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Abstract: Eocene coal-bearing source rocks of the Pinghu Formation from the W-3 well in the western
margin of the Xihu Sag, East China Sea Shelf Basin were analyzed using Rock-Eval pyrolysis and gas
chromatography-mass spectrometry to investigate the samples’ source of organic matter, depositional
environment, thermal maturity, and hydrocarbon generative potential. The distribution patterns of
n-alkanes, isoprenoids and steranes, high Pr/Ph ratios, abundant diterpanes, and the presence of non-
hopanoid triterpanes indicate predominant source input from higher land plants. The contribution of
aquatic organic matter was occasionally slightly elevated probably due to a raised water table. High
hopane/sterane ratios and the occurrence of bicyclic sesquiterpanes and A-ring degraded triterpanes
suggest microbial activity and the input of microbial organisms. Overwhelming predominance
of gymnosperm-derived diterpanes over angiosperm-derived triterpanes suggest a domination of
gymnosperms over angiosperms in local palaeovegetation during the period of deposition. The high
Pr/Ph ratios, the plot of Pr/n-Cyy versus Ph/n-Cyg, the almost complete absence of gammacerane,
and the distribution pattern of hopanes suggest that the samples were deposited in a relatively oxic
environment. Generally, fluctuation of redox potential is coupled with source input, i.e., less oxic
conditions were associated with more aquatic organic matter, suggesting an occasionally raised water
table. Comprehensive maturity evaluation based on Ro, Tmax, and biomarker parameters shows that
the samples constitute a natural maturation profile ranging from marginally mature to a near peak
oil window. Hydrogen index and atomic H/C and O/C ratios of kerogens suggest that the samples
mainly contain type II/III organic matter and could generate mixed oil and gas.

Keywords: biomarkers; higher plant; organic matter; palaeoenvironment; thermal maturity;
petroleum potential

1. Introduction

Source rocks are capable of generating petroleum [1]. Coal and coal measure mud-
stone are organically rich and generally considered as gas-prone source rock, with some
exceptions [2-5]. The formation and distribution of source rocks is mainly controlled
by sedimentary basin, palaeoclimate, palaeohydrodynamic conditions, productivity, and
preservation of organic matter [6]. Therefore, geochemical characterization of the source
rocks is a key to understanding their type and origin of organic matter, thermal maturity, ca-
pacity for hydrocarbon generation, palaeoceanographic, and paleoclimatic conditions [7,8].
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The Xihu Sag is the most petroliferous region within the East China Sea Shelf Basin
(ECSSB), China. The coal-bearing Pinghu Formation (Epp) of middle-late Eocene has been
regarded as the primary source rock unit in the Xihu Sag. The E,p is organically rich, with
large thickness, extensive distribution, and a proper thermal maturity [9,10]. Additionally,
oil/gas-source rock correlations support the Eyp as the primary source rock in the Xihu
sag [11-13]. Thus far, a limited number of studies on biomarkers in the E,p source rocks
have been documented. For instance, Fu [14] reported the occurrence of diterpenoids in
coal measures. Zhu et al. [11] systematically studied molecular composition of Paleogene
coal-bearing source rocks and discussed their significance for source input. Zhu et al. [9]
documented the hydrocarbon potential of Paleogene source rocks, in which distributions
of n-alkanes, steranes, and hopanes were simply discussed for investigating the origin
of organic matter, depositional environment, and thermal maturity. They found that the
source rocks are dominated by Type III-II; kerogens (HI = 41-386 mg HC/g TOC) within
sub-oxic to oxic environments (Pr/Ph = 1.08-9.78). However, Cy9 diasteranes in some
samples were incorrectly attributed to Cy7 regular steranes by Zhu et al. [9]; therefore,
the interpretation based on sterane distributions could be problematic. Cheng et al. [15]
compared the geochemical characteristics between a coal and mudstone from the E;p
and found that they contain predominantly terrigenous source materials with the effect
of microbial reworking and were deposited under oxic conditions within an unstratified
water column; the mudstone has slightly more algal material input and less oxic conditions
during deposition than the coal. Kang et al. [16] studied the organic geochemical and
petrological characteristics of the coals of the Eyp. They found that the coals were deposited
under relatively oxic peatland conditions (Pr/Ph = 3.33-9.23) with a predominance of
terrestrial higher plants input and have entered the hydrocarbon generation threshold.
However, a detailed biomarker study on the Eyp source rocks for elucidating the organic
matter source and depositional characteristics changes over time is lacking in the Xihu Sag.

In 2019, a petroleum exploration well (W-3) located in the Pinghu Slope, western
margin of the Xihu Sag (Figure 1), penetrated the E;p, and many sidewall cores and a
15.1 m core, including an organic-rich mudstone/carbonaceous mudstone interval, were
obtained. This provided a rare opportunity to investigate detailed biomarker distributions
of the E;p to elucidate the successive changes in source input and depositional environment
over time. In this study, the bulk geochemical characteristics and aliphatic hydrocarbon
composition of 16 source rocks of the E;p were characterized to enhance understanding of
the origin of organic matter, depositional environment, thermal maturity, and hydrocarbon
generation potential. The results of this study could be beneficial for better understanding
the formation mechanism and heterogeneity of the coal-bearing source rocks, which will
provide guidance for predicting the formation and distribution of high-quality source rocks.
In addition, they could be useful for any oil-oil and oil-source correlations stemming from
future exploration in the Xihu Sag.
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Figure 1. Map showing (a) tectonic sketch of the East China Sea Shelf Basin (ECSSB), (b) Pinghu Slope of the Xihu Sag,
ECSSB, and (c) structural cross-section of the Xihu Sag (A-B, shown in Figure 1a,b). (adapted from [17]).

2. Geological Setting

The Cenozoic ECSSB is located off of the southeast coast of mainland China to the west
of the Ryukyu Islands (Japan) [18] (Figure 1a). It is NNE-SSW trending and covers an area
of 240,000 km?2. The Xihu Sag is in the central east of the ECSSB with an area of 46,000 km?.
The Xihu Sag involves five structural units of which the Western Slope, from north to south,
can be further divided into the Hangzhou, Pinghu, and Tiantai slopes (Figure 1b,c). The
Xihu Sag is the most petroleum-rich region in the ECSSB, where seven gas/condensate
fields and 11 petroleum-bearing structures have been discovered with proved natural gas
reserves of 103.3 x 10° m3, and the Pinghu Slope is the most petroliferous area in the Xihu
Sag where a suite of oil and gas fields have been discovered (Figure 1b) [10].

The tectonic evolution of the Xihu Sag includes three main stages: (1) rifting stage
during the Paleocene to late Eocene, (2) post-rift stage during late Eocene to late Miocene,
and (3) regional subsidence stage since the end of Miocene [19]. The Xihu Sag was filled
with Paleogene—Quaternary succession up to 10,000 m (Figure 2a). Of these strata, the
E;p has a thickness of 600-5000 m, and consists of mudstones, carbonaceous mudstones,
coal seams, siltstones, and sandstones (Figure 2b) deposited in tidal delta and tidal flat
facies [20]. Seismic sequence and the archive of marine palaeontological fossil suggest that
there were frequent transgressions and regressions during the deposition of the E,p [21],
and the fluctuating water levels and intermittent flooding during the deposition of peat
resulted in the interbeded coal, mudstone, and sandstone [22]. The mudstones, carbona-
ceous mudstones, and coals have been recognized as the major source rocks in the Xihu
Sag [11-13], and the accumulative thickness of the coal measuring mudstones is up to
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2500 m with an average value of >1000 m and the coals are up to 65 m in the E,p [23,24].
The siltstones and sandstones are the major reservoir intervals and the mudstones in the
Pinghu and Huagang formations constitute the seal.
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Figure 2. A generalized stratigraphy of the Xihu Sag (a) and stratigraphic column showing lithology of the middle-upper
Eocene Pinghu Formation from well W-3 and sample locations (b).

3. Materials and Methods
3.1. Samples
In this study, a total of 16 samples, including 11 sidewall cores and five cores, of the

E;p (Figure 2b) were collected from the W-3 well situated in the Pinghu Slope of the Xihu
Sag. The W-3 well was drilled with water and no oil-based mud was used. The sidewall
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cores were selected from a set of sidewall cores obtained during drilling based on their
lithology. The rest five cores were collected from the dark color mudstone interval of
the 4050.00-4067.95 m core (15.1 m recovered) continuous core. The samples consist of
12 mudstones, three carbonaceous mudstones, and one coal. The location of the well is
shown in Figure 1b, and the origin of the samples is presented in Table 1. The samples
were washed with deionized water, and then cleaned with a 9:1 dichloromethane methanol
mixture before pretreatment for further analysis.

Table 1. Origin and bulk properties of the Eocene Pinghu Formation source rock samples from well W-3, Xihu Sag.

Depth  Sample Litholo TOC Tmax Sq1 S, S1+S, HI Atomic Atomic Ro
(m) Type 8y (%) Q) (mg/g)  (mg/g) (mg/g)  (mglg) H/C o/C (%)
3723 S“Cig:za” Mudstone 0.81 436 0.15 0.75 0.90 93 nd nd 057

3864.5 S“Cig:‘éau Mudstone 0.29 435 0.19 0.41 0.60 141 nd nd 058
3924 Sl‘jsxa“ Mudstone 1.90 440 0.66 245 311 129 0.84 010  0.58
3966 Slfsxa” Coal 60.28 441 8.36 199.92  208.28 332 0.92 011  0.60

39665 dewall  Carbonaceous g 440 401 43.51 47.52 479 1.03 017 058

core mudstone
4024 Sl‘jsxa“ Mudstone 0.49 441 0.29 0.47 0.76 9% 0.82 017  0.64

4063.8  Core Mudstone 2.82 443 0.61 4.87 5.48 173 0.90 013  0.63

4064.3 Core ~ Carbomaceous 4, .9 444 2.91 30.85 33.76 271 0.90 014 0.6

mudstone

4064.5 Core Mudstone 1.49 445 0.31 1.79 2.10 120 1.12 0.22 0.67

40647  Core Mudstone 0.84 445 0.22 0.94 1.16 112 nd nd 066
4065 Core ~ CAarbonaceous 445 1.84 19.68 21.52 266 0.90 011  0.66

mudstone
4095 S“:s:‘éa“ Mudstone 3.29 445 1.36 6.89 8.25 209 0.88 010  0.60
4175 Slf;’:za” Mudstone 3.40 449 1.45 5.35 6.80 157 0.87 010 0.8
4180 S“Cisxau Mudstone 0.96 453 0.57 0.87 1.44 91 0.80 014 070
4238 Sl‘:g:‘éa“ Mudstone 0.90 454 0.53 0.93 1.46 103 0.80 013 074
4260.9 Sl‘jg:za” Mudstone 1.07 454 0.86 1.34 2.20 125 0.80 013 075

3.2. Total Organic Carbon, Rock-Eval Pyrolysis, Vitrinite Reflectance Measurement, and Elemental
Composition of Kerogen

The samples were ground (<100 mesh) and homogenized prior to further treatment.
The total organic carbon (TOC) contents were determined on samples pretreated with
10 vol% HCI using a LECO C5230 instrument. Source rock pyrolysis was performed using
a Rock-Eval instrument following standard methods described by Peters [25]. Briefly,
ground whole rock samples weighing up to about 100 mg are pyrolyzed at 300 °C for 3 min
(yielding S; peak), followed by programmed pyrolysis at 25 °C/min to 600 °C (yielding
S, peak), both in a helium atmosphere. Rock-Eval parameters, i.e., S (free hydrocarbons,
mg HC/g rock), S; (pyrolysis hydrocarbons, mg HC/g rock), and Tmax (temperature of
maximum pyrolysis yield during the formation of S, peak, °C) were determined, and the
hydrogen index (HI =S, /TOC x 100, mg HC/g TOC) was calculated from the pyrolysis
data and the TOC values (Table 1). Both TOC content and Rock-Eval pyrolysis were
analyzed at the Experimental Center of China National Offshore Oil Corporation, Shanghai,
China (ECCNOOC).
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Mean random vitrinite reflectance (Ro) measurements were performed on the surface
of vitrinite particles under oil immersion on a TIDAS S MSP400 microscope spectrometer
and using standard procedures also at ECCNOOC.

Kerogens were isolated from the powdered samples using HCI/HF digestion. The
elemental composition of kerogen (C, H, O and N) was measured using Elementar Vario
Cube at China University of Petroleum, Beijing.

3.3. Solvent Extraction, Fractionation, and Gas Chromatography—Mass Spectrometry (GC-MS)

The rock powders were Soxhlet-extracted with chloroform for 72 h and then aliquots of
the extractable organic matter (EOM) were separated into asphaltenes, saturates, aromatics,
and polar compounds using column chromatography [26].

The saturated hydrocarbons were analyzed using a Thermo Trace DSQ II GC-MS at
ECCNOOC. An HP-5ms GC column (30 m x 0.25 mm X 0.25 um) was used to separate
the hydrocarbons. The oven temperature was programmed as follows: 50 °C for 1 min,
50-120 °C at a rate of 20 °C/min, 120-250 °C at 3 °C/min, and 250-320 °C at 2 °C/min
with a final hold of 20 min. The electron ionization source was operated at 70 eV. Helium
was used as carrier gas at a flow rate of 1.0 mL/min. The MS was operated in selected ion
monitoring mode. Identification of individual compounds was based on elution order and
published mass spectra [17,27,28]. Biomarker parameters were calculated from peak areas
integrated in the mass chromatograms using Chemstation.

4. Results
4.1. Bulk Geochemical Parameters

The bulk geochemical properties of the studied samples are presented in Table 1.
The TOC values for the mudstones and carbonaceous mudstones range between 0.3 and
11.4 wt.% and the TOC content of the coal is 60.3 wt.%. The S; + S; and HI values of the
samples vary between 0.6-208.3 mg HC/g rock and 91-479 mg HC/g TOC, respectively.
The Tmax values range between 435 and 454 °C. The atomic H/C and O/C ratios for the
kerogens are in the ranges of 0.80-1.12 and 0.10-0.22. The cross-plots of S, versus TOC,
HI versus Tmax and atomic H/C versus O/C are shown in Figure 3. Vitrinite reflectance
(Ro) of the analyzed samples varies between 0.53% and 0.76% (Table 1). Ro and Tmax both
increase gradually downwards (Figure 4a,b).

4.2. Molecular Composition of Aliphatic Hydrocarbons

The molecular composition, derived from GC-MS of the aliphatic fractions, provides
valuable information for origin, depositional environment, and thermal maturity of organic
matter preserved in the source rocks.
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Figure 3. Cross-plots of S, versus TOC (a), atomic H/C versus O/C (b), and HI versus Tmax (c) for
source rocks of the Pinghu Formation from well W-3, Xihu Sag. See Figure 3c for the legend.
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Figure 4. Variation of vitrinite reflectance Ro (a), Tmax (b), CPI (c), Ts/(Ts + Tm) (d), C3p moretane/Csy ap-hopane
C30M/C30H (e), C31 ap-homohopane 225/(225 + 22R) (f), and Cyg steranes ocxx20S/(20S + 20R) (g) and BB /(BB + axx) (h)
with depth for the studied source rocks.

4.2.1. n-Alkanes and Acyclic Isoprenoids

The total ion chromatograms of representative aliphatic fractions and corresponding
m/z 85 mass chromatograms are shown in Figure 5. n-Alkanes dominate the aliphatic
fractions ranging from Cy4 to Cs5. One exception is the coal at depth of 3966 m in which
diterpanes are the dominant components (Figure 5). The n-alkanes are dominated by
components of intermediate to long chain lengths with >21 carbon atoms (56-84% of
the total n-alkanes); the low-molecular weight n-alkanes (n-C14—n-Cyp) are present in
lower proportions (16—44%, mainly <25% of the total n-alkanes; Table 2). The samples
from the upper part of the E;p show evident odd over even n-alkane predominance,
which gradually disappear with increasing depth (Figure 5). As a result, the carbon
preference index (CPI) [29] decreases with depth (Figure 4c). The commonly used source
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indicators, e.g., terrigenous/aquatic ratio (TAR) [30], proxy aqueous (Paq) [31] and proxy
wax (Pwax) [32], are highly variable, ranging from 0.73 to 3.89, 0.43 to 0.71 and 0.45 to 0.68,
respectively (Figure 6b,c). As expected, TAR positively correlates with Pwax, and TAR and
Pwax both negatively correlate with Paq (Supporting Information Figure S1). CPI, TAR, Paq,

and Py.ax are calculated as follows:
CPI= 1/2 X [(l’l-C25 + n—C27 + 1’1—C29 + 1’1—C31 + 1’1—C33)/(1’1C26 + nC28 + 1’1C30 + 1’1—C32 + n—C34) + (l"l-C25 + 1’1-C27

+ I‘I-C29 + I‘I-C31 + n—C33)/(n—C24 + I‘IC26 + HCQg + I‘IC30 + I‘IC32)]
TAR = (1’1—C27 + 1’1—C29 + 1’1—C31)/(1’1—C15 + H-C17 + n—Clg)

Pag = (n-Ca3 + n-Cp5)/(n-Co3 + n-Cos5 + n-Cy9 + n-Cz1)

Pwax = (D-C27 + n—ng + n—C31)/(n—C23 + 1’1—C25 + 1’1—C27 + 1’1-C29 + 1’1—C31)

n-C,, 3723m, TOC=0.81% 2 n-Cys
:O n-Cyy
Pr x
@]
n-Cy; B Pr o
\‘ M ;
% L A 0 Y A XY L h"nil. .ux.;‘n.L.L]I
diterpanes n-Cys
[t
3966m, TOC=60.28% p, n-Chy
n-Cy,
n-C
27 *1 1’1-C33
P
.ML_“LAMM \ H”IJ JJLIH Wl " Sl L ;A.;H.LL
-C
Pr n-Cy; 4064.3m, TOC=11.39%  p, e
n-C;, n-Cs,
7
{ J S Ep n-Css
Uil oot sl b |I.AAI“AW L‘J’kJ.JJ.Mku‘ A
diterpanes n-C
T 3 4180m, TOC=0.96% "Cis e
P
7
£? g2 n-Cy, c
= A n-
L P! 35
3 JLLLLLLLL .[Iil/
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TIC
Figure 5. Total ion chromatograms and m/z 85 mass chromatograms of aliphatic fractions of the samples. The prominent
peaks eluting between n-Cj9 and n-Cj; have been identified as tri- and tetracyclic diterpanes derived from conifer resins.
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Table 2. Partial source related parameters of the studied source rock samples from the Xihu Sag.

Depth n-Cyg 20/  n-Cpip5/  n-Cpe35/  CpyTeT/ Cy7 Cas Ca Cy7 Ca7/Ca
(m) n-alkanes n-alkanes n-alkanes CoTT (%) (%) (%) (%) axa20R
3723 0.21 0.33 0.46 1.56 14 19 67 14 0.21
3864.5 0.44 0.27 0.29 1.09 16 23 61 16 0.27
3924 0.16 0.28 0.56 2.24 12 17 71 12 0.17
3966 0.16 0.32 0.51 4.27 7 17 76 7 0.10
3966.5 0.21 0.39 0.40 6.19 9 16 75 9 0.12
4024 0.36 0.30 0.34 1.38 26 27 47 26 0.56
4063.8 0.18 0.33 0.49 1.78 7 18 74 7 0.10
4064.3 0.19 0.30 0.51 3.10 7 16 76 7 0.10
4064.5 0.17 0.33 0.50 1.23 13 19 68 13 0.19
4064.7 0.19 0.31 0.50 1.20 18 21 61 18 0.29
4065 0.18 0.28 0.53 5.44 11 19 71 11 0.15
4095 0.24 0.30 0.46 17.26 13 22 66 13 0.19
4175 0.24 0.34 0.41 7.73 14 21 65 14 0.22
4180 0.31 0.33 0.36 1.85 24 27 49 24 0.50
4238 0.29 0.36 0.35 2.04 22 26 51 22 0.43
4260.9 0.36 0.36 0.29 2.98 19 26 55 19 0.36

CuTeT/CoeTT: 1/2 x [(Coq TeT + Cp6TT) — Cp6TT]/Co6TT (see Figure 9a); O/C3oH: oleanane/Csy «f-hopane; Di/(Di + Tri): diter-
panes/(diterpanes + non-hopanoid triterpanes); Ca7 (%): the relative percentage of Co; xocx20R sterane over the total of Cp7 to Co9 xoxx20R
steranes; Cp7/Cpg9 oxaxax20R: Co7 cxcxx20R/Cpg cxxx20R sterane.

TOC (%) TAR Py Py Pt/Ph Di/n-Cyy20 0/CyH Di/(Di+Tri) C3yH/C,St CprfCrgtat020R  diaCpy/CpySt
01 1 10 100 0 1 2 3 4 502 04 06 08 02 4 6 81000101 1 10 0 02 04 0607 08 09 1 0 5 10 0 020406080 0.10.20.304
3700 SR —r—— ——— —— — ——— : ‘ —— —
P, S Tp

aq wax

w0 L | @ L/ m © | \@ | © ® ) I ™ || e | [0)

3900 r r r r

4000 - - F

Depth (m)

4100 t - F F - ]
2.34
4200 s L L L L ./I/ L

4300 - - - - - - - -

Figure 6. Variation of TOC (a), TAR (b), Paq (), Pwax (c), Pr/Ph (d), diterpanes/n-Ci9 9 Di/n-C1959 (e), oleanane/Csg
hopane O/CzyH (f), diterpanes/(diterpanes + non-hopanoid triterpanes) [Di/(Di + Tri)] (g), Cp9 steranes/Csp hopane
Cp9St/CsoH (h), Cp7/Cp9 xoex20R sterane (i), and Cyg diasteranes/Cpg steranes diaCpg/Cp9St (j) with depth for the studied
source rocks.

Acyclic isoprenoids, pristane (Pr), and phytane (Ph), are abundant, especially Pr,
which is more prominent than n-Cy; in most samples (Figure 5). The Pr/Ph ratios vary
between 3.3 and 8.2, and a depth profile of Pr/Ph is presented in Figure 6d. The coaly
samples are generally having higher Pr/Ph ratios. The ratios of Pr/n-C;7 and Ph/n-Cig
range from 0.65 to 7.62 and 0.24 to 0.98, respectively (Figure 7).

4.2.2. Bicyclic to Pentacyclic Terpenoids

Drimane class bicyclic sesquiterpanes with carbon number of C14—C1¢ were present
at extremely low abundance or undetected, and 83 (H)-homodirmane is almost the only
visible compound (Supporting Information Figure S2).
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Figure 7. Cross-plot of Pr/n-C;7 versus Ph/n-Csg for the source rocks of the Pinghu Formation.

Diterpanes, including bi-, tri-, and tetracyclic components, were detected in all samples
analyzed (m/z 123). They include 83 (H)-labdane (L), 43 (H)-19-norisopimarane (NIP),
fichtelite (18-norabietane, NA), rimuane (R), 17-nortetracyclic diterpene (NT), pimarane (P),
ent-beyerane (B), isopimarane (IP), 163(H)-phyllocladane (3P), abietane (A), and 16x(H)-
phyllocladane («P) (Figure 8). ent-Kauranes (K) were not detected from the samples.
The relative abundance of diterpanes varies significantly in the samples (Figure 5). The
diterpanes/n-Cqg_pg ratios for the mudstones and carbonaceous mudstones are of 0.06-6.10,
and the coal has a high ratio of 33.73 (Figure 6e).

m/z123 3723m, TOC=0.81%

19NIP
IP

BL

3966m, TOC=60.28%

19NIP

1-3: Norisopimaranes
BL: 8B(H)-Labdane
19NIP: 4B(H)-19-Norisopimarane

19NIP 4064.3m, TOC=11.39% NA: 18-Norabietane (fichtelite)
R: Rimuane
P: Pimarane

BP NT: 17-Nortetracyclic diterpane

BL NA
NT [p

4180m, TOC=0.96%

B: ent-Beyerane

IP: Isopimarane

1P BP: 16B(H)-Phyllocladane
pP : i
19NIP A: Abietane
oP: 16a(H)-Phyllocladane
(XP4 4: 13B(H)-atisane
5

5: 20-normethylatisane

Figure 8. Partial m/z 123 mass chromatograms showing distribution of diterpanes.
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m/z 191

The abundance of tricyclic terpanes (TT) and Cp4 tetracyclic terpane (TeT) are much
lower relative to hopanes (Figure 9a). The distribution patterns of C19-CyTT vary between
samples, with a dominance of C19—Cy;TT (coal and carbonaceous mudstones) or Co3TT
(mudstones). Although the Cp;TeT was co-eluted with the second isomer of Cy¢TT, the
former is much more abundant than the latter with the calibrated C,4TeT/CysTT ratios of
1.09-17.26 (Table 2).

CyTT Cy TeT+C, TT CsoH
CyH
3723m, TOC=0.81%
40| CasTT dU  CyT Tm
Ts
A I}
C,, steranes
.. CyoH m/z 217 Cy, —
oo oo
_ o oo
3723m, TOC=0.81% f 20R 208 20R
ﬁazos+c27aﬁﬁzoRj Pa
C,;000208 20R

C33H C34H
M M

C,, steranes
[

C;H

C,, diasteranes
[—

Ba
20S Ba

3966m, TOC=60.28%

C;H

4064.3m, TOC=11.39% h

C30H C27(1[3[32()S C,,
4180m, TOC=0.96% i Bo20S+C,,app20R— | %00 gy
C,,00020S T OR 20R
C,, diasteranes

Figure 9. Partial m/z 191 (a—e) and 217 (f-i) mass chromatograms showing the distribution of tricylic terpanes, pentacyclic
triterpanes and steranes. TT: tricyclic terpane; TeT: tetracyclic terpane; dO: 103 (H)-des-A-oleanane, dL: 103 (H)-des-A-
lupane, dU: 103 (H)-des-A-ursane; Ts: 18x(H)-22,29,30-trinorneohopane; Tm: 17x(H)-22,29,30-trinorhopane; O: oleanane, H:
ap-hopane; M: mortane (p x-hopane).

Angiosperm-derived triterpanes and their diagenetic derivatives, including 1043 (H)-
des-A-oleanane (dO), 103 (H)-des-A-lupane (dL), 103(H)-des-A-ursane (dU) and oleanane
(O), were identified in all samples at low and variable abundance (Figure 9a). The ratio
of oleanane/Cs3y «f3-hopane (O/C3gH) for the studied samples are of 0.05-0.43 (Figure 6f).
Diterpanes predominate over these triterpenoids with the ratio of diterpanes to the sum
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of diterpanes plus non-hopanoid triterpanes [diterpanes/(diterpanes + non-hopanoid
triterpanes)] [33] ranging from 0.86 to1.00 (Figure 6g).

Hopanes (H) with carbon numbers of Cy;—Csy (without Cyg) were detected in the
studied samples (Figure 9a—e). Among them, C29—C3; hopanes are generally more abun-
dant than the other homologues, homohopanes decrease exponentially with increasing
carbon number, and rearranged hopanes, including 18«(H)-22,29,30-trinorneohopane (Ts),
18x(H)-30-norneohopane (Cy9Ts), and 17x(H)-diahopane, were present at trace amounts,
except the three lowermost samples, as partly shown by the m/z 191 mass chromatograms
(Figure 9e). The 18x(H)-22,29,30-trinorneohopane/ (18« (H)-22,29,30-trinorneohopane +
17(H)-22,29,30-trinorhopane) [Ts/(Ts + Tm)] ratios are of 0.05-0.43, and generally show an
increasing trend with depth (Figure 4d). The C3y moretane/Cszg «f3-hopane (C3yM/C39H)
ratios (0.14-0.49) decrease with increasing depth (Figure 4e). The C3; homohopane
225/(22S + 22R) ratios range from 0.55 to 0.60 for the studied samples (Figure 4f), which are
approximately equal to the endpoints (0.57-0.62) [34]. Gammacerane was almost absent in
the sample set, and therefore the commonly used gammacerane index was not calculated.

4.2.3. Steroids

Low abundance of steroids was detected in the analyzed samples by m/z 217 mass
chromatograms (Figure 9f-i). Among the steroids, Cyg regular steranes predominate over
Cy7 and Cpg homologues, followed by Cyg diasteranes. The relative abundances of the Cy,
Cys and Cyg xxoxx20R steranes in the samples are 7-26%, 16-27%, and 47-76%, respectively
(Table 2). The ratio of C3p «xf3-hopane/Cyg regular steranes (CzpH/Cy9St) ranges from 1.46
to 12.36, with an average value of 4.46 and is displayed in stratigraphic order shown in
Figure 6h. The Cy7/Cp9 axxx20R sterane ratios of the studied samples vary from 0.10 to
0.56 (Table 2; Figure 6i), and the samples with high ratios are characterized by low TOC
values. The Cyg steranes isomerization ratios, acocx20S/(20S + 20R) and BR/(BP + xw),
for the samples range from 0.34 to 0.45 and 0.23 to 0.53, respectively (Table 2), having not
reached equilibrium values. Interestingly, the ccxx20S/(20S + 20R) ratios are relatively
stable throughout the profile, except the initial increase with depth (<4000 m) (Figure 4g).
In contrast, the Cyg sterane 33 /(pB+xx) ratios gradually increase downwards, except a
negative shift of the three lowermost samples (Figure 4h). The ratio of Cy9 diasteranes/Cpg
steranes (diaCpg/Cp9St; peak areas integrated on m/z 259 and 217 mass chromatograms, re-
spectively) ranges from 0.14 to 0.31 and shows no regular correlation with depth (Figure 6;j).

5. Discussion
5.1. Source of Organic Matter
5.1.1. Algae, Microorganisms, and Unspecified Higher Plants

Short-chain n-alkanes (< n-Cpp) predominantly originate from algae and microorgan-
isms [35], mid-chain n-alkanes (n-Cy;—n-Cps), especially n-Cp3 and n-Cps, are reported to
originate from submerged /floating aquatic macrophytes or Sphagnum [31], and long-chain
n-alkanes (> n-Cps) are typically considered to derive from epicuticular waxes of vascular
plants [36], although some nonmarine algae (e.g., Botryococcus braunii) may also con-
tain high molecular-weight n-alkanes [37]. The studied samples contain high abundance
of long-chain (n-Cpg_35: 29-53%) and mid-chain (n-Cpj_p5: 27-37%) n-alkanes and low
abundance of short-chain homologues (n-Ci4-20: 16-44%) (Table 2). This indicates signifi-
cant contributions from terrestrial higher plants and aquatic macrophytes/sphagnum and
relatively low algal/bacterial sources input but with some variations.

TAR reflects relative input of terrigenous versus aquatic OM and high values are
indicative of a higher plant input [30]. The relatively high TAR values (mainly >1.0)
of the studied samples are consistent with significant source input from higher plants.
However, the TAR values are highly variable (Figure 6b), indicating that input of aquatic
OM was variable during deposition of these sediments. The P,q reflects the input of
the non-emergent aquatic macrophytes relative to emergent and terrestrial plants [31].
For the studied samples, this proxy gives values ranging from 0.43 to 0.71 (Figure 6c),
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indicating significant submerged or floating macrophyte-derived source materials input.
The Pyax reflects the relative proportion of waxy hydrocarbons derived from emergent
macrophytes and terrestrial plants [32]. The high Py, .y ratios (0.45-0.68) for the samples
indicate prominent higher plant input in relation to bulk plant input at low water level. The
good correlation among Paq, Pwax and TAR (Supporting Information Figure S1) suggest
changes in source contribution of aquatic versus terrestrial plants-derived OM through
time. CPI was affected by thermal maturation (see Section 5.3) and, therefore, is not reliable
for interpreting source contribution. It is worth noting that thermal maturation favors the
transformation of high molecular-weight n-alkanes to lower molecular-weight counterparts.
Thus, the contributions from algae and microorganisms in the samples from the lower part
of the profile would be slightly overestimated.

In the Pr/n-Cyy versus Ph/n-Cig plot (Figure 7), all the studied samples are plotted
in the terrigenous Type III zone, suggesting a dominance of terrigenous OM deposited
in oxidizing environments with some fluctuation. This is consistent with the high Pr/Ph
ratios. Furthermore, the occurrence of only trace amounts of tricyclic terpanes with high
Cp4TeT/Cy6TT ratios also support a terrigenous source of OM in the samples [38].

Cy7 and Cag steroids are derived from phytoplankton, whereas Cp9 homologues are
mainly derived from terrestrial plants [39]; in addition, Cy9 steranes may also originate
from brown and certain green algae [40]. Thus, the relative composition of the regular
steranes can be used to illustrate the type of OM contributing to the sediments. In this
case, the Cyg steranes are more likely to be derived from higher plants according to the
tidal delta and tidal flat facies of the E;p, and the predominance of Cyg over Cy7 and Cpg
steranes in the samples indicates major input of higher plant materials.

There is a marked correlation between the distribution of regular steranes and n-
alkanes: the samples containing higher amounts of C,; steranes are characterized by
more abundant low molecular-weight n-alkanes, as evidenced by the negative correla-
tion between Cy7/Cp9 xotx20R sterane and TAR (Supporting Information Figure S1d).
This suggests that steranes and n-alkanes are consistent in source interpretation. The
lowermost three samples together with the samples at depth of 4024 m and 3864.5 m con-
sistently contain relatively high concentrations of Cyy regular steranes and low molecular-
weight n-alkanes and hence the slightly higher Cy7/Cp9 ax20R sterane and P,q ratios and
lower TAR values (Figure 6b,c,i), suggesting that these samples have more contribution
from aquatic OM. The increased aquatic OM could be related to the raised water table
during deposition.

Additionally, the TOC values of the samples were observed to be positively related
to TAR and Pr/Ph, and negatively related to Cp7/Cp9 axoxx20R sterane ratios, respectively
(Figure 10), supporting the interpretation of a dominant terrestrial OM input.

Hopanoids are derived from degradation of bacteriohopanepolyols in prokaryotes,
and are indicative of bacterial OM input [41]. The hopane/sterane ratio indicates the
contribution of prokaryotic versus eukaryotic organisms, and high values are associated
with input of terrigenous and/or bacterially reworked OM [1]. The high C3yH/CpoSt
ratios for the samples analyzed suggest a significant contribution of bacterial biomass
and/or bacterially reworked terrestrial OM. This is consistent with the oxic conditions
of the nearshore coal-bearing transitional and marsh facies which are favorable for an
enhanced degree of bacterial activity and which in turn produced relatively high amounts of
hopanoid precursors. The presence of bicyclic sesquiterpanes also suggests the contribution
of bacterial to the OM [42]. In addition, the occurrence of dO, dL, and dU further proved
microbial activity, as degraded triterpenoids are thought to be the products of microbial
photomimetic decomposition of pentacyclic triterpenoids [43].
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Figure 10. Cross-plots of TOC versus TAR (a) Pr/Ph, (b) and Cy;/Cp9 axx20R sterane, (c) for the
studied source rocks.

5.1.2. Gymnosperm and Angiosperm

Tri- and tetracyclic diterpenoids are derived from conifer (gymnosperm) resins. Diter-
penoids with labdane and isopimarane skeleton have been identified in all conifer families
except the former family Cephalotaxaceae [44]. Additionally, labdanes could also be origi-
nated from microorganisms when accompanied by the C;5—Cp4 homologues [45]. Regular
abietane-type diterpenoids are very widespread in conifer families, and they are major
components of Pinaceae resins [46,47]. Diterpenoids with phyllocladane structures widely
occur in Podocarpaceae, Araucariaceae, Cupressaceae, and Taxodiaceae but are absent
in the Pinaceae [44,47]. Cy9 diterpanes, e.g., NIPs, NA, and NT, could be derivatives of
corresponding Cpq diterpenoid precursors (e.g., conifer resin acids) by decarboxylation and
reduction reactions [27,48]. However, NIPs could have additional Cy9 precursors present
in gymnosperms [49]. Non-hopanoid triterpenoids containing O, L, and U skeletons have
long been considered as typical biomarkers for angiosperms [50,51]. They are common
constituents of leaf waxes, wood, roots, and bark of angiosperms. Des-A-triterpenoids are
probably formed during diagenesis from Czg precursors [52], although unidentified Cy4
precursors could be present [51].



Minerals 2021, 11, 909

15 of 21

In the studied samples, BL (Cyg) was present but without C15-Cp4 homologues, indi-
cating a conifer origin of labdane. Therefore, the occurrence of diterpanes with different
structural types, distribution patterns, and relative abundance in the analyzed samples
reflects varying contributions of various conifer families (Figures 6e and 8). The presence
of dO, dL, dU, and O in the studied samples (Figure 9a) ascertains the contribution of
angiosperms. However, the taxanomical differentiation between gymnosperm and an-
giosperm families is not possible based on the molecular composition as they are not
species-specific [53,54].

Due to the diagnostic features of diterpanes (conifers) and non-hopanoid triterpanes
(angiosperms), the ratio of diterpanes/(diterpanes + non-hopanoid triterpanes) can be
used to semi-quantitatively estimate the relative contribution of gymnosperms (specifically
conifers) and angiosperms [33]. The abundance of diterpanes relative to n-alkanes show
large variations (0.06-33.73), suggesting varying contributions of conifers to the sedimen-
tary OM. However, the diterpanes/(diterpanes + non-hopanoid triterpanes) ratio shows
extremely high and uniform values throughout the depth profile (above 0.97, with a few
exceptions: 3723 m, 3924 m, 3966.5 m and 4238 m, Figure 6g), indicating an overwhelming
predominance of conifers over angiosperms in palaeovegetation. The occasionally lower
ratios for the four samples appear to imply variations in compositional changes in the local
plant community, where the relative contribution of angiosperms was slightly higher.

In conclusion, the composition of biomarkers in the studied samples suggest pre-
dominantly terrigenous organic matter input with subordinate algae and microorganisms.
Among the terrigenous organic matter, gymnosperm-derived dominates over angiosperm-
derived. Some fluctuations exist as certain intervals contain a greater amount of algae.

5.2. Depositional Environment

The Pr/Ph ratio is the most used proxy for redox conditions of water column during
deposition [55]. However, it has some limitations due to the influence of additional source
materials and thermal maturation [56,57]. Pr/Ph ratio < 0.8 indicates saline to hypersaline
conditions and/or reducing conditions, while ratio > 3 reflects terrigenous plant input
deposited under oxic to suboxic environments [58]. The high Pr/Ph ratios (3.3-8.2) for
the studied samples are indicative of terrigenous OM input under oxic conditions. The
vertical variation of Pr/Ph ratios (Figure 6d) indicate periodic changes in redox potential,
which might be associated with the fluctuation of the water table during deposition, as
consistent with the changes in relative abundance of aquatic OM input. This interpretation
further supports the frequent transgression and regression during the deposition of the
E;p as suggested by the seismic sequence and the occurrence of marine palaeontological
fossils [21]. The cross-plot of Pr/n-Cy; versus Ph/n-C;g (Figure 7) suggests terrigenous
source materials deposited in an oxidizing environmental condition as well. The simple
distribution pattern of hopanes characterized by high Tm and Cp9—Cs;H and the exponen-
tial decrease of homohopanes without C3sH (Figure 9a—e) are characteristics of hopanoids
associated with oxic-type environments [58].

Diasteranes are formed by the rearrangement of steroids during catagenesis by the cat-
alyzation of clay minerals [59]. Highly anoxic environments are favorable for the formation
of diasteranes because, within an oxic-type environment, sterenes will be left unreduced
and hence available for rearrangement reaction [38,60]. Additionally, high thermal maturity
can also result in the enrichment of diasteranes [61]. In this study, the effect of thermal matu-
rity on the diaCypg/Cy9St ratios could be negligible, as the ratio has no positive relationship
with thermal maturity/depth (Figure 6j). The mudstones rich in clay have diaCpg/CpeSt
ratios of 0.16-0.31 which are not consistently higher than that of the coal and carbonaceous
mudstones with low clay and high TOC contents (0.14-0.24, Figure 11a), suggesting that
the content of clay minerals does not necessarily exclusively control diasterane formation.
Interestingly, there is a positive and negative correlation between the diaCpg/Cy9St and
Pr/Ph ratios for the mudstones and coaly samples, respectively (Figure 11b). Therefore, it
is possible that oxicity of the depositional environment is a major factor for the enrichment
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of diasteranes in the clay samples, while the content of clay minerals controls the formation
of diasteranes in coaly samples.
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Figure 11. Cross-plots of Cyg diasteranes/Cyg regular steranes (diaCpg/Cp9St) versus TOC (a) and
Pr/Ph (b) for the studied source rocks.

5.3. Thermal Maturity

Vitrinite reflectance, Rock-Eval pyrolysis Tmax, and varying biomarker proxies have
been widely used to evaluate the thermal maturity of source rocks [58]. A comprehensive
thermal maturity evaluation suggests that the studied E;p samples constitute a natural
maturation profile from the marginally mature to mid-mature (onset of oil window to near
peak oil window).

The studied samples have Ro values ranging from 0.53 to 0.76% and therefore are of
sub-bituminous A to high volatile bituminous B rank. Trax values range from 435-454 °C
and are thus in agreement with the vitrinite reflectance data [62]. All samples analyzed are
therefore in the early mature to mid-mature range.

The CPI, homohopane 225/(225+22R), and moretane/hopane ratios are reliable ma-
turity indicators during the immature to low mature stage, decreasing with increasing
thermal maturity [29,58]. The moretane/hopane ratios decrease from ~0.8 in immature
sediments to <0.15 in mature sediments and petroleum [63]. The xaxx20S/(20S + 20R)
and BR/(BP + xx) ratios based on Cyg steranes gradually increase during maturation and
meet the endpoints (0.52-0.55 and 0.67-0.71, respectively) at the peak oil window [64].
The C31H 225/(22S + 22R) ratios for the samples are in equilibrium, suggesting that they
have entered the oil window [34]. The elevated CPI and C3yM/C3oH values for the upper
samples gradually decrease in a downward trend, together with the increasing trend of the
Co9 BB/ (BP + xo) steranes ratio without reaching equilibrium points, this all suggesting
a natural thermal maturity gradient ranging from marginally mature to the middle oil
generation window. This interpretation agrees well with the Ro values.

The Ts/(Ts + Tm) ratios broadly increase with depth (Figure 4d), reflecting increasing
maturity with depth; however, the significant fluctuation of Ts/(Ts + T ) ratios indicate
that this parameter could also be affected by other factors, such as lithology (clay min-
erals) [58]. The relatively constant Cp9 axx20S/(20S + 20R) steranes’ ratios throughout
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the profile but without reaching the equilibrium values were unexpected. No plausible
explanation is available here, but it might be related to the effects of lithofacies and the
depositional environment.

5.4. Hydrocarbon Generative Potential and Exploration Implications

The remaining petroleum potential of the Pinghu Formation samples can be character-
ized using TOC contents and S,. TOC and S, values for the studied samples are generally
greater than 0.5 wt% and 2.0 mg HC/g rock (Table 1), suggesting a range in source rock
potential from fair to very good (Figure 3a).

There is now consensus that coal seams and coal-bearing strata can generate liquid
hydrocarbons [65]. Oil generation capacity of coaly source rocks depends on hydrogen
content in the kerogen, and those hydrogen-rich coaly source rocks are often rich in liptinite
(e.g., resinite, sporinite, cutinite) and/or perhydrous vitrinite [65,66]. The source potential
of immature kerogens with an HI between 150 and 300 mg/g is generally considered to be
gas and oil [67].

The elemental composition of kerogen, the atomic H/C versus O/C diagram, is the
most familiar method of classifying kerogen type (Figure 3b) [68]. Rock-Eval derived HI
provides a rapid measurement of hydrogen content, and the HI versus Tmax cross-plot
(Figure 3c) reflects the organic matter type as well. Most of the samples are plotted in the
Type II organic matter domain but near the boundary of Type III (Figure 3b,c), suggesting
predominantly Type II/IIl kerogen. The coal and carbonaceous mudstones are character-
ized by higher HI values (Figure 3a,c), which is commonly observed for coaly samples [69].
The samples with relatively high hydrogen content might be due to high amounts of
resinite, as suggested by the abundant diterpanes in the aliphatic fractions (Figure 5) and
the maceral composition of other samples taken from this formation [16,23]. The relatively
hydrogen-rich nature (Type 1I/1II kerogen) together with maturity at the early to near peak
oil window of the samples analyzed suggest that they could be capable of generating some
liquid hydrocarbons and significant natural gas at a higher maturity stage [25].

In summary, the composition of biomarkers suggests that the studied samples contain
predominantly terrestrial higher plants’ (especially gymnosperms rather than angiosperms)
derived organic matter with subordinate algae/microorganisms deposited in a relatively
oxic, fluvial-deltaic environment. An appropriate water table favorable for peat formation
resulted in source rocks with higher TOC and HI values, whereas, during occasional
increased water levels, mudstone containing more algae but lower TOC and HI values was
developed. These, therefore, suggest that a stable peat environment is the key for high-
quality source rock formation in the Xihu Sag. A combination with sedimentologic studies
will give further constraints on the distribution of excellent source rocks for petroleum
exploration. In addition, not only natural gas but also light oils are worth exploring due to
the relatively hydrogen-rich nature of the E,p source rocks. However, appropriate thermal
maturity is a prerequisite.

6. Conclusions

The investigation of the coal-bearing source rocks of the Eocene Pinghu Formation
from the W-3 well, western margin of the Xihu Sag, East China Sea Shelf Basin has yielded
important new results regarding their organic matter source, depositional environment,
thermal maturity, and hydrocarbon generative potential.

Source-related biomarker parameters suggest a dominant contribution from terrige-
nous higher plant organic matter with subordinate algae/microorganisms in the studied
source rock samples. Contributions from aquatic organic matter were increased in certain
intervals as suggested by reduced Pr/Ph and TAR and elevated Paq and C,7 steranes,
which might indicate the occasional rise of the water table. The occurrence of diterpanes
and non-hopanoid triterpanes (oleanane, des-A-oleanane, -ursane, and -lupane) within
the source rocks indicates the contribution of conifers (gymnosperms) and angiosperms.
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The predominance of gymnosperms in the peat-forming vegetation is evidenced by the
dominance of diterpenoids over non-hopanoid triterpanes.

The high Pr/Ph ratios, Pr/n-C;7 versus Ph/n-Cjg cross-plot, dominance of Cyg ster-
anes, distribution of hopanes, and almost complete absence of gammacerane suggest
that the source rocks were deposited in relatively oxic environments. Variations in redox
potential during deposition were proven by significant fluctuation of Pr/Ph in the pro-
file. Diagenetic rearrangement of steroids to diasteranes could be controlled by both clay
minerals and oxicity of the depositional environment.

Vitrinite reflectance, Rock-Eval Trmax, and molecular thermal maturity proxies indi-
cate that the source rock samples constitute a natural maturation profile ranging from a
marginally mature to a mid-mature stage.

Kerogen elemental composition and HI values indicate that the source rock samples
have Type II/1II kerogen, suggesting that they are gas- and oil-prone and are capable of
generating oil and gas during thermal maturation. Overall, our results suggest that source
rocks with high source potential were formed in a stable peat formation environment.
Natural gas and crude oil are worth exploring, which depend on the thermal maturity of
the source rock.
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(c), and TAR versus Cpy/Cp9 xaxx20R sterane (d), Figure S2: Partial m/z 123 mass chromatograms
showing distribution of bicyclic sesquiterpanes and diterpanes in representative samples.
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