
ured samples is presented (Fig. 5a), suggesting higher plants 
dominated source rocks, followed by aquatic organisms. As 
a note, the relative higher C29 regular sterane of few sam-
ples is ascribed to the combined impact of higher plants 
and algae, and C29 regular sterane may be detected without 
higher plants input to the sediments. Therefore, the organic 
maceral analysis is reliable and the organic sources are 
mixed with algae and terrigenous organisms.

ORI 5 of well BYHF 1 presents a burial depth of 
2395.7–2478.1 m with Ro values of 0.58–0.59% (Table 1), 
indicating shales reached the oil generation window with 
low maturity. The values of TOC and S1 + S2 of the sam-
ples range from 0.48 to 7.64% (Avg. 2.86%) and 0.95 to 
50.50 mg/g (Avg. 15.16 mg/g), respectively. The bitumen 
“A” contents of most samples are larger than 0.2%. Gener-
ally, Ro values in the study area are larger than 0.6%, and 
increase from northwestern to southeastern (Fig. 5b). The 
retention oil content (S1) of majority samples correlates 
positively with TOC values (Fig. 5c), suggesting shale oil 
abundance is partly affected by organic matter content. 
While the different change trends of S1 rising slowly with 
the increase of TOC value and rising rapidly with low TOC 
(samples in circles of Fig. 5c) may be due to relatively high 
hydrocarbon expulsion efficiency and the external migrated 
hydrocarbon impact, respectively (Li et al. 2016). By apply-
ing method of multivariate regression analysis, the thick-
ness and average TOC contents of ORI 5 in 30 wells are 
predicted (Shang et al. 2016). The largest thickness of ORI 
5 can reach 150 m, mainly distributed in the center of the 
deepest sag (Fig. 5d). The average TOC contents range from 
2.0 to 4.68%, and gradually decrease from center to edge of 
the deepest sag (Fig. 5e). All of these indicate good qual-
ity of lacustrine shale with large thickness developed in 
the deepest sag, and the large TOC values and oil genera-
tion volume result in much hydrocarbon retention and good 
shale oil potential.

Overpressure

The uncompacted source rock with overpressure usually 
has higher porosity, corresponding to relatively lesser 
density logging data and larger acoustic time data, which 
are believed to reflect changes in formation pressure. Fig-
ure 6a, b show that acoustic time data from H3III to H3I 
in wells BYHF1 and B364 fall in the right area of trend 
line, reflecting overpressure exists in ORIs. The calculated 
average formation pore pressures of ORI 5 in 30 wells in 
the study area range from 1.01 to 1.40 using the method 
of equivalent depth, and the distribution of pressure is 
consistent with the distribution of the thickness and TOC 
contents (Fig. 6c), indicating hydrocarbon generation leads 

Fig. 3   Composition of organic matter in ORI 5. Sapropelinite is the 
dominant form of organic matter
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to overpressure. Meanwhile, there exists good correlation 
between significant overpressure, and the larger OSI val-
ues and porosity in ORI 5 (Fig. 6d), further demonstrat-
ing the overpressure contributes to generate microfractures 
along contact areas of various lithofacies and surfaces 
of stress concentration (Liu et al. 2012), increasing the 
migration and storage space of shale oil. In summary, the 
overpressure area is favorable for shale oil enrichment due 
to high oil retention amount and porosity.

Advantageous shale lithofacies and effective 
reservoirs

Thin sections, cores and scanning electron microscope 
(SEM) observation of ORI 5 in wells BYHF 1 and Cheng 
2 indicate that silty shales is featured by silt laminae inter-
bedded with clay laminae (Fig. 7a), nearly parallel fracture 
occurs along the adjacent area of these laminaes (Fig. 7b), 
and are commonly filled with secondary minerals or liquid 

Fig. 4   Photomicrographs of organic matter from ORI 5 of well BYHF 
1. a Lamalginite fluorescing moderate yellow with lamellar form, 
2417.46  m; b, c bright yellow fluorescence-structured remains of 
algae associated with clay minerals, and show cell structure under 

magnification, 2449.9 m; d microlayered sporophore and liptodetrin-
ite, 2437.21 m; e irregular vitrodetrinite, 2439.55 m; f pyrite in fram-
boidal form with local concentration, suggesting reducing conditions, 
2436.6 m
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Fig. 5   a The triangular plot of biomarker parameters of core samples; b Ro value isoline of ORI 5; c S1 values of majority core samples correlate 
positively with TOC contents; d thickness isoline of ORI 5; e TOC content isoline of ORI 5
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hydrocarbon. Moreover, the tough quartz and feldspar con-
tribute to slowing down the compaction, preserving interpar-
ticle pores and then providing the physical basis for shale oil 
storage (Fig. 7c, d). Therefore, the lithofacies association of 
argillaceous shales with silty shales interlayers shows high 
oil abundance with retained oil in the shales and migrated 
oil in the interbedded silty laminae, which has been demon-
strated by the exploration practice in marine Jiaoshiba shale 

of Sichuan Basin, lacustrine Zhangjiatan shale of Ordos 
Basin and Kimmeridge Clay Formation of the North Sea 
(Raji et al. 2015; Lei et al. 2015; Guo and Zhang 2014). In 
addition, Zhang et al. (2015) proposed that laminated calcar-
eous shales in the study area have the high TOC content and 
oil abundance, good porosity and permeability, and well-
developed pores and fractures, particularly organic pores and 
dissolution pores, in which oil occured (Fig. 7e, f). Shale 

Table 1   Bulk geochemistry of the samples from well BYHF1

OSI oil saturation index = S1/TOC × 100, mg HC/g TOC, HI hydrogen index = S2 × 100/TOC, mg HC/g TOC, Φ porosity, %
The unit of S1 and S2 is mg HC/g rock

Sample no. Depth (m) TOC (%) S1 S2 HI Bitumen “A” (%) OSI Ro (%) Φ Regular steranes 
(%)

C27 C28 C29

B-1 2415.72 0.71 0.46 2.98 419.72 0.095 64.79 0.58 7.29 26 26 48
B-2 2416.4 0.48 0.11 0.84 175 0.092 22.92 0.58 6.44 22 20 58
B-3 2417.46 1.16 0.36 2.35 202.59 0.110 31.03 0.58 4.22 8 10 81
B-4 2418.72 3.18 1.8 15.52 488.05 0.592 56.6 0.58 4.39 27 29 44
B-5 2419.3 1.76 0.68 6.57 373.3 0.310 38.64 0.58 3.51 28 28 44
B-6 2420.92 1.56 0.57 6.72 430.77 0.233 36.54 0.58 5.1 26 28 46
B-7 2421.65 2.61 0.61 12.01 460.15 0.281 12.37 0.58 6.19 24 26 50
B-8 2422.49 3.46 1.2 19.57 565.61 0.450 34.68 0.59 5.09 18 26 56
B-9 2423.7 1.56 0.64 4.31 276.28 0.202 41.03 0.59 6.5 12 15 73
B-10 2424.5 4.23 0.87 27.49 649.88 0.418 20.57 0.59 3.2 22 27 50
B-11 2425.72 3.94 0.81 23.1 586.29 0.407 20.56 0.59 4.28 28 27 45
B-12 2426.44 2.36 0.91 9.59 406.36 0.255 38.56 0.59 4.75 26 23 51
B-13 2427.46 5.56 0.87 32.94 592.45 0.284 15.65 0.59 5.19 24 22 54
B-14 2428.5 3.9 0.93 20.5 525.64 0.376 23.85 0.59 4.54 25 24 51
B-15 2429.83 1.12 0.39 2.43 216.96 0.153 34.82 0.59 4.28 20 18 63
B-16 2430.5 1.62 0.76 6.64 409.88 0.363 46.91 0.59 4.65 26 27 47
B-17 2431.75 2.58 1.23 14.23 551.55 0.467 47.67 0.59 4.76 26 28 47
B-18 2432.95 2.15 0.64 12.85 597.67 0.454 29.77 0.59 5.5 26 26 47
B-19 2433.64 5.58 0.69 34.34 615.41 0.209 12.37 0.59 5.18 31 27 42
B-20 2434.41 4.56 0.8 24.1 528.51 0.316 17.54 0.59 4.67 30 27 44
B-21 2435.4 2.92 1.29 15.1 517.12 0.848 44.18 0.59 4.71 31 27 43
B-22 2436.6 7.64 1.22 49.28 645.03 0.574 15.97 0.59 4.14 30 27 42
B-23 2437.21 5.02 2.31 15.86 315.94 1.802 46.02 0.59 5.37 31 28 42
B-24 2438.45 2.86 0.92 13.71 479.37 0.309 32.17 0.59 4.94 31 27 41
B-25 2439.55 2.18 0.9 7 321.1 0.393 41.28 0.59 4.81 29 26 46
B-26 2440.7 1.09 0.34 3.8 348.62 0.238 31.19 0.59 4.71 24 26 50
B-27 2441.51 1.64 0.84 4.05 246.95 0.362 51.22 0.59 4.5 29 27 44
B-28 2442.72 3.7 0.53 19.88 537.3 0.222 14.32 0.59 4.67 29 29 42
B-29 2443.65 2.56 0.76 11.48 448.44 0.506 29.69 0.59 4.65 26 28 46
B-30 2445.4 2.88 1.35 11.56 401.39 0.596 46.88 0.59 5.52 27 28 44
B-31 2445.9 2.56 2.55 8.93 348.83 1.098 99.61 0.59 3.99 26 29 45
B-32 2446.68 4.2 0.88 22.25 529.76 0.305 20.95 0.59 8.93 30 29 41
B-33 2447.86 1.88 1.96 7.14 379.79 0.595 104.26 0.59 4.82 27 30 43
B-34 2448.45 1.73 4.09 6.94 401.16 0.843 236.42 0.59 4.84 28 31 41
B-35 2449.9 2.17 1.76 7.15 329.49 0.800 81.11 0.59 5.71 26 29 45
B-36 2450.15 4.01 0.77 24.92 621.45 0.571 19.2 0.59 6.07 28 29 44
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baseline is determined by Gamma-ray curve, and the values 
lower than the baseline level may indicate interlayers. The 
thickness of interlayer is 1.6–18.05 m, and mainly developed 
in periphery and center of deep depression (Fig. 7g).

Nie et al. (2016) proposed pore throat diameter larger 
than 10 nm benefits the storage of free oil for the continental 
shale in China, although the molecular diameter of medium 
oil with heterocyclic structure is 0.5–1.0 nm (Wang et al. 
1996). The MICP test results show the bulk pore is com-
posed of 28.0% of pores with diameter of 3–5 nm, 24.5% of 
pores with diameter of 5–10 nm, 22.5% of pores with diam-
eter of 10–50 nm, and 25.0% of pores with diameter larger 

than 50 nm. Pores having throat diameter greater than 10 nm 
account for the majority of the bulk volume, indicating much 
effective reservoir space exists for shale oil storage.

Higher TOC content and maturity, and better type of 
organic matter are beneficial to generate much hydrocar-
bon, and volume expansion causes overpressure in source 
rock, especially in sections with low hydrocarbon expul-
sion efficiency due to less fractures. The ORI 5 is domi-
nated by types I and II1 kerogen (Li et al. 2016) and has 
maturities ranging from lowly to oil mature, kerogen being 
converted to oil tends to form overpressure.

Fig. 6   The relationship between 
depth and acoustic time data 
from well BYHF 1 (a) and well 
B364 (b); c average forma-
tion pressure isoline of ORI 
5; d well BYHF 1 correlation 
between overpressure, OSI and 
porosity values in ORI 5
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Conclusions

1.	 Good quality of lacustrine shale with large thickness 
developed in the deepest sag. Organic matter originated 
from higher plants and aquatic organism, and reached 

the oil generation threshold. S1 values correlate posi-
tively with TOC contents.

2.	 The overpressure area is favorable for shale oil enrich-
ment due to high oil retention amount and porosity. Cal-
careous shales and argillaceous shales with silty shale 

Fig. 7   a Silt laminae is inter-
bedded with clay laminae from 
well Cheng 2, 2821.57 m; b par-
allel fracture occurs along the 
adjacent area of the two types 
of laminae from well BYHF 
1, 2446.5 m; c, d hydrocarbon 
occurs in interparticle pores 
from well BYHF 1, 2427.55 m, 
with cross-polarized light 
and fluorescence, after Zhang 
(2014); e, f hydrocarbon occurs 
in calcite dissolution pores from 
well Cheng 2, 2800.32 m, with 
cross-polarized light and fluo-
rescence, after Zhang (2014); g 
interlayer thickness of ORI 5



936	 Journal of Petroleum Exploration and Production Technology (2019) 9:927–936

1 3

interlayers are well developed with better porosity and 
effective reservoir spaces.
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