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A B S T R A C T   

Indigenous hydrocarbon biomarkers in the black shales of the 1.40 billion-year-old Xiamaling Formation (XML) 
from the North China Craton were systematically analyzed to reveal the redox condition and biological com
munity. These black shales are not only rich in organic matter, but also undergone an unexpectedly low thermal 
evolution process, both of which contribute to well-preserved indigenous hydrocarbons and promote the 
convincing discovery of the Precambrian biology. The combination of the absence or low concentrations of 
gammacerane, dibenzothiophene series and aryl isoprenoids, abundant rearranged hopanes, the occurrence of 
micro-ripples, and low level of redox-sensitive trace elements suggested shallow, low salinity and suboxic to 
anoxic conditions during the deposition period of XML. The absence of aryl isoprenoids as diagnostic biomarkers 
for green/purple sulfur bacteria strongly argued against the pervasively euxinic (sulphidic) bottom water in mid- 
Proterozoic ocean. The scenario of large hump unresolved complex mixture and abundant monomethyl alkanes 
as well as absent steranes may be derived from benthic microbial reworking processes for biolipids. Here the 
absence of saturated and aromatic steroids in the XML sediments suggested that eukaryotic algae have little 
ecological contribution to primitive biomass and/or are the result of heterotrophic reworking from benthic 
microbial mats. Abundant presence of hopanoid, tricyclic terpane and n-alkane in these samples supported the 
predominant contribution of (cyano) bacteria.   

1. Introduction 

Anoxic and ferruginous conditions in the deep water of global marine 
basins during the 2.5–1.8 Ga period have been constructed and widely 
recognized (Holland, 1984). However, the understanding of ocean redox 
state of Earth’s mid-Proterozoic (1.8–1.0 Ga), also known as “boring 
billion” (Holland, 2006), remains controversial but has been gradually 
developed (Holland, 1984; Canfield, 1998; Li et al., 2010; Poulton et al., 
2010; Planavsky et al., 2011; Poulton and Canfield, 2011). The tradi
tional views held that accumulation of dissolved oxygen in the ocean 
was responsible for the disappearance of banded iron formation (BIF) at 
1.8 billion years ago (Holland, 1984), and then arose mildly oxidative 
conditions in both surface and deep oceans (Holland, 2006). Subse
quently, Canfield (1998) proposed a sulphidic ocean model as an 
alternative model for the development of ocean chemistry of mid- 
Proterozoic ocean. The model mentioned that the early oxygenation 
facilitated the transport of terrestrial sulfates into the ocean and then 

formed abundant hydrogen sulfide for precipitation of dissolved Fe (II) 
as pyrite, which assumed that the mid-Proterozoic developed globally 
sulphidic (euxinic) deep ocean (Canfield, 1998). Moreover, the inor
ganic geochemical records (Shen et al., 2002; Poulton et al., 2004; 
Canfield, 2005) and lipid biomarkers (Brocks et al., 2005) provided 
abundant evidence for euxinic conditions, which further suggested that 
the euxinic ocean model may be applicable on a global scale and per
sisted into the Neoproterozoic until the second oxidation event in the 
Earth’s surface environments (Canfield, 1998; Lyons et al., 2009). 

More recently, contrary to previously popular model (Canfield, 
1998), a detailed reconstruction of ocean redox structure was proposed 
by the method of iron–sulphur–carbon systematics for the Neo
proterozoic Doushantuo Formation (635–542 Ma) in the Nanhua Basin, 
South China (Li et al., 2010) and the Mesoproterozoic Animikie Group 
(1.88–1.83 Ga) in the Superior region, North America (Poulton et al., 
2010). These results revealed a stratified ocean with oxic conditions in 
surface water, euxinic (sulphidic) conditions in continental margin/ 
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shelf environments, and extensive anoxic and ferruginous (iron-rich) 
conditions in deep ocean (Li et al., 2010; Poulton and Canfield, 2011). 
Moreover, Planavsky et al. (2011) further analyzed the records of iron 
mineral speciation geochemistry and sulfur isotope of sulfides from 
diverse mid-Proterozoic basins, including the McArthur Basin that pro
vided direct biomarker evidence for mid-Proterozoic euxinic conditions 
(Brocks et al., 2005). It further confirmed a widespread anoxic and 
ferruginous conditions in the mid-Proterozoic ocean (Planavsky et al., 
2011), while the contemporaneous euxinic zones locally occurred in 
shallow continental shelf from lipid biomarker studies (Blumenberg 
et al., 2012; Nguyen et al., 2019; Cui et al., 2020). Accordingly, the 
apparent feature of the mid-Proterozoic seawater continuously 
remained globally anoxic and ferruginous conditions, rather than sul
phidic (euxinic) (Planavsky et al., 2011; Poulton and Canfield, 2011). 

It is well known that the redox chemistry of Earth’s early ocean and 
the biological assemblage co-evolved. However, the earliest traces of 
eukaryotes and its evolution processes remain controversial (Rasmussen 
et al., 2008). As ancient phytoplankton rarely well-preserved as body 
fossil records in the Precambrian sediments, the molecular fossils of 
membrane lipids has opened up an effective complementary method for 
the convincing discovery of the Precambrian biology (Brocks et al., 
2005; Bobrovskiy et al., 2018a; Bobrovskiy et al., 2018b), which is so- 
called “a molecular window to the primeval world” (Wang and Yuan, 
2019). Careful analytical work has highlighted that rigorous analytical 
protocols and careful selection of unmetamorphosed samples are 
required to generate reliable data and to avoid detecting younger 
biomarker contaminants in Precambrian rocks (Sherman et al., 2007; 
Rasmussen et al., 2008; Brocks, 2011; Nguyen et al., 2019; Ai et al., 
2020). Consequently, previous results on the timing of emergence and 
evolution of eukaryotes in early ocean have gradually been questioned 
and then reassessed (Brocks et al., 1999; Rasmussen et al., 2008). 
Globally, there are only a few localities that can offer the valuable and 
reliable Precambrian biomarker information, especially the Meso
proterozoic or older sequences, which emphasizes the necessity of 
additional work on various Precambrian sedimentary environments. 

The ~1.40 Ga Xiamaling Formation (XML) in the North China Craton 
(NCC) developed exceptionally well-preserved organic-rich shales with 
low maturity (Wang et al., 2018), which is unique superiority in the 
study of biomarker compositions in early Earth. Here we reported the 

distinctive hydrocarbon biomarkers of the XML black shales in the NCC. 
The results of this study offer convincing evidence for the authenticity of 
the biological assemblage and paleoenvironment, which is a prerequi
site for preserving diagnostic biomarker information in ancient rocks 
and oils. 

2. Geological setting 

The North China Craton deposits a set of discontinuous sequences of 
the Proterozoic to the Cenozoic, which contains a series of marine 
carbonate-clastic sequences with the thickness of up to 10 km during the 
Proterozoic Eon (Sun and Wang, 2016). Recently, high-precision zircon 
dating for bentonite layer within the Xiamaling Formation in the 
Xuanhua areas yielded an age of 1392.2 ± 1.0 Ma (Zhang et al., 2015; 
Zhang et al., 2016). During the deposition period of Xiamaling Forma
tion, the depocenter shifted westwards to the Xuanlong Depression from 
the Jibei Depression in the NCC (Fig. 1a). The Xiahuayuan section (XHY) 
located in Zhangjiakou city of Hebei province (Fig. 1a), as a typical 
representative field outcrop section, well develops the Xiamaling For
mation sequence with a total sedimentary thickness of up to 500 m. 

Generally, the Xiamaling Formation is considered to be deposited in 
the estuary to restricted gulf depositional environments (Yan and Liu, 
1998), and it consists of four lithological members (Fig. 1b). The 
Member 1 and Member 2 were deposited in shallow supratidal to sub
tidal zones with a thickness of approximately 160 m (Fig. 1b), which is 
mainly composed of purple-red shales, gray-green shales, brown sand
stones, and emerald green sandstones. During the sedimentary period of 
the Member 3, the sea level in the NCC rose significantly and the paleo- 
water depth became sharply deeper than the Member 1 and Member 2 
(Fig. 1b). As the thickest member of the Xiamaling Formation (~350 m), 
in addition to the gray-green and gray shale beds, the Member 3 de
velops a bed of low-mature black shale/oil shale with high abundance of 
organic matter (Fig. 1b). The Member 4 consists of stromatolite lime
stone of the lower part, the gray-green shale, siliceous rock and gray 
dolomite nodules of the middle part, and the gray-black shale and sili
ceous rock of the upper part (Fig. 1b) (Zhang et al., 2007). 

Fig. 1. Sampling location (a) and schematic stratigraphic column of the Xiamaling Formation (b) in the Xiahuayuan district (XHY), Zhangjiakou city, Hebei 
province, China. 
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3. Sampling and experiments 

3.1. Rock samples 

Nine black shale samples were collected from the Member 3 of the 
Xiamaling Formation in the Xiahuayuan section (Fig. 1a). All samples 
were collected after removing covered vegetation and oxidized surface 
rocks (Fig. 2a), so that they are fresh and have no ferric oxide stains in 
their surface (Fig. 2c-d). Interestingly, some samples are readily ignit
able because of their extremely high content of organic matter (Fig. 2b). 
The abundance, type and maturity of organic matter were determined 
by the analysis data of total organic carbon and Rock-Eval pyrolysis, and 
all detailed data were listed in Table 1. 

3.2. Soluble hydrocarbon extraction and fractionation 

The soluble organic matter of nine shales were extracted from more 
than 100 g ground samples by Soxhlet apparatus for 72 h. The extracts 
were concentrated by a rotary evaporator, and then dissolved with 
40–50 ml petroleum ether in a precleaned glass container, followed by 
using N2 stream to reduce of the solvent to nearly dry. The resulting 
extracts filtered by a funnel stuffed to remove insoluble asphaltenes 
(F1). The residual solution can be further separated into saturated 
fraction (F2), aromatic fraction (F3) and resin fraction (F4) through a 
chromatography column through filled with dry silica gel and alumina. 
F2 fraction was isolated with redistilled petroleum ether as eluent, F3 
fraction with mixed reagent of redistilled dichloromethane and redis
tilled petroleum ether (2:1, v/v), and F4 fraction with mixed reagent of 
redistilled dichloromethane and redistilled methanol (93:7, v/v). 

3.3. Gas chromatography-mass spectrometry 

Saturated and aromatic fractions were conducted by gas 
chromatography-mass spectrometry (GC–MS) to determine molecular 
marker compositions. The analytical instrument of GC–MS is composed 
of an Agilent 6890 gas chromatograph and Agilent 5975i mass spec
trometer. The HP-5 MS fused silica capillary column was equipped in GC 
instrument, and the Helium was used as carries gas. The MS source was 
operated in electron impact with ionization energy of 70 eV and a 
scanning range of 50–600 Da. For saturated hydrocarbon, the oven 
temperature was initially set at 50 ◦C and kept for 1 min, then increased 
to 120 ◦C at 20 ◦C/min, finally to 310 ◦C at 3 ◦C/min and kept for 25 
min. For the aromatic hydrocarbon, the oven temperature was also set at 
50 ◦C and kept for 1 min, and then programmed to 310 ◦C at 3 ◦C/min 
and kept for 16 min. 

3.4. Gas chromatography–mass spectrometry-mass spectrometry 

The gas chromatography–mass spectrometry–mass spectrometry 
(GC–MS–MS) technique was applied to detect 13ɑ(n-alkyl)-tricyclic 
terpanes and rearranged hopanes in saturated fraction. GC–MS–MS 
analysis was performed on an Agilent 6890 Series gas chromatograph 
coupled to a Quatro II mass spectrometer. The oven temperature was 
initially set at 50 ◦C and kept for 1 min, and then programmed to 120 ◦C 
at 20 ◦C/min, and then continue to rise to 250 ◦C at 4 ◦C/min and 310 ◦C 
at 3 ◦C/min, finally kept for 30 min. The MS source was operated in 
electron impact with ionization energy of 70 eV. The Helium was used as 
carries gas with a constant flow of 1 ml/min. 

Fig. 2. Generalized features of black shales of the Xiamaling Formation. (a) the outcrop of black shales of Xiamaling Formation in the Xiahuayuan area (XHY), Hebei 
province. A pickaxe was used to remove vegetation and oxidized layers on the surface, then exposing fresh rocks; (b) ignition of the black shales; (c-d) the outcrop 
samples of black shales collected from XHY section depicting organic-rich layers. 
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4. Results 

4.1. Bulk geochemical characteristics 

The detailed data of organic carbon content (TOC) and rock–eval 
pyrolysis were shown in Table 1. These black shale samples have very 
high TOC contents in the range of 1.51–12.59 % with the averaged value 
of 6.04 % (Table 1). Temperature at maximum generation of rock–eval 
pyrolysis (Tmax, ◦C) shows obviously low values with the value range of 
434–442 ◦C, but the hydrogen index (HI, mg HC/g TOC) is in the range 
of 192.88–534.46 mg/g (Table 1). Genetic potential (S1 + S2, mg/g) is in 
the range of 3.51–66.02 mg/g with a high averaged value of 26.67 mg/g 
(Table 1). In the cross-plots of S1 + S2 and TOC (Robison et al., 1999), 
eight of nine samples are distributed in the area of the excellent source 
rock, and the remaining one sample also falls into good source rock 
(Fig. 3a). The cross-plot of HI and Tmax for kerogen type classification 
(Mukhopadhyay et al., 1995) illustrates that all samples belong to Type 
II1–II2 kerogen (Fig. 3b). 

In the extracted material, the percentages of saturated and aromatic 
fractions show relatively low values with the range of 12.3–50.0 % and 
12.4–25.3 %, respectively (Table 2). While the proportion of non- 
hydrocarbons containing resins and asphaltenes is relatively high with 
an average value up to 60.6 % (Table 2). 

4.2. Microscope observation 

Microfacies observation revealed the layered distribution of organic 
matter without identifiable pyrite (Fig. 4). The organic matter was not 
strongly disturbed after deposition and present ripple-like structural 
occurrences, which is an obvious signature of the origin of the cyano
bacteria mats. It is proposed that the organic-rich layer was formed by 
in-situ burial of benthic microbial mats in subtidal zone (Wang and Li, 
1993; Tian, 1996). In addition, a large amount of fine siliciclastic 

material is concentrated in the micro-ripples and covered by early mi
crobial mats (Fig. 4a-b). The micro-ripples are generally deposit above 
wave base, indicating that the depositional environment is shallow 
condition of intertidal to subtidal zones (Blumenberg et al., 2012; Miao 
et al., 2021). 

Maceral compositions of the Xiamaling Formation black shale mainly 
consists of mineral-bituminous groundmass, protobitumen, and lamal
ginite (Fig. 4c-f). Among them, the mineral-bituminous groundmass is 
defined as a substance composed of submicroscopic organic matter and 
minerals (Teichmuller, 1988). It is conceivable that the identification of 
the organic matter compositions in mineral-bituminous groundmass is 
difficult to achieve, but which always exhibits strong fluorescence 
characteristics (Fig. 4f). The protobitumen, as another maceral compo
nent, is considered to be formed by autochthonous bitumen (Alpern, 
1980), which was the dominant component of maceral in the Xiamaling 
Formation shales, with a maximum of ~40 vol% (Fig. 4e-f). 

Moreover, the protobitumen always extends parallel to the bedding 
and interbeds with the mineral-bituminous groundmass (Fig. 4e), but 
has no fluorescence (Fig. 4f). Alpern (1980) proposed that because the 
protobitumen has the characteristics of syn-sedimentary and autoch
thonous origin, its reflectance can be effectively used for maturity 
evaluation, especially for some geological samples lacking vitrinite. In 
the study, the value of protobitumen reflectance is in the ranges of 
0.46–0.49 % for our samples (Table 5), and further converted into 
equivalent vitrinite reflectance values (Jacob, 1989). Interestingly, the 
protobitumen was also proposed to be formed by microbial degradation 
of the lipidic components during sinking slowly process of organic ma
terial in the water column (Alpern, 1980), which was also observed in 
the Hongshuizhuang Formation (~1.45 Ga) in NCC (Luo et al., 2014) 
and the Roper Group in the McArthur Basin (Crick, 1992). 

Table 1 
Geochemical data of black shales from the Xiamaling Formation in the study.  

Sample Formation Lithology S1 (mg/g) S2 (mg/g) Tmax (◦C) S1 + S2 (mg/g) TOC (%) HI (mg/g) 

XHY_1 Xiamaling Black shale  0.43  25.24 434  25.67  6.43  392.35 
XHY_2 Xiamaling Black shale  1.35  64.67 438  66.02  12.10  534.46 
XHY_3 Xiamaling Black shale  0.59  35.61 442  36.20  7.36  483.83 
XHY_4 Xiamaling Black shale  1.74  55.10 436  56.84  12.59  437.65 
XHY_5 Xiamaling Black shale  1.23  11.08 434  12.31  2.20  503.41 
XHY_6 Xiamaling Black shale  0.59  2.92 435  3.51  1.51  192.88 
XHY_7 Xiamaling Black shale  0.14  12.66 438  12.80  4.16  304.62 
XHY_8 Xiamaling Black shale  0.25  9.80 436  10.05  3.46  283.16 
XHY_9 Xiamaling Black shale  0.20  16.41 436  16.61  4.56  360.11  

Fig. 3. Variation of S1 + S2 value with TOC content (a) and HI with Tmax (b) for black shales of the Xiamaling Formation showing genetic potential, kerogen type 
and thermal maturity. 
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4.3. Saturated hydrocarbons 

4.3.1. Total ion chromatogram of saturated hydrocarbon 
All samples show similar distribution pattern of normal alkanes (n- 

alkanes) in the total ion chromatogram (TIC) of saturated hydrocarbon. 
In the Fig. 5, there is not only contain a complete distribution of n-al
kanes, but also exhibit a pronounced hump of baseline (unresolved 
complex mixture, UCM) (Fig. 5). The carbon number range of n-alkanes 

Table 2 
The weight of the samples used for extraction and relative percentage of soluble hydrocarbon components.  

Sample Formation Lithology Samples 
(mg) 

Saturates 
(%) 

Aromatics 
(%) 

Resins 
(%) 

Asphaltenes 
(%) 

Non-hydrocarbon (%) Saturates/ 
Aromatics 

XHY_1 Xiamaling Black shale  49.55  14.8  12.4  24.4  48.4  72.8  1.20 
XHY_2 Xiamaling Black shale  33.60  14.8  14.8  10.9  59.5  70.4  1.00 
XHY_3 Xiamaling Black shale  36.05  12.3  22.3  33.5  31.9  65.4  0.55 
XHY_4 Xiamaling Black shale  36.80  20.0  12.6  31.8  35.5  67.4  1.58 
XHY_5 Xiamaling Black shale  34.30  25.6  17.2  41.0  16.1  57.1  1.49 
XHY_6 Xiamaling Black shale  31.50  50.0  19.8  17.8  12.4  30.2  2.52 
XHY_7 Xiamaling Black shale  33.00  26.7  25.3  27.6  20.4  48.0  1.06 
XHY_8 Xiamaling Black shale  33.15  18.8  15.8  22.5  42.9  65.4  1.19 
XHY_9 Xiamaling Black shale  33.00  15.3  15.8  18.2  50.7  68.9  0.97  

Fig. 4. Photomicrograph of the Xiamaling Formation black shale (XHY_1). (a-b) transmitted light, illustrating strata of microbial mats; (c) transmitted light, showing 
the lamalginite; (d) the same filed as (c), but in a fluorescence mode; (e) reflectance light, showing the protobitumen and mineral-bituminous groundmass; (f) the 
same filed as (e), but in a fluorescence mode. Note: the yellow squares represent the measurement points. 
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is from C14 to C32, exhibiting a unimodal distribution pattern with a 
strong predominance of low-molecular-weight n-alkanes (maxima at C17 
or C18) (Fig. 5, Table 3). Moreover, nC21-/nC22+ values are higher than 
1.22 with the average value of 2.23 (Table 3), revealing the abundance 
advantage of low-carbon n-alkanes (Fig. 5). Obvious odd-to-even pref
erence and high carbon preference usually occurs in low-mature samples 
with dominated inputs of terrestrial organic matter, which was not 
observed in our study as expected from bitumen of such old samples. 

Acyclic isoprene alkanes such as pristane and phytane were detected 
with relative low abundance (Fig. 5), whereas the higher carbon number 
of C21 + regular isoprenoids usually derived from ether-bound mem
brane lipids of halophilic archaea (Grice et al., 1998) were not observed. 
The values of pristane to phytane ratio (Pr/Ph) are in the range of 
0.75–0.91. The value ranges of Pr/nC17 (0.08–0.18) and Ph/nC18 
(0.09–0.19) ratios of the Xiamaling black shale (Table 3) are signifi
cantly lower than that of the black shales from the 1.1 Ga Touirist 
Formation (Blumenberg et al., 2012) and the 1.64 Ga Barney Creek 
Formation (Brocks et al., 2005), but similar to some Mesoproterozoic 
sediments from the McMinn, Velkerri formations in the McArthur Basin 
(Summons et al., 1988b). 

The n-alkylcyclohexane series show similar distribution patterns 
with n-alkanes, but has slightly higher carbon number as major peak (e. 
g. n-alkylcyclohexane at C18 vs n-alkanes at C17 in Fig. 5). In addition, all 
samples contain abundant monomethyl alkanes (MMA) (Fig. 5b), the 
same as prevalent UCM, both of which seem to be typical characteristic 
of Proterozoic bitumen (Pawlowska et al., 2013). 

4.3.2. Cheilanthanes and C24 tetracyclic terpane 
In the mass chromatogram m/z 191, a series of C19–C26 13β(H),14α 

(H)-tricyclic terpanes (C19–C26TT), also namely cheilanthanes, were 
detected (Fig. 6). Although these samples are still in the low-mature 
thermal evolution stage (Table 1), the TT series in some samples have 
slight advantage in relative abundance over hopane series (Fig. 6a). 
Generally, the short-chain tricyclic terpenes (C19–C20TT) were usually 
enriched in coal-bearing strata and the source rocks with predominant 

inputs of terrestrial higher plants (Aquino Neto et al., 1982; Zumberge, 
1987; Xiao et al., 2019c). Interestingly, in these mid-Proterozoic sedi
ments, major homologue among C19–C29TT is the C19 or C20 short-chain 
tricyclic terpene (Fig. 6b). The similar scenarios were also observed in 
the Archean bitumen of the Hamersley Group in the Pilbara Craton 
(Western Australia) (Brocks et al., 2003a) and the Mesoproterozoic 
sediments from the Taoudeni Basin (northwestern Africa) (Blumenberg 
et al., 2012). The value of C19+20TT to C23TT ratio (C19+20/C23TT ratio) 
ranges from 2.73 to 17.23 with an extremely high average value of 8.22 
(Table 4). Moreover, the relative percentage of C19–C23 tricyclic ter
penes were further calculated, and the results showed that the average 
percentages of C19+20TT, C21TT and C23TT tricyclic terpenes in analyzed 
samples were 74.15 %, 14.02 %, and 11.83 %, respectively (Table 4). 
The values of C26/C25TT ratio are less than 1.0 with the range of 
0.63–0.86 (Table 4), indicating the marine sedimentary environment 
(Zumberge, 1987; Peters et al., 2005). 

In addition, a C24 tetracyclic terpane (C24Tet, M+ 330), also namely 
17,21-secohopane (C24) (Aquino Neto et al., 1983), was also abundantly 
distributed in our samples (Fig. 6b). The value of C24Tet to C26TT ratio 
(C24Tet/C26TT) ranges from 1.95 to 5.95 with a high average value of 
3.85 (Table 4). Such high values of C24Tet/C26TT was also reported in 
the Mesoproterozoic sediments from the Taoudeni Basin (Blumenberg 
et al., 2012). 

4.3.3. Regular hopanes and rearranged hopanes 
The carbon number distribution of regular hopanes (abbreviated as 

H series) are typically comprised of C27 and C29–C35 homologues. C30H 
is always the dominant homologue in H series, while the relative con
centration of C31–C35 homohopanes gradually decreases with extremely 
low values of C35 homohopane index (C35/(C31–C35) homohopanes) 
(Fig. 7a). The thermal maturity indicators of 22S/(22S + 22R) ratios are 
in the value ranges of 0.55–0.58 (Table 4). Gammacerane (Ga) was 
firstly detected in the Green River shale (Hills et al., 1966) and usually 
used to characterize water column stratification environment as a result 
of hypersaline condition (Peters and Moldowan, 1993). In the study, 

Fig. 5. Representative total ion chromatogram of saturated hydrocarbon of the black shale from the Xiamaling Formation. Notes: solid circles = normal alkanes; solid 
squares = n-alkylcyclohexanes; IS = internal standard; MMA = monomethyl alkanes; DMA = dimethyl alkanes; UCM = unresolved complex mixture. 

Table 3 
Biomarker parameters calculated from total ion chromatogram of saturated hydrocarbon of the Xiamaling Formation black shales.  

Sample Formation Lithology Pr/Ph Pr/nC17 Ph/nC18 Ph/nC18-Pr/nC17 nC21-/ nC22+ CPI OEP Max. peak 

XHY_1 Xiamaling black shale  0.87  0.25  0.26  0.01  1.22  1.07  0.86 C18 
XHY_2 Xiamaling black shale  0.78  0.25  0.28  0.03  1.26  1.12  1.01 C17 
XHY_3 Xiamaling black shale  0.91  0.26  0.29  0.03  1.33  1.11  0.92 C18 
XHY_4 Xiamaling black shale  0.75  0.18  0.19  0.01  1.52  1.10  0.91 C18 
XHY_5 Xiamaling black shale  0.85  0.13  0.18  0.05  4.69  1.19  0.93 C17 
XHY_6 Xiamaling black shale  0.89  0.08  0.09  0.01  1.75  0.99  1.02 C17 
XHY_7 Xiamaling black shale  0.89  0.14  0.18  0.04  3.56  1.10  0.95 C17 
XHY_8 Xiamaling black shale  0.88  0.14  0.16  0.02  2.44  1.11  0.94 C17 
XHY_9 Xiamaling black shale  0.90  0.14  0.16  0.02  2.26  1.19  0.90 C17 

Note: CPI: carbon preference index; OEP: odd–even predominance; C21-/C22+: C21- normal alkanes/C22 + normal alkanes ratio; Pr/nC17: pristine/nC17 alkane ratio; 
Ph/nC18: phytane/nC18 alkane ratio; Pr/Ph: pristine/phytane ratio. 
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gammacerane as trace constituent was only slightly above detection 
limit (Fig. 7b), and the gammacerane index (Ga/C30H) shows extremely 
low average value at 0.05–0.08 (Table 4). 

In addition to regular hopanes, four types of rearranged hopanes 
were simultaneously detected by GC–MS–MS, including the high con
centrations of 18α(H)-neohopanes (Ts series), early eluting rearranged 

hopanes (E series) and 17α(H)-diahopane (D series), and relative low 
concentration of 28-nor-spergulanes (Nsp series) (Fig. 8). Moreover, 
minor to moderate concentration of A-ring methylated hopane (C31 2α- 
methylhopane) was detected (Fig. 8a). The 2α-methylhopane index 
(Summons et al., 1999) are in the values range of 2.9–3.8 % (Table 4). 

Fig. 6. Representative m/z 191 mass chromatogram showing the distribution of regular tricyclic terpanes, regular hopanes and diahopanes in the saturated hy
drocarbon of black shale from the Xiamaling Formation. Notes: 19TT-26TT = C19-C26 tricyclic terpanes; 24Tet = C24 tetracyclic terpane. 

Table 4 
Biomarker parameters of saturated hydrocarbons of black shales from the Xiamaling Formation in the North China Craton.  

Sample C19+20TT 
(%) 

C21TT 
(%) 

C23TT 
(%) 

C19+20/ 
C23TT 

C24Tet/ 
C26TT 

C19αNATT/ 
C30H 

Ga/ 
C30H 

C30E/ 
C30H 

C30D/ 
C30H 

C29Nsp/ 
C29H 

C29Ts/ 
C29H 

C31H 
22S/ 
(22S +
22R) 

C32H 
22S/ 
(22S +
22R) 

2- 
MHI 

C26/ 
C25TT 

XHY_1  80.28  9.77  9.95  8.07  4.25  2.95  0.06  0.23  0.62  0.31  1.15  0.58  0.57  0.038  0.83 
XHY_2  79.59  11.45  8.95  8.89  4.27  3.48  0.06  0.21  0.61  0.31  1.08  0.58  0.56  0.029  0.63 
XHY_3  87.23  7.70  5.06  17.23  4.88  2.51  0.05  0.15  0.46  0.30  1.00  0.57  0.56  0.032  0.86 
XHY_4  87.93  6.89  5.18  16.97  5.95  5.39  0.05  0.16  0.48  0.22  0.88  0.58  0.57  –  – 
XHY_5  67.89  17.60  14.51  4.68  4.58  9.21  0.06  0.26  0.67  0.38  1.17  0.55  0.56  –  – 
XHY_6  59.74  18.40  21.86  2.73  2.79  7.40  0.08  0.33  0.44  0.23  0.73  0.55  0.57  –  – 
XHY_7  72.57  15.19  12.24  5.93  3.86  15.17  0.06  0.40  0.88  0.28  1.02  0.58  0.57  –  – 
XHY_8  68.49  19.14  12.37  5.54  2.14  5.46  0.08  0.27  0.64  0.34  0.96  0.56  0.58  –  – 
XHY_9  63.64  20.06  16.31  3.90  1.95  4.83  0.08  0.17  0.37  0.22  0.68  0.55  0.58  –  – 

Note: 2-MHI = C31 2α-methylhopane/(C31 2α-methylhopane + C30 hopane)； ‘-’ = no data. 

Fig. 7. Representative m/z 191 mass chromatogram showing the distribution of regular tricyclic terpanes, regular hopanes and diahopanes in the saturated hy
drocarbon of black shale from the Xiamaling Formation. Notes: Ts = C2718α(H)-neohopane; 29Ts = C29 18α(H)-neohopane; 30E = C30 early eluting rearranged 
hopane; Tm = C27 17α(H),21β(H)-hopanes; 29D = C29 17α(H)-diahopane; 30D = C30 17α(H)-diahopane; 29Nsp = C29 28-nor-spergulane; Ga = gammacerane. 
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4.3.4. 13α(n-alkyl)-tricyclic terpanes 
A series of unusual tricyclic terpanes, referred as 13α(n-alkyl)-tri

cyclic terpanes (αNATT), was observed in the m/z 123 mass chromato
gram of saturated hydrocarbons (Fig. 9). The carbon number of the 
series compounds ranges from C18 to C23 with C19αNATT as the pre
dominant homolog, which is consistent with the former report (Wang 
and Simoneit, 1995). The relative concentration of the C19αNATT is 
several times greater than of C30H, and the value of C19αNATT to C30H 
ratio (C19αNATT/C30H) ranges from 2.95 to 15.17 (Table 4). 

The presence and distribution of αNATT series was also analyzed by 
specific GC–MS–MS, which revealed an extended series up to C33αNATT 
in the Xiamaling Formation sediments (Fig. 10a). As the carbon number 
increases from C19αNATT to C33αNATT, the relative content of 

homologues gradually decreases (Fig. 10a). Furthermore, the occur
rence of C22 and C27 homologs strongly proves that substituent at C-13 
position of αNATTs is a long-chain n-alkyl substituent rather than an 
acyclic isoprenoid (Fig. 10b). 

4.3.5. Steranes distribution 
Steranes are the diagenetic and catagenetic alteration products of 

sterols, which are derived from membrane component of most 
eukaryote (Peters et al., 2005). In the selected ion monitoring traces 
(SIM) of m/z 217 mass chromatogram of the saturated hydrocarbon of 
black shale from the Xiamaling Formation, the steroid compounds 
including C27-C29 regular steranes, C27-C29 diasteranes, C30 4-methyl 
steranes and C21-C22 short-chain steranes were absent in their habitual 

Fig. 8. Parent-ion analysis of m/z 191 and 
m/z 205 daughter ions by gas 
chromatography-mass spectrometry-mass 
spectrometry (GC–MS–MS) in the saturated 
hydrocarbons of black shale from the 
Xiamaling Formation showing the distribu
tion of regular hopanes, methylhopanes and 
four series of rearranged hopanes (a), and the 
molecular structures of rearranged hopanes 
(b-e). Notes: blank circles = 17α(H),21β(H)- 
hopanes (H series); solid circles = early 
eluting rearranged hopane (E series); solid 
triangles = 17α(H)-diahopane (D series); 
solid squares = 18α(H)-neohopane (Ts se
ries); solid star = 28-nor-spergulane (Nsp 
series); 2α-MeH = 2α-methylhopane; 3β- 
MeH = 3β-methyl hopane.   

Fig. 9. Representative m/z 123 mass chromatogram showing the distribution of C18–C23 αNATT in the saturated hydrocarbon of black shale from the Xiamal
ing Formation. 
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retention time range (Fig. 11), which is the same as given in the Touirist 
Formation sediments (Blumenberg et al., 2012) and the Barney Creek 
Formation sediments (Brocks et al., 2005). As shown in Fig. 11a, only an 
apparent hump of baseline was observed in the habitual elution range of 
steranes, which is composed of unresolved complex mixtures (UCM). In 
the partially enlarged view of Fig. 11a, only trace amounts of uniden
tified compounds (marked with “?” in Fig. 11b) can be obviously 
observed on the hump, which is same as the results of previous study on 
the Touirist Formation sediments (Blumenberg et al., 2012). Therefore, 
we could confirm that these unidentified compounds are not contami
nation derived from exogenous hydrocarbons. Moreover, although we 
cannot yet accurately identify their molecular structures because of the 
low contents, the possibility as saturated steroids can be preliminarily 
excluded based on the retention times of these unidentified compounds 

and their distribution pattern feature. 

4.4. Aromatic hydrocarbons 

4.4.1. Total ion chromatogram of aromatic hydrocarbons 
Aromatic hydrocarbons in shale samples are mainly composed of 

relatively high abundance of phenanthrene, methyl phenanthrenes, 
dimethyl phenanthrenes and trimethyl phenanthrenes (Fig. 12), which 
were generally used to establish indicators for maturity evaluation 
(Radke et al., 1982a; Radke et al., 1984; Kvalheim et al., 1987). In 
addition, the samples have the characteristics of very low concentration 
of trimethyl naphthalenes and tetramethyl napthalenes, and absence of 
naphthalene, methyl naphthalene and dimethyl naphthalene (Fig. 12). 
Except for obvious distribution of phenanthrene, alkylphenanthrene, 

Fig. 10. Parent-ion analysis of m/z 191 daughter ions by gas chromatography-mass spectrometry-mass spectrometry (GC–MS–MS) in the saturated hydrocarbon 
fraction of the Xiamaling Formation sediment extracts, showing the distribution of C18–C33 13α(n-alkyl)-tricyclic terpanes. 

Fig. 11. Representative m/z 217 mass chromatogram showing the distribution of regular steranes, diasteranes and short-chain steranes in the saturated hydrocarbon 
of black shale from the Xiamaling Formation. 
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chrysene, methyl chrysene and Benzo[e]pyrene in polycyclic aromatic 
hydrocarbons (Fig. 12), no other higher molecular weight compounds 
were detected. 

4.4.2. Aromatic steroids 
Aromatic steroids generally include C26-C28 triaromatic steroids (m/z 

231) and C27-C29 methyl-triaromatic steroids (m/z 245). Most Phaner
ozoic geological samples have obvious distribution of aromatic steroids, 
which are always used to oil to oil/source rock correlation analyses 
(Zhang and Huang, 2005; Xiao et al., 2019a). As shown in Fig. 13, 
neither C26-C28 triaromatic nor C27-C29 methyl-triaromatic steroids can 
be clearly identified, and only an observable hump of baseline sub
stantially develops (Fig. 13). Moreover, abundant trimethyl alkylben
zenes were detected in the m/z 134 mass chromatogram, but the 
isorenieratane and its derivatives (e.g. 2,3,4- and 2,3,6-trimethyl aryl 
isoprenoids) were absent or in very low concentration in our samples 
(Fig. 14), which is similar to the 1.38 Ga Velkerri Formation in McArthur 
Basin (Jarrett et al., 2019). 

5. Discussion 

5.1. Thermal maturity 

5.1.1. Aromatic hydrocarbon parameters 
In the total ion chromatogram of aromatic hydrocarbons, phenan

threne and its methyl substituted compounds show prominent concen
trations (Fig. 12). As the effective thermal maturity-dependent aromatic 
hydrocarbon ratios, methyl phenanthrene ratio (MPR), methyl phen
anthrene indices (MPI-1), (3-+2-MP)/SMPs (F1), 2-MP/SMPs (F2) ratios 
were extensively used in the maturity evaluation of source rocks and oils 
(Radke et al., 1982a; Radke et al., 1982b; Kvalheim et al., 1987; Bao 
et al., 1992; Brocks et al., 2003c). In these samples, the values of MPR 
and MPI-1 are in the range of 0.49–0.78 and 0.22–0.47, respectively 
(Table 5). The equivalent vitrinite reflectance of MPR (RMPR, %) (Radke 
et al., 1984) and MPI-1 (Rc, %) (Radke and Welte, 1983) varies from 
0.64 % to 0.83 % and 0.53–0.68 %, respectively (Table 5). These 
maturity related-parameters indicate that the organic matter is still in 
the early stage of hydrocarbon generation window. Furthermore, the 

Fig. 12. Representative total ion chromatogram of the aromatic fraction of black shale from the Xiamaling Formation. TMN: trimethyl naphthalenes; TeMN: tet
ramethyl napthalenes; P: phenanthrene; MP: methyl phenanthrenes; DMP: dimethyl phenanthrenes; TMP: trimethyl phenanthrenes; Chy: chrysene; MChy: methyl 
chrysene; BeP: Benzo[e]pyrene. 

Fig. 13. Representative mass chromatograms showing the distribution of C26-C28 triaromatic steroids (a) and C27-C29 methyl-triaromatic steroids (b) in the aromatic 
fraction of black shale from the Xiamaling Formation. 
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cross-plot of F1 vs F2 proposed by Bao et al. (1992) is usually used to 
evaluate thermal maturity levels. All samples contain low values of F1 
and F2 ratios, less than 0.37 and 0.28 respectively (Table 5), completely 
falling into the region of low maturity (Fig. 15) (Bao et al., 1992). 

5.1.2. Bitumen reflectance and pyrolysis parameter 
In addition to the maturity parameters related to phenanthrene series 

compounds, protobitumen reflectance (Rb) with the value rang of 
0.46–0.49 % (Table 5), equivalent vitrinite reflectance of Rb (Ro) with 
the averaged values of 0.69 % (Table 5), Rock-eval pyrolysis parameter 
(Tmax) with the averaged values of ~437 ◦C (Table 1) and C31-C32 

homohopane isomerization parameters with the value rang of 0.55–0.58 
(Table 4) were comprehensively analyzed to determine the thermal 
evolution stage. All samples presented internally consistent molecular 
data and were in the early stage of oil generation window. Because the 
18α(H)-neohopane was considered to be controlled by clay mineral- 
catalyzed diagenetic reactions, and derived from multiple sources 
(Farrimond and Telnæs, 1996; Xiao et al., 2019b), especially in this 
study, all samples have abnormally abundant four rearranged hopane 
series (e.g. neohopane series), thus the thermal maturity parameters 
related to rearranged hopanes, such as Ts/(Ts + Tm) ratio, are invalid. 

5.2. Biomarker syngeneity 

Lipid biomarkers can reveal significant signals for the evolution of 
microbial ecosystem and sedimentary environments in Earth’s history, 
but the syngeneity of organic matter is a prerequisite (Rasmussen et al., 
2008; Ai et al., 2020). Generally, the vast majority of the Precambrian 
sediments have entered a stage of high- to over-maturity thermal evo
lution, containing extremely low content of solvent extracted hydro
carbons. Consequently, the indigenous signals are easily overprinted by 
any contaminants from external environment, including modern 
contamination during the processes of drilling, sampling, trans
portation, preservation and experimental analysis, and geological 
contamination of migrating hydrocarbons generated from adjacent 
younger source rocks (Brocks, 2011; Ai et al., 2020). Therefore, the 
prerequisites of using biomarkers to explore the paleo-sedimentary 
environment, paleo-ecosystem, and life evolution of the early earth is 
that the extracted hydrocarbon is indigenous and syngenetic. Recently, 
various effective methods for extracting indigenous hydrocarbons from 
Precambrian sediments to avoid later contamination have been well 
established, including slice experiments (Sherman et al., 2007; Brocks, 

Fig. 14. Partial m/z 134 mass chromatogram in the aromatic fraction of black shale from the Xiamaling Formation.  

Table 5 
Maturity indicators of aromatic hydrocarbons and calculated vitrinite reflectance of black shales from the Xiamaling Formation in the North China Craton.  

Sample Formation MPR RMPR (%) MPI-1 Rc (%) F1 F2 Rb (%) Ro (%) 

XHY_1 Xiamaling  0.56  0.69  0.30  0.58  0.18  0.11  0.46  0.68 
XHY_2 Xiamaling  0.49  0.64  0.35  0.61  0.20  0.11  0.46  0.68 
XHY_3 Xiamaling  0.57  0.70  0.37  0.62  0.21  0.12  0.48  0.70 
XHY_4 Xiamaling  0.55  0.68  0.39  0.64  0.23  0.13  0.49  0.70 
XHY_5 Xiamaling  0.70  0.79  0.42  0.65  0.31  0.19  –  – 
XHY_6 Xiamaling  0.75  0.82  0.43  0.66  0.34  0.16  –  – 
XHY_7 Xiamaling  0.73  0.80  0.47  0.68  0.36  0.21  –  – 
XHY_8 Xiamaling  0.74  0.81  0.22  0.53  0.37  0.28  –  – 
XHY_9 Xiamaling  0.78  0.83  0.45  0.67  0.37  0.24  –  – 

Notes: MPR = 2-/1-MP; RMPR = (0.99*log10 MPR) + 0.94; MPI-1 = 1.5*(3-+2-MP)/(P + 9-+1-MP); Rc = 0.6*MPI + 0.4; F1 = (3-+2-MP)/SMPs; F2 = 2-MP/SMPs; Ro 
= 0.618*Rb + 0.4; ‘-’ = no data. 

Fig. 15. Plate of maturity indicators related to methyl phenanthrene. Notes: F1 
= (3-+2-MP)/SMPs; F2 = 2-MP/SMPs; SMPs = 3-MP + 2-MP + 9-MP + 1-MP. 
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2011; French et al., 2015) and micro-ablation for the bitumen phase 
(Jarrett et al., 2013), and catalytic hydropyrolysis (HyPy) for parallel 
analysis of the kerogen-bound pool (Love et al., 1995; Love et al., 2005; 
Love et al., 2008). 

Significantly, these black shales in this study have not only a high 
abundances of soluble organic matter (Table 1 and Fig. 3a), but also a 
low degree of thermal maturity (Tables 1 and 5, and Fig. 3b), which was 
never heated to above 90 ◦C, thus well-preserving organic biomarkers 
(Zhang et al., 2015). The black shale samples are unique and completely 
different from the common Precambrian sediments, so they are not 
easily contaminated by external hydrocarbons. In addition, the direct 
evidence for syngeneity of the lipid biomarkers in the study were 
showed as following. First, all samples contain typical molecular char
acteristics of Proterozoic bitumen, such as an obviously large UCM and 
abundant branched alkanes (Fig. 5) (Pawlowska et al., 2013). Second, 
steranes (e.g. regular steranes, short-chained steranes and diasteranes) 
and aromatic steroids were absent or below detection limit in the 
extracted hydrocarbons (Figs. 11 and 13), which further strengthened 
the view of no contamination from the Phanerozoic hydrocarbons. 
Furthermore, all the maturity parameters including Tmax, MPI-1, 
MPDF, MPR, and bitumen reflectance (Rb, %) reflect the same degree 
of thermal evolution, still in low maturity stage. 

From the above, these signals offer convincing evidence for the 
syngeneity and indigeneity of hydrocarbon biomarkers from the 
Xiamaling Formation black shales. 

5.3. Microbial reworking 

5.3.1. Unresolved complex mixture (UCM) 
Compared with Phanerozoic bitumen, the Proterozoic bitumen al

ways contains a notably unresolved complex mixture (UCM) (Pawlow
ska et al., 2013). The UCM is thought to consist of thousands of 
unidentified branched and cyclic hydrocarbons. When there is obvious 
UCM in the gas chromatograms of Phanerozoic oils, in the instances it is 
generally suggested that it was caused by microbial degradation after 
the crude oil was expelled from the parent rock into the shallow reser
voirs (Peters et al., 2005). However, the visible UCM was also widely 
found in most Proterozoic bitumen (Summons et al., 1988b; Kelly et al., 
2011; Pawlowska et al., 2013; Luo et al., 2015; Luo et al., 2016; Bhat
tacharya et al., 2017) even if it is still preserved in the parent rock. The 
widespread hump of UCM, as one of typical characteristics of Protero
zoic bitumen may be attributed to microbial reworking of primary lipid 
organic matter by bacterial microbial communities either on photo
synthetic benthic mats (Pawlowska et al., 2013) or in the sedimentary 
water column (Logan et al., 1995). 

In this light, the ubiquitous UCM hump in Proterozoic bitumen could 
be excluded as the product of late-stage microbial degradation in 
shallow reservoirs, but regarded as the severely biodegraded product 
from the plankton and upper microbial mat during the early stage. This 
scenario reveal that Proterozoic organic matter has fundamental dif
ference in taphonomy and preservation processes from Phanerozoic 
organic matter, which is caused by the pervasive presence of Proterozoic 
“mat-seal effect” (Pawlowska et al., 2013), and also so-called biases of 
lipids taphonomy. 

5.3.2. Abundant monomethyl alkanes (MMAs) 
The relative abundance of monomethyl alkanes (MMAs) in Prote

rozoic bitumen is also conspicuously higher than that of the Phanerozoic 
counterparts. Since the MMAs isomers are radically different from all 
known biological sources, the early recognition is that the widespread 
MMAs fossils are likely to be produced by the cleavage and/or rear
rangement reactions of functionalized precursors (Kissin, 1987). How
ever, Shiea et al. (1990) found abundant MMAs in modern hot spring 
microbial mats, indicating that MMAs may be produced from direct 
biogenic contributions, such as cyanobacteria, eubacteria, and/or het
erotrophic bacteria (Shiea et al., 1990; Kenig, 2000). In addition, Audino 

et al. (2001) detected four homologous series of MMAs in the soluble 
hydrocarbons and the catalytic hydropyrolysis products of Permian 
torbanites, and observed the that MMAs was markedly enriched in 13C 
compared with normal alkanes (Audino et al., 2001), which was 
consistent with the previous report (Kenig et al., 1994). One explanation 
for the scenario was that the heterotrophic bacteria preferentially utilize 
isotopically heavy carbohydrate and protein fractions, rather than 
depleted-13C lipid fraction within the same organism (Audino et al., 
2001). Therefore, the presence of unusual distribution of isotopically 
heavy MMAs was possibly indicative of severe heterotrophic reworking 
of the algal biomass within microbial mats (Pawlowska et al., 2013; 
Jarrett et al., 2019). 

5.3.3. Distribution of steranes 
The dearth of saturated and aromatic steroids (Figs. 11 and 13) in 

these sediments is a largely faithful biomarker representation of minimal 
contribution of eukaryotes to the ancient marine ecosystems during the 
deposition period of Xiamaling Formation in the Xiahuayuan area 
(Anbar and Knoll, 2002; Blumenberg et al., 2012; Luo et al., 2015; 
Jarrett et al., 2019; Nguyen et al., 2019). However, the ancient lipid 
biomarkers, like microfossils, may also be affected by many biases of the 
taphonomy pathways, resulting in the loss of the biological signals 
(Logan et al., 1995; Butterfield, 2003; Pawlowska et al., 2013). 

Recently, Pawlowska et al. (2013) proposed a new explanation for 
the paucity of eukaryotic steranes in the mid-Proterozoic sediments, a 
hypothetical mechanism termed the “mat-seal effect”. This explanation 
suggested that the severe heterotrophic microbial reworking of plank
tonic eukaryotic communities by the widespread benthic microbial mats 
in the shallow water environments can also results in lack of steroids 
(Pawlowska et al., 2013). Based on the analysis of a modern calcifying 
microbial mats (~1500 years) from the hypersaline lakes on the island 
of Kiritimati, it is found that the total sterol concentration in the deep 
layers was significantly reduced by 98 % (Shen et al., 2020) and the 
values of hopane/sterane ratio exceed 20 (Blumenberg et al., 2015). In 
contrast, Lee et al. (2019, 2021) reported that significant amounts of 
steranes and hopanes were simultaneously preserved in the hypersaline 
microbial mats and underlying sediments at Guerrero Negro, which 
argued against the tendency of “mat-seal effect” to preferentially destroy 
steroids (Lee et al., 2019, 2021). Taken together, the extent of microbial 
reworking for primary eukaryotic sterols in benthic microbial mats re
mains controversial, which may be controlled by multiple biotic or 
abiotic factors. 

However, Miao et al. (2021) recently reported a moderate diversity 
of eukaryotic microfossil in the Xiamaling Formation shales from the 
Tielingzi section in NCC, which may suggest that eukaryotic algae have 
been locally evolved during the depositional period of the Xiamaling 
Formation in NCC (Miao et al., 2021). Combining the undetected ste
roids and the local findings of eukaryotic fossils, we speculated that the 
absence of steranes in the Xiamaling Formation from the Xiahuayuan 
section may be results of the limited contribution of eukaryotic algae 
and/or microbial reworking duo to “mat-seal effect” (Luo et al., 2015). 

5.4. Paleoenvironments 

The Xiamaling Formation black shales in NCC were deposited in the 
mid-Proterozoic at about ~1.40 Ga, which have high amounts of organic 
matter and low thermal maturity. The micro-ripples observed in the 
samples generally suggested shallow condition during deposition of 
benthic mats (Fig. 4). The biomarker compositions of soluble hydro
carbons from the Xiamaling Formation have the characteristics of 
moderate values of Pr/Ph ratio, low values of gammacerane index (Ga/ 
C30H), homohopane index (HHI = C35H/C31-35H) (Tables 3-4), low 
contents of DBT series (Fig. 12) and high abundance of rearranged 
hopanes (Fig. 8), as well as absence of aryl isoprenoids and their 
chemical relicts (e.g. 2,3,6-trimethyl aryl isoprenoids) (Fig. 14), which 
indicates shallow, low salinity, and suboxic water conditions during 
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deposition of the Xiamaling Formation. Moreover, it further argued 
against the pervasively euxinic (sulphidic) bottom water in mid- 
Proterozoic ocean (Canfield, 1998; Brocks et al., 2005; Canfield, 2005). 

5.4.1. Pristane/phytane ratio (Pr/Ph) 
In 1969, Brooks et al. proposed that Pr/Ph ratio can reflect the degree 

of oxidation during early diagenesis of chlorophyll (Brooks et al., 1969). 
Generally, Pr/Ph ratio of our samples with the value range of 0.71–0.91 
neither suggests extremely reductive (≪1.0) nor oxidative (≫1.0) con
ditions (Table 3) (Peters et al., 2005). With properly considering the 
restricted utility of Pr/Ph ratio as an indicator of oxygen levels (Goos
sens et al., 1984; ten Haven et al., 1987), and our limited knowledge of 
the oxicity of sedimentary environment, Pr/Ph values tend to favor 
suboxic to anoxic conditions (Table 3). 

5.4.2. Rearranged hopanes 
High abundance and widespread existence of rearranged hopanes in 

the Xiamaling Formation black shales further supports the suboxic to 
anoxic depositional conditions (Fig. 8). Generally, rearranged hopanes 
exhibit relatively strong resistance to biodegradation and high thermal 
stability (Kolaczkowska et al., 1990; Moldowan et al., 1991; Xiao et al., 
2019b). In Proterozoic bitumen, various type of rearranged hopanes 
have been occasionally reported (Summons et al., 1988a; Dutkiewicz 
et al., 2004; Wang et al., 2018; Xiao et al., 2021a). Although the origin of 
the rearranged hopanes is still controversial, thermal maturity was 
directly excluded as the main controlling factor for the occurrence of 
abundant rearranged hopanes in the study, as all samples exhibit low Rc 
values in the range of 0.53–0.68 % (Table 5). Likewise, biodegradation 
can also be excluded because biodegradation is always used to charac
terize the secondary changes of crude oil, and all samples have no trace 
of biodegradation, such as the obvious loss of normal alkanes (Fig. 5) 
and the distribution of 25-norhopane (Fig. 7). The latest research 
revealed that the atmospheric oxygen levels during the deposition 
period of the Xiamaling Formation can reach > 4 % of current oxygen 
level (Zhang et al., 2016). Wang et al. (2018) further proposed that the 
bottom waters is oxic during the deposition of Member 3 of the 
Xiamaling Formation, and the relative higher dissolved oxygen led to 
the transformation of hopane precursors into rearranged hopanes in the 
early diagenetic stage. Therefore, we speculate that the presence of 
abundant rearranged hopanes in the Xiamaling Formation black shales 
likely reflect shallow and suboxic depositional environment, which is 
conducive to the rearrangement reactions (Moldowan et al., 1991; Wang 
et al., 2018; Jarrett et al., 2019), or the prosperity of some specific 
bacterial communities (their potential precursors) (Xiao et al., 2021a). 

5.4.3. Aryl isoprenoids and dibenzothiophenes (DBT) 
Dibenzothiophenes (DBTs) is one of the most important sulfur- 

containing compounds in bitumen. It has no definite biological precur
sor but was considered to be mainly formed by a catalytic reaction be
tween elemental sulfur/sulfur radicals and organic material in the early 
stage of diagenesis (Douglas and B.J., 1965; Hughes et al., 1995; Asif 
et al., 2009; Li et al., 2013). The 2,3,4- and 2,3,6-trimethyl aryl iso
prenoids were diagenetic break-down products of C40 carotenoids pro
ducing from green/purple sulfur bacteria (Summons and Powell, 1986; 
Brocks and Schaeffer, 2008). Recently, Brocks et al. (2005) detected 
high amounts of aryl isoprenoids biomarkers in the Barney Creek For
mation black shales (~1.64 Ga) from the McArthur Basin, revealing 
sulphidic and permanently stratified deep waters (Brocks et al., 2005). 
However, the absence of aryl isoprenoids and trace amounts of DBTs 
(Figs. 12 and 14), together with the moderate Pr/Ph values, abundant 
rearranged hopanes and low gammacerane index values (Tables 3-4) 
further suggest a suboxic to anoxic water condition during the deposi
tional period of the Xiamaling Formation black shales. The absence or 
very low abundance of aryl isoprenoids in the 1.3–1.4 Ga Velkerri For
mation shales of the McArthur Basin also supported the suboxic to 
anoxic conditions rather than euxinic in the photic zone (Jarrett et al., 

2019; Nguyen et al., 2019). 

5.4.4. Redox-sensitive trace elements 
In addition to the evidence from biogeochemical signatures, the 

redox-sensitive trace elements also supported the same conclusion. As 
shown in Table 6, the black shales of Xiamaling Formation contain very 
low content of trace element amounts (Zn, V, U) and low values of V/(V 
+ Ni) ratio (0.47–0.65), which indicates an suboxic to anoxic conditions 
and weakly stratified water column (Hatch and Leventhal, 1992). 
Moreover, high Mo concentrations (tens to hundreds, ppm) are diag
nostic of deposition under euxinic conditions (Lyons et al., 2009). 
Significantly low Mo concentration with the value range of 6.19 ppm to 
7.28 ppm (Table 6) further reflects non-euxinic conditions during 
deposition period of the Xiamaling Formation in NCC. It is extremely 
lower than the Cariaco Basin sediments in the Venezuela (up to 184 
ppm) (Lyons et al., 2003) and the 1.84 Ga Rove Formation black shales 
(up to 50 ppm) (Scott et al., 2008) which were deposited in euxinic 
(sulphidic) bottom water condition. Generally, in anoxic and containing 
H2S water column, the sulfophilic elements like Fe, Cu and Zn are often 
easy to form sulfide precipitation, but no pyrite (FeS2) was observed in 
hand specimens or microscopic sections (Fig. 4). 

The suboxic to anoxic conditions during the deposition period of the 
Xiamaling Formation further argues against the widely and perhaps 
even globally euxinic (sulphidic) deep-ocean water conditions persisted 
from late Paleoproterozoic (~1.80 Ga) to Neoproterozoic Oxidation 
Event (~0.80 Ga) (Canfield, 1998; Brocks et al., 2005). The absence of 
euxinic conditions above the benthic microbial mat of the Xiamaling 
Formation may reflect the shallow water environment and the possi
bility for increased oxygen diffusion from the atmosphere to water or the 
effects of occasional storm (Blumenberg et al., 2012), which was 
strongly supported by the relatively high atmospheric oxygen levels 
(>4%) (Zhang et al., 2016). This result is also consistent with the former 
report of Luo et al. (2015) that all facies members of the Xiamaling 
Formation appear to be anoxic but not euxinic (sulphidic) (Luo et al., 
2015). Moreover, previous results of the redox-sensitive metal concen
trations and lipid biomarkers in the similarly aged shales from the 
1.3–1.4 Ga Velkerri Formation (Jarrett et al., 2019; Nguyen et al., 2019) 
and the 1.1 Ga Touirist Formation (Blumenberg et al., 2012) also pro
posed the suboxic to anoxic conditions prevailing in shallow water 
during mid-Proterozoic. 

5.5. Primitive organismic community 

5.5.1. Prokaryotes 
In modern sedimentary organic matters, n-alkanes can be derived 

from higher plant waxes (mainly producing high carbon number series) 
(Hedberg, 1968), polymethylenic biopolymers from eukaryotic algae 
(Tegelaar et al., 1989), and phospholipids in bacterial or eukaryotic cell 
membranes. The higher plant source to n-alkanes can be decidedly 
excluded for the pre-Silurian samples, and the contribution of poly
methylenic biopolymers in the mid-Proterozoic is negligible (Brocks 
et al., 2003b). Therefore, the predominance of low-molecular-weight n- 
alkanes (Fig. 4) indicates that the organic matter inputs mainly consists 
of bacteria, cyanobacteria and/or planktonic algae. Of special interest is 
that the predominance of high-molecular-weight n-alkanes have also 
been found in other Mesoproterozoic and even much older rocks, such as 
Gaoyuzhuang Formation (Li et al., 2001, 2003; Cui, 2011; Wang and 

Table 6 
Zn, V, U and Mo contents, and values of V/(V + Ni) ratio for three black shale 
samples from the Xiamaling Formation.  

Sample Formation Zn/ppm V/ppm U/ppm Mo/ppm V/(V + Ni) 

XHY_1 Xiamaling  64.0  52.6  2.46  6.79  0.48 
XHY_2 Xiamaling  67.2  53.5  2.47  7.28  0.47 
XHY_4 Xiamaling  108.0  108.0  2.50  6.19  0.65  
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Han, 2011). The scenario of uncommon n-alkanes distribution pattern in 
mid-Proterozoic bitumen was explained as the contribution of multiple 
inputs from complicated biological assemblages (Li et al., 2001, 2003). 
Considering that n-alkanes and n-alkylcyclohexanes exhibit extremely 
consistent distribution pattern, including their carbon number range 
and major peaks, it is proposed that they have similar biological sources, 
mainly from bacteria and/or cyanobacteria. 

13β(H),14α(H)-tricyclic terpanes (TTs) are ubiquitous in various 
geological samples from Proterozoic to Phanerozoic and viewed as 
‘orphan biomarkers’ due to the lack of clear biologic precursors (Rohmer 
et al., 1992; Ourisson, 1994). The TTs have been widely considered (but 
not proven) to be a suitable stabilizing constituent of membranes of 
prokaryotic microorganisms (Aquino Neto et al., 1982) or derived from 
the now-extinct Tasmanites (Simoneit et al., 1990; Greenwood et al., 
2000; Dutta et al., 2006). However, the short-chain tricyclic terpenes 
(C19-C20TT) are frequently enriched in coal-measure samples and usu
ally indicates the contribution of higher plant (Ekweozor, 1984), such as 
the dammarenes from diptrocarpol and methylisoanticopalate from 
manool (Aquino Neto et al., 1982). Although TTs might have multiple 
sources, the conspicuous predominance of C19-C20TTs in the sterane-free 
samples suggested that prokaryotic microorganisms may be the main 
source of C19-C20TTs, unlike previous studies on the Phanerozoic sedi
ments (Ekweozor, 1984; Greenwood et al., 2000; Xiao et al., 2019c). 
Except for regular tricyclic terpanes, 13α(n-alkyl)-tricyclic terpane se
ries was distinctly detected in the Xiamaling Formation, which was 
considered to be derived from a limited number of bacteria and/or 
cyanobacteria (Wang and Simoneit, 1995). Moreover, its distribution 
range in whole geological period is very limited, indicating that it may 
be derived from several specific bacteria living in limited conditions 
(Xiao et al., 2021b). For example, it is not prosperous during the 
depositional period of the Gaoyuzhuang Formation (Sun and Wang, 
2016), and disappeared in the Phanerozoic. 

Importantly, the vast majority of biological contributions are prob
ably composed of bacteria and cyanobacteria in the Xiamaling Forma
tion black shales, as supported by the abundant hopane series including 
C27-C35 regular hopanes, rearranged hopanes and 2α-methylhopanes. 
Generally, 2α-methylhopane index (2-MHI) has been frequently used to 
characterize the contributions of cyanobacteria (Summons et al., 1999). 
However, further studies have shown that 2α-methylhopane is not the 
unique biomarker for cyanobacteria, and a large number of modern 
marine cyanobacteria are free of 2-methylhopane precursors (Talbot 
et al., 2008). Therefore, relative low values of 2α-methylhopane index in 
the range of 2.9–3.8 % (Table 4) cannot exclude considerable contri
butions of cyanobacteria. 

In summary, the abundant n-alkanes, n-alkylcyclohexanes, tricyclic 
terpanes and hopanoids in the black shales of the Xiamaling Formation 
therefore support the scenario of predominant contribution of bacteria/ 
cyanobacteria. 

5.5.2. Eukaryotes 
Generally, Proterozoic biomarker assemblages are characterized by 

conspicuously low concentrations or absence of eukaryotic steranes. The 
paucity of steranes in the mid-Mesoproterozoic was often interpreted as 
limited ecological significance of eukaryotes (Anbar and Knoll, 2002; 
Blumenberg et al., 2012; Luo et al., 2015; Jarrett et al., 2019; Nguyen 
et al., 2019). Accordingly, the saturated steroids (e.g. regular steranes, 
diasteranes and short-chained steranes) (Fig. 11) and aromatic steroids 
(e.g. triaromatic and methyl-triaromatic steroids) (Fig. 13) were absent 
or under detection limit in the black shales of the Xiamaling Formation, 
suggesting minor significance of eukaryotic algae to primitive 
ecosystem. 

Although the microbial fossil is the most effective method for 
assessing the existence of eukaryotes and a moderate diversity of 
eukaryotic microfossil have been locally found in the Xiamaling For
mation shales from the Tielingzi section in NCC (Miao et al., 2021), 
discernible microfossils represent only a small fraction of the total 

amount of primitive organic matter (Nguyen et al., 2019). Therefore, it 
is difficult to convince that eukaryotes make significant contributions to 
primitive organic matter without detectable diagnostic biomarkers in 
the Xiamaling Formation shales. While some hypoxia-adapted eukary
otes lack sterol structures in their cell membranes, only a few anaerobic 
protists are likely to be part of the primitive community structure 
(Takishita et al., 2017). The probable mass of microbial reworked and 
sterol-free eukaryotes is extremely limited relative to prevalence pro
karyotic bacteria or cyanobacteria. Therefore, a fundamental conclusion 
of this study is that eukaryotic algae have little ecological contribution 
to primitive biomass to the mid-Proterozoic ocean in NCC, indicating 
that eukaryotes were not the dominant role of primary producers. 

6. Conclusions 

The 1.40 billion-year-old (Ga) Xiamaling Formation (XML) black 
shale in the NCC contains abundant low-maturity soluble hydrocarbons, 
which are identified as syngenetic from molecular markers and thermal 
maturity indicators. A persistently shallow, low salinity, suboxic to 
anoxic and non-sulfidic paleo-ocean environment was reconstructed by 
molecular fossils and redox-sensitive trace elements, which argues 
against pervasive euxinic condition in the mid-Proterozoic ocean. The 
enrichment of n-alkanes, n-alkylcyclohexanes, tricyclic terpanes and 
hopane series demonstrates that bacteria and cyanobacteria are the most 
important members of the primary biological assemblage in the mid- 
Proterozoic ocean. The absence of saturated and aromatic steroids 
suggested that eukaryotic algae have little ecological contribution to 
primitive biomass and/or are the result of heterotrophic reworking from 
benthic microbial mats. 
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