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ABSTRACT: Organic-rich shales and mudstones have long been
investigated regarding the control of source, environment, climate,
etc. on the enrichment of organic carbon. However, little is
documented about how autotrophy and heterotrophy influence
organic carbon cycling/export. Here, we show molecular and
carbon isotopic compositional changes of the shale or mudstone
source rocks from the Chang 3 to 7 members of the Yanchang
Formation. The Chang 7 member source rocks have higher quality
(480−500 mg/g) and total organic carbon (TOC) (15.3% on
average) than other member source rocks; the sterane/hopane
ratio and the δ13C of organic carbon and kerogen decrease from the
Chang 3 to 7 members, but Δδ ([average δ13C of n-C17 + n-C18] −
[average δ13C of pristane + phytane]) increases, and no aryl
isoprenoids and C40 aromatic carotenoids (e.g., isorenieratane) were observed. These low maturity biomarker features suggest that
there were no water stratification, photic zone euxinia (PZE), and no obvious change in the organic matter source, and the water
column is generally anoxic. A comparison of the δ13C of Pr and Ph with the δ13C of the n-C17 and n-C18 alkanes reveals a shift in
the mode of carbon cycling/export (autotrophy versus heterotrophy) in the Yanchang Formation and that there was dominant
heterotrophic bacterial activity or bacterial biomass in the Chang 7 member. The TOC spike in the Chang 7 member may result
from boosted carbon cycling/export that improves organic carbon preservation than other members. Possible external forcings on
the shift are abundant hydrothermal- or volcanic-derived metal salts as electron acceptors in the palaeowater, which is a reasonable
explanation for enhanced heterotrophic bacterial activity. This finding improves our understanding of heterotrophic bacterial activity
control on organic matter (OM) preservation and may be a significant supplement for understanding the ecological or
environmental forcings in the Yanchang Formation, Ordos Basin.

1. INTRODUCTION
Photosynthesis has been the most important form of primary
production for at least the last 3.5 Gyr,1 using light energy to
convert CO2 into organic matter. Chemosynthesis (the use of
chemical rather than light energy for carbon fixation) also
contributes partially, but not significantly, on a global scale.2

Most photosynthetic organisms are aerobic: vascular plants,
macro-algae (seaweeds), unicellular algae (phytoplankton),
cyanobacteria, and chlorophytes. Therefore, in addition to
light which is a key factor in primary production, water is
essential for all life and provides hydrogen for aerobic
photosynthesis. Microorganisms are the main source of organic
matter, with algae, bacteria, and plankton being the most
important primary producers in palaeolake and open sea. Algae
have been long discussed, including the types of algal species and
their corresponding environments in the water column.
However, there is still a need for detailed investigation on the

modification and eventual enrichment of organic matter by
bacteria, especially anaerobic heterotrophic bacteria.
Canonical mechanisms of organic matter enrichment include

productivity, preservation conditions, and suitable terrigenous
influx.3 Pedersen and Calvert4 considered primary productivity
as the main controlling factor for organic matter enrichment,
and Tyson and Pearson5 considered sedimentation or anoxic
conditions of bottom water as the main controlling factor. The
enrichment of organic matter is mainly the result of the
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combination of organic matter sources and preservation
conditions, and different types of basins may have different
main controlling factors. Organic matter sources are often
closely related to primary productivity, nutrient elements,
geological events, etc. Organic matter preservation conditions
are often related to water stratification, the salinization of water
bodies, redox conditions, etc.
Organic-rich deposition of the Triassic Yanchang Formation

is likely to be controlled by a range of geological events (such as
marine transgression, anoxia, algal bloom, volcanic eruptions,
deep hydrothermal activity, etc.).6,7 The Triassic Yanchang
Formation has developed the most important hydrocarbon-rich
shale in central and western China. The shale at the Chang 7
member of the Upper Triassic Yanchang Formation has high
total organic carbon (TOC). It provides the main source of oil
for the Mesozoic petroleum system.8,9 In addition to the
organic-rich shales, many tuff intervals were observed at the
bottom of the Chang 7 member, which is indicative of frequent
volcanic eruptions.6 Several other specific lithologies are
observed in the organic-rich strata, including seismic turbidites,
siliciclastic rocks, and microcrystalline dolomite layers, which
are associated with major geologic events such as volcanic
activity. The fertilization effect during volcanic eruptions greatly
stimulates microbial growth due to nutrient-rich volcanic ash.10

This is different from the model of high primary productivity
caused by the oceanic upwelling or the model of organic
preservation in the stratified water column.11

Previous studies have focused on organic-rich source rocks of
the Yanchang Formation to explore the mechanism of organic
matter enrichment from the perspective of the palaeowater
environment and palaeo-geological events to distinguish
between the differences of organic matter enrichment in
different submembers (Chang 1−7) and to clarify the control
of elements on organic matter enrichment. However, molecular
geochemical studies remain underappreciated in filling the gap
between microbial respiration and organic matter enrichment.
Carbon reflects the source of CO2 and its producer’s

fractionation pathway. Biomarkers, especially diagnostic bio-
markers and their stable carbon isotopic compositions, can
distinguish the fixation or reworking pathway of organic carbon.
In this work, the Yanchang Formation shales will be analyzed to
study the influence of ecological characteristics of micro-
organisms such as algae and bacteria on organic matter
enrichment. This study also spells out the evolutionary processes
of life and biogeochemical processes during the formation of the
Yanchang shales, searching for the key relationship between the
biological structure and the preservation of organic matter.

Figure 1. Location map of the Ordos Basin showing the position of the subdivided tectonic units, the Z101 well, the structural elements, and the
generalized stratigraphic chart showing the Chang 3 to Chang 8 members.
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2. GEOLOGICAL SETTING
The Ordos Basin is a Mesozoic basin, developed in the Middle
Triassic, Middle to Late Triassic, and Early to Middle Jurassic,
with abundant terrestrial input and gradual expansion of the lake
surface. Regional uplift occurred during deposition, resulting in
intermittent deposition, so the Yanchang Formation suffered
from different degrees of erosion. The Ordos Basin can be
divided into five tectonic units: the Tianhuan sag, the western
edge fold-thrust belt, the Weibei uplift, the Yimeng uplift, and
the Jinxi fold belt (Figure 1). The study object, well Z101, is
located in the Weibei uplift. The Weibei uplift is 200 km long
from east to west and 50 km wide from north to south. The
Caledonian tectonic movement led to the Permian angular
unconformity and strong deformation. The thrust fault was
obvious during the Yanshan movement, and the basinal pulling-
apart fault subsided during the Himalayan period. The
deposition of the Yanchang Formation was accompanied by a
complete development of the palaeolake basin, which expanded,
then shrank, and then expanded again until its extinction. The
stratigraphy is more than 900 m thick, and the objective bed of
the study is more than 300 m thick, involving the source rocks of
the Chang 3, Chang 4, Chang 5, Chang 6, Chang 7, and Chang 8
members.

3. MATERIALS AND METHODS
This work carried out a high-resolution and systematic core
sampling of well Z101 in the YQ city, southern Ordos Basin, and
the well location is shown in Figure 1. The lithology of the
samples is gray and black, black mud shale, black oil sandstone,
gray and dark gray mud siltstone, and gray and dark gray silt
mudstone (Figure 1). The samples range from Chang 3 to 8
members of the Yanchang Formation. Representative samples
were selected for organic and inorganic geochemical analyses.
The tests included total organic matter content, organic carbon
and kerogen stable carbon isotopes, aliphatic and aromatic

hydrocarbons, gas chromatography−mass spectrometry, stable
carbon isotopic compositions of individual hydrocarbons, and
major/trace elements.
3.1. Total Organic Carbon and Rock Pyrolysis. Well-

ground samples (500 mg) were immersed in 10% HCl and
heated in a water bath at 50 °C for 36 h to remove the carbonates
and dolomites (inorganic carbon). Dried samples were mixed
well and then 5−10 mg was analyzed, and the reaction gas
products (CO2) were carried by helium flow to a copper reactor
where excess O2 was consumed to produce CuO. The products
were carried through a packed GC column that provided
separation of the combustion gases, which were detected by a
thermal conductivity detector. The evolved carbon fraction was
measured and converted to TOC and recorded as the mass
weight percentage of the rock.
Rock pyrolysis of samples was performed on a Rock-Eval

instrument. Well-ground samples (30−50 mg) were weighed
and then transferred to a crucible for pyrolysis in the Rock-Eval.
The measured parameters include the free hydrocarbon content
(S1 mg/g), source potential (S2 mg/g), hydrogen and oxygen
index (HI and OI mg/g), and thermal maturity (Tmax °C).
3.2. Bulk Stable Carbon Isotopic Compositions. The

carbon isotope determination of organicmatter and kerogen was
performed by high-temperature combustion. Well-ground
samples (500 mg) were immersed in 10% HCl and heated in
a water bath at 50 °C for 36 h to remove the carbonates and
dolomites (inorganic carbon). The dried samples were set in a
vacuum quartz tube with high-purity oxygen. The organic
material was converted into CO2 by combustion at 850 °C for 15
min. CO2 was separated and purified by different refrigerants,
liquid nitrogen and dry ice, and was collected in a gas collection
bottle. The reproducibility was within 0.3‰, and the isotopic
compositions of all samples are reported relative to the
international Vienna Peedee Belemnite (VPDB) standard.
3.3. Crushing, Solvent Extraction, and Fractionation.

The bulk shales were crushed into powder in a rotary mill. The

Figure 2.Cross-plots of Tmax vs HI (a) and OI vs HI (b) showing the classification of organic matter types in the Yanchang source rocks from Chang 3
to Chang 8 members.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07382
ACS Omega 2023, 8, 5820−5835

5822

https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


homogenized powdered samples were extracted using a Soxhlet
apparatus with a mixture of dichloromethane-methanol (9:1 v/
v) for 72 h. Then, the extracts were fractionated using two-phase
silica gel column liquid chromatography. Total hydrocarbons
were separated from polar compounds by eluting the extractable
organic matter (EOM) with n-hexane/dichloromethane (4:1 v/
v). Then, the total hydrocarbons were separated into aliphatic
hydrocarbons, which were collected by eluting with n-hexane,
and aromatic hydrocarbons, which were collected by eluting
with n-hexane/dichloromethane (4:1 v/v).
3.4. Gas Chromatography−Mass Spectrometry (GC−

MS). Gas chromatography−mass spectrometry (GC−MS)
analyses of the aliphatic and aromatic hydrocarbon fractions
were performed on an Agilent GC (6890N) coupled to an
Agilent Mass Selective Detector (5975B) equipped with a J&W
DB-5MS fused silica column (length 60 m, inner diameter 0.25
mm, film thickness 0.25 μm). The inlet was held at 35 °C for 3
min and then was programmed to 310 °C (0.4 min. isothermal)
at a rate of 700 °C/min. Samples were injected in a splitless
mode. The temperature of the GC oven was initially held at 35
°C for 4 min and was programmed to 310 °C at 4 °C/min and
then was held for 40 min. Helium (99.999%) was used as the
carrier gas. The carrier gas flow rate (constant flow) was 1.5 mL/
min. The ion source of the mass spectrometer was operated in
the electron ionization (EI) mode at 70 eV. The MS data were
acquired in full scan mode. The relative abundance of
compounds was determined from peak areas (using selected
mass chromatograms for the integration of the compounds).
3.5. Gas Chromatography−Isotope Ratio−Mass Spec-

trometry (GC−IR−MS). An aliquot of the saturated fraction
from selected samples was separated into purified n-alkanes and
branched/cyclic alkanes by urea adduction. An Agilent 6890 gas
chromatograph (GC, 30 m, inner diameter 0.25 mm, film
thickness 0.25 μm; constant flow 1.0 mL/min) coupled to a
ThermoMAT 253 through a GC-C-III combustion (with NiO/
CuO/Pt at 950 °C) interface was used to determine the 13C of
the selected compounds. The samples were injected at 290 °C
using the splitless mode (60 s). The GC oven temperature was
initially held at 50 °C for 2 min and was programmed to increase
to 120 °C at 25 °C/min and then to 310 °C at 5 °C/min, where
it was maintained isothermally for 8 min. Heliumwas used as the

carrier gas. A standard mixture of n-alkanes with known δ13C
values was analyzed to test the accuracy of the instrument. The
isotopic compositions of all samples are reported relative to the
international Vienna Peedee Belemnite (VPDB) standard and
were determined at least twice. The standard deviations of the
replicates were calculated to estimate reproducibility. The
reproducibility was within 0.4‰.

4. RESULTS AND INTERPRETATIONS
4.1. Bulk Geochemistry. The organic matter types of the

main five source rock members of the Yanchang Formation are
classified in Figure 2a. The organic matter types of source rocks
in the Yanchang Formation are mainly III−II2−II1 type. The
Chang 7 member has mainly II1 type organic matter, and
individual samples have I type organic matter; the Chang 6
member has mainly III type−II2 type organic matter, and II1
type organic matter is partially distributed; the Chang 3, Chang
4 + 5, and Chang 8 members have wider distributions of II1
type−II2 type−III type organic matter.
Based on the cross-plot of the OI-HI index for organic matter

type identification, as shown in Figure 2b, the source rocks of the
Chang 7 section have the highest HI and lower OI index, with
the HI index range 480−500mg/g and the OI index range 0−20
mg/g. The source rocks of the Yanchang Formation mainly
consist of I type organic matter, with partial II1-II2 type organic
matter. The Chang 7 member source rocks have the better
organic matter type. An initial assessment based on the OI−HI
index identification indicates that the organic matter source is
dominated by aquatic algae and aquatic microorganisms, with
less contribution from terrestrial organic matter.
In Figure 3, there are four rises of TOC (up to 25.8%) in the

Yanchang Formation, and the HI also increases in response,
which may indicate increasingly better preservation conditions
for organic matter. The stable carbon isotopic compositions of
organic matter and kerogen have similar decreasing trends
(approx. −25 to −32‰ for organic matter; approx. −24 to
−31‰ for kerogen, respectively) to the Chang 3 to the Chang 8
members. The Chang 7 member source rocks are more depleted
in 13C than other members. This suggests that the organic
carbons in different members have different primary producers
or different ecological preservation conditions.

Figure 3.Variation of (a) TOC; (b) δ13C values of organic matter; and (c) δ13C values of kerogen with burial depth for the samples from the Yanchang
source rocks.
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4.2. Molecular Geochemistry. 4.2.1. n-Alkanes and
Isoprenoids. The aliphatic fractions of the Yanchang samples
have abundant n-alkanes ranging from C13−C32, with a
maximum at n-C17 or n-C18 (Figure 4 and Table 1). All samples
contain the highest relative abundance of short-to-long-chain n-
alkanes (<C21). There is a prominent odd-over-even carbon
number preference for the middle-to-long-chain n-alkanes (CPI
= 1.01−1.21). The average ∑20−/∑21+ n-alkane ratio is 3.4.
There are no obvious differences between the samples across
from the Chang 3 to Chang 8 member samples, which suggests
that the organic matter inputs are stable during the deposition.
This also suggests more contribution from aquatic organisms
than from terrigenous higher plants to the organic matter in the
Yanchang Formation source rocks.
The pristane/phytane ratio (Pr/Ph) is less than 1.0 for almost

all of the samples, with a few exceptions (Table 1). The Pr/Ph of
the Chang 7 member samples ranges from 0.49 to 0.64. The
cross-plots of the Ph/n-C18 and Pr/n-C17 ratios range from 0.26
to 3.05 and 0.31 to 1.64, respectively, which indicates that the n-
alkanes, pristane, and phytane are generally derived from type II
organic matter that was deposited in an anoxic bottom water
environment (Figure 5). An increasing trend of thermal maturity
based on the Ph/n-C18 and Pr/n-C17 ratios was observed from
the Chang 3 to Chang 8 member samples.
4.2.2. Hopanes and Steranes. On the m/z 191 mass

chromatograms, C30 17α,21β(H) hopane is predominant,
followed in abundance by C29 norhopane (Figure 6). Most of

the samples have C29 hopane <C30 hopane ratios. C19−26
triterpanes, Ts (18α-22,29,30-trisnorneohopane), Tm (17α-
22,29,30-trisnorhopane), and homohopanes (C31−C33) are
present in very low concentrations. Gammacerane is also
present in low concentrations (gammacerane index GI: 0.01−
0.13), and there is no C35 homohopane predominance over C34
homohopane. Oleanane and tricyclic and tetracyclic diterpanes
are absent. The C21 tricyclic terpane has a comparable
abundance to the C23 tricyclic terpane for almost all of the
samples, and C19 and C20 tricyclic terpanes are present in low
relative abundances. The Ts/(Ts + Tm) ratios range from 0.02
to 0.7, indicating a relatively low thermal maturity for the
Yanchang Formation source rocks. Trace absence of oleanane
and of diterpanes12 in all slices are suggestive of limited
angiosperm and vascular plant contributions to organic matter
(OM).13 Similarly low abundances of C19 and C20 tricyclic
terpanes are consistent with the low input of terrigenous OM.14

On the m/z 217 mass chromatograms, the regular steranes
have both C27 predominance over C28 and C29 and C29
predominance over C28 and C27 for all samples, suggesting a
varying aquatic organism input to the steranes (C27/C29 ranges
from 0.53 to1.91). Consistent with the relative distribution of
terpanes, the C27/C29 ααα R sterane ratio may thus indicate the
relative contribution of different algae rather than being a
terrigenous vs aqueous organic input proxy. C30 dinosteranes
(m/z 98 and m/z 231) are absent in all samples. However, the
C29 regular steranes/C29 αβ hopane ratios (St/H) are less than

Figure 4. Representative mass chromatograms of m/z 57 showing the distribution of n-alkanes of the Yanchang source rock samples in the Ordos
Basin. Numbers on peaks are n-alkane carbon numbers; Pr = phytane and Ph = phytane.
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1.0 for all samples analyzed (0.34 on average), with a slight
decrease from the Chang 3 to Chang 8 member samples. The
Chang 7 samples have the lowest St/H average value (0.26).
This may suggest that the primary produced organic matter has

been reworked by the heterotrophic bacteria with a likely minor
contribution from photosynthetic bacteria.
4.3. Carbon Isotopic Composition of n-Alkanes and

Isoprenoids. The δ13C values of the individual n-alkanes of the

Table 1. Organic Geochemical Parameters of the Chang Member Source Rocks in the Yanchang Formation, Ordos Basina

depth/m ∑C21−/∑C22+ Pr/Ph Pr/n-C17 Ph/n-C18 GI Ts/(Ts + Tm) St/H

10 1.56 0.54 0.99 2.05 0.04 0.34 0.21
33 2.21 0.53 0.69 1.46 0.07 0.39 0.58
69 1.32 1.41 1.39 1.28 0.07 0.08 0.46
83 1.15 0.52 0.89 1.51 0.06 0.19 0.07
85 1.73 0.41 1.21 3.05 0.05 0.48 0.22
89 2.11 1.00 0.79 1.23 0.05 0.02 0.12
95 0.89 0.43 1.09 2.61 0.08 0.07 0.41
97 1.96 0.37 0.75 2.46 0.06 0.52 0.14
105 1.27 0.83 0.96 1.55 0.01 0.03 0.48
109 1.73 0.47 0.79 1.83 0.09 0.49 0.52
116 1.34 0.42 0.93 2.28 0.09 0.50 0.23
122 1.49 0.53 0.79 1.56 0.10 0.58 0.24
124 1.15 0.53 0.99 2.09 0.04 0.36 0.15
130 1.29 0.81 1.17 2.00 0.06 0.11 0.88
134 1.03 0.56 1.03 2.02 0.09 0.53 0.30
138 2.17 0.49 0.69 1.67 0.05 0.48 0.24
148 1.20 0.43 0.80 1.91 0.05 0.42 0.34
153 1.21 0.48 0.73 2.02 0.05 0.26 0.18
155 0.92 0.52 1.00 2.10 0.13 0.32 0.27
163 1.02 0.55 0.96 2.31 0.11 0.12 0.73
166 0.98 0.77 1.01 1.73 0.05 0.11 0.41
168 1.45 0.86 1.20 1.80 0.08 0.09 0.13
172 0.54 1.08 1.42 1.09 0.09 0.29 0.46
177 1.34 0.61 0.70 1.22 0.03 0.20 0.15
179 1.24 0.55 0.86 2.25 0.09 0.09 1.01
183 0.97 1.64 1.23 1.22 0.06 0.06 0.43
188 1.00 0.52 1.04 2.29 0.10 0.29 0.31
192 1.27 0.54 0.80 2.03 0.13 0.19 0.35
198 1.51 0.51 0.64 1.44 0.06 0.57 0.17
210 1.34 0.48 0.68 1.57 0.07 0.57 0.21
223 1.72 0.71 0.87 1.30 0.07 0.27 0.23
232 2.37 0.52 0.52 1.12 0.06 0.38 0.49
237 1.68 0.51 0.55 1.20 0.05 0.53 0.27
246 1.61 0.46 0.67 1.56 0.05 0.41 0.51
250 1.87 0.43 0.67 1.86 0.03 0.38 0.48
254 2.92 1.66 0.98 0.97 0.08 0.08 0.45
267 2.87 0.58 0.41 0.87 0.06 0.37 0.61
272 0.55 0.75 1.43 0.10 0.60 0.43
290 2.45 0.41 0.39 1.07 0.03 0.33 0.43
305 1.52 0.41 0.47 1.24 0.04 0.37 0.40
311 1.78 0.39 0.43 1.26 0.03 0.38 0.33
329 1.08 0.58 0.62 1.14 0.03 0.51 0.42
339 1.34 0.48 0.40 0.85 0.03 0.41 0.40
348 2.16 0.72 0.36 0.60 0.02 0.59 0.25
358 1.76 0.55 0.41 0.84 0.03 0.44 0.32
366 1.16 0.64 0.43 0.66 0.04 0.61 0.19
373 3.37 0.51 0.32 0.74 0.03 0.15 0.37
378 2.63 0.56 0.31 0.63 0.03 0.15 0.24
382 2.12 0.55 0.32 0.66 0.02 0.16 0.24
384 2.43 0.62 0.32 0.58 0.02 0.16 0.26
387 1.46 0.58 0.36 0.63 0.02 0.15 0.24
389 0.99 0.62 0.56 0.79 0.03 0.16 0.25
395 9.57 0.49 0.08 0.23 0.03 0.38

aPr = pristane; Ph = phytane; GI = gammacerane/C30 αβ hopane; St/H = C29 (ααα + αββ) steranes/C29 αβ hopanes (based on areas in m/z 191
and m/z 217); Ts = 18α(H)-22,29,30-trisnorneohopane; Tm = C27 17α(H)-22,29,30-trisnorhopane.
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representative Yanchang source rocks are shown (Figure 7a and
Table 2). The δ13C values of all samples range from −30.6 to
−39.8‰ (with two anomaly data points). The shapes of their n-
alkane isotope profiles are identical in the range of n-C14 to n-C19
alkanes and have negative slopes to different extents and an
abrupt positive shift from the n-C22 to n-C25 alkanes. The
average δ13C values of the n-C14 to n-C20 n-alkanes range from
−31.2 to −34.3‰, and the average δ13C values of the n-C20 to n-
C30 n-alkanes range from −33.1 to −37.4‰. The low molecular
weight (LMW) n-alkanes are 2.8‰ enriched in 13C relative to
the HMW n-alkanes, therefore suggesting mixed organic matter
sources. The depletion of 13C in the HMW n-alkanes supports a

non-terrigenous origin of these alkanes,15−17 as n-alkanes from
higher plants are usually enriched in 13C relative to those from
aquatic organisms.18,19 This negative shift in the HMW n-
alkanes may suggest an enhanced aquatic-sourced organic
input.20

In comparison, the n-alkane isotope profiles of the Chang 7
member source rocks (Figure 7b) differ from the profiles of
other member source rocks (Figure 7c). They are relatively
more flat and less negatively shifted at the range of n-C20 to n-C27
alkanes, suggesting a more uniform and stable organic carbon
source, which has been attributed to a dominantly phytoplank-
tonic or heterotrophic bacterial source.20 The Chang 7 samples
have isotopically heavier mid-chain n-alkanes (n-C20 to n-C27)
than the rest samples.
The δ13C values of pristane range from −31.0 to −34.5‰ and

of phytane range from −31.6 to −35.4‰. Pristane is enriched in
13C by a∼1.0‰ relative to that of phytane. Pristane and phytane
both have increasing δ13C values with increasing burial depths.
The δ13C values of n-alkanes slightly increase with increasing
burial depths. However, there is no correlation between the δ13C
values of the n-alkanes, pristane, and phytane with the thermal
maturity parameters, and the Yanchang samples have a relatively
low thermal maturity in the early−middle oil window.

5. DISCUSSION
5.1. General Evaluation of Organic Matter in the

Yanchang Formation. The pyrolysis result (Tmax, HI, and
OI) suggests that the Yanchang Formation source rocks contain
all types of organic matter. The Chang 7 member source rocks
have higher quality and TOC than other member source rocks.

Figure 5. Cross-plot of Ph/n-C18 and Pr/n-C17 ratios of the Yanchang
source rock samples in the Ordos Basin.

Figure 6. Representative mass chromatograms ofm/z 191 (a) showing the distribution of terpanes in the Yanchang source rock samples in the Ordos
Basin. Representative partialm/z 217mass chromatograms (b) showing the distribution of regular steranes in the Yanchang source rock samples in the
Ordos Basin. Two insets are the expanded parts of the m/z 191 traces. Peak assignments: 19/3 to 29/3 = C19−C29 tricyclic terpanes, 24/4 = C24
tetracyclic terpane, Ts = 18α(H),22,29,30-trisnorneohopane, Tm = 17α(H),22,29,30-trisnorhopane, 30H = C30 αβ hopane, 29H = C29 αβ hopane, G
= gammacerane, and H31 to H35 = C31−C35 αβ homohopanes (S + R). Numbers on peaks are sterane (αααR isomer) carbon numbers.
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Stable carbon isotopic compositions of organic matter and
kerogen (both more depleted in 13C) are consistent with better
organic matter preservation for the Chang 7 member source
rocks. The LMW n-alkanes are typically derived from microbes
comprising primary producers and heterotrophs, i.e., algae and
bacteria.21,22 The higher proportions of LMW n-alkanes
(∑20−/∑21+ = 3.4 on average) for almost all of the Yanchang
samples analyzed suggest a higher contribution of aquatic algae
and heterotrophic bacteria to the sedimentary OM. This is also
reflected by the absence of terrigenous biomarkers (e.g.,
oleanane or diterpanes). The Ts/(Ts + Tm) ratio (0.33 on
average) and the prominent odd-over-even carbon number
preference (Figure 4) are indicative of a low level of thermal
maturity for the Yanchang OM. An average δ13C value
(−32.6‰) of the n-C14 to n-C20 n-alkanes suggests that all of
the Yanchang OM have a prominent phytoplanktonic
origin.10,23,24 The difference in n-alkane isotope profiles (at
the range of the n-C20 to n-C30 n-alkanes) between the Chang 7
member samples and the rest samples (Figure 7b,c) suggests a
different ecological and environmental preservation condition
for Chang 7 member OM (slightly enriched in 13C). However,
the low St/H ratios (0.34 on average, with a general decreasing
trend from Chang 3 to Chang 7 members) in the analyzed
samples suggest that the samples have a relatively high

proportion of bacterial relative to eukaryotic lipid contribution
(e.g., see ref 24). This may be partially attributed to the
heterotrophic bacterial reworking of primarily produced OM
contributing more hopenoid lipids because photosynthetic
bacteria (e.g., green sulfur bacteria) contribute only minuscule
amounts of OM to bottom sediments.25 The isoprenoid ratios of
Pr/Ph (0.69 on average), Ph/n-C18, and Pr/n-C17 support a
generally reducing depositional environment for the Yanchang
source rocks. However, very low GI (0.06 on average) discounts
the persistent stratification of the water column, and the photic
zone euxinia (PZE) was not present as no aryl isoprenoids and
C40 aromatic carotenoids (e.g., isorenieratane) were ob-
served.26,27

5.2. Heterotrophic Bacterial Reworking of Algal-
Derived OM. The absence of PZE and water stratification
during the deposition of the Yanchang source rocks suggests that
there was no obvious chemocline and the water column was not
sulfidic, at least not in the photic zone. This is surprising relative
to most of the organic-rich shales globally. However, abundant
pyrite in the Yanchang source rocks10,28 suggests that H2S
should be abundant below the photic zone during the
deposition. This explains the good correlations of S with various
metals such as Fe, U, Cu, Mo, etc. (Figure 8 and Table 3) and
their preferential reactions with H2S forming metal sulfides29

before feeding green or purple sulfur bacteria in the photic zone.
Significant bacterial sulfate reduction (BSR) reduces electron
acceptors generating abundant H2S during early diagenesis.28

Pristane and phytane have a dominant algal origin and no other
sources in this study such as cyanobacteria, phototrophic
bacteria, or archaeal membrane lipids.30 Very low Pr/Ph values
(0.69 on average) suggest that the algal-derived phytols suffered
less aerobic degradation during settling through thinner oxic
water layers, and thus the lower water column or the bottom
water were anoxic (not necessarily sulfidic). This anoxic
condition can be created by the significant consumption of
OM by heterotrophic microbes at the early diagenetic
stage.31−33 This will result in good preservation conditions for
Yanchang OM, but the TOC spike in the Chang 7 member
remains unclear, and it also remains unclear to what extent the
TOC spike is a result of heterotrophic bacterial reworking.
Multiple hypotheses for Yanchang organic-rich shale include

high primary productivity,10,29 magmatic activity,28,34 marine
transgression,7 etc. Good correlations of TOC with various
elements such as Mo, U, Re, Cu, etc. were observed (Figure 9).
The detailed mechanism of the fertilization effect by these
elements as nutrients have been well discussed,10,28,35,36 while a
proportional adsorption effect has also been noticed during the
enrichment of OM,29,37 and high TOC seems to be a
prerequisite condition for metal (e.g., uranium) enrichment in
the black shales. One further conflicting view was that U
radiation may be toxic to the algae in the oxygenated surface
water layers.38 However, heterotrophic sulfate-reducing bacteria
(SRB), for example, Desulfotomaculum, have remarkable
tolerance and adaptation to high levels of uranium.39−41 So,
various nutrients have positively or negatively impacted the
algae or bacteria to different degrees. In short, the prokaryotic
heterotrophic bacteria during the deposition of the Chang 7
member have a greater capacity to biosorb radiation (1.9 × 1017
MeV/g rock in the Chang 7 member vs 0.2 × 1017 MeV/g rock
in the Chang 3 + 4 + 5 + 6 + 8 members; on average) or the
radioactive metals such as U, Mo, and Re than eukaryotic algae
(lower St/H ratio, high proportion of bacterial relative to
eukaryotic lipids and probably lower δ13C values of bulk OM or

Figure 7. δ13C values of individual C14 to C33 n-alkanes in the selected
Chang member source rocks (a), Chang 7 member source rocks (b),
and Chang 3, 4 + 5, 6 member source rocks (c) of the Yanchang
Formation, Ordos Basin.
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kerogen). Overall, the molecular and isotopic data suggest that
the SRB play an important role in organic carbon cycling/export
and may be responsible for the much better OM preservation in
the Chang 7 member.
5.3. Shift in the Mode of Microbial Respiration

Recorded by a Comparison of the 13C of Short-Chain n-
Alkanes and Isoprenoids. Due to the relatively uniform algal
origin of the primary photosynthates, n-alkanes, pristane, and
phytane can be used to distinguish the exact organic source
contribution in the Yanchang Formation. The C14−18 n-alkanes
are typically derived from microbes comprising primary
producers and heterotrophs, i.e., algae and bacteria, whereas
pristane and phytane are typically derived from phytol side
chains of the chlorophylls a and b (cyanobacteria and/or
algae).30 Theoretically, the relatively enriched 13C values
(−32.6‰) for the C14−20 n-alkanes are suggestive of mixed
contributions from bacteria or algae.18 The weighted average
δ13C values of C17+18 n-alkanes and pristane + phytane can
represent different carbon cycling/export pathways and can
provide a way of distinguishing various source contribu-
tions.42,43

Variations in the δ13C of multisource-derived acyclic
isoprenoids pristane, phytane, and short-chain n-alkanes (n-
C17 and n-C18) were observed in the studied samples (Table 4).
The n-C17 and n-C18 alkanes are isotopically lighter than pristane
and phytane if derived from primary producers (such as algae
and cyanobacteria) through the mevalonate pathway, whereas
they are isotopically heavier if derived from heterotrophs
utilizing primary photosynthates or bacterial biomass.42,43 The
weighted average δ13C values of C17+18 n-alkanes range from
−30.8 to −35.3‰, and the weighted average δ13C values of
pristane + phytane range from −31.6 to −35.0‰. Pristane and
phytane in the Chang 3 and 4 + 5 members are mostly 13C
enriched relative to n-C17 and n-C18 (Figure 10), which indicates
that the n-C17 and n-C18 alkanes were derived mainly from lipids

of primary producers, e.g., algae. Pristane and phytane in the
Chang 6 and 7 members are mostly 13C depleted relative to n-
C17 and n-C18, which indicates that the n-C17 and n-C18 alkanes
were derived mainly from lipids of various heterotrophic
bacteria. The Δδ values (where Δδ = [average δ13C of n-C17 +
n-C18] − [average δ13C of Pr + Ph]) increase progressively from
Chang 3 (−1.39−0.65; −0.51 on average) through Chang 4 + 5
(−1.77−1.47; −0.19 on average) and Chang 6 (−0.88−0.87;
0.15 on average) to Chang 7 (0.12−1.18; 0.95 on average)
members (Table 4). A positive Δδ value indicates heterotrophic
origins, and a negative Δδ value indicates autotrophic origins
(Figure 10a).
A clear increasing trend was observed from Chang 3 to 7

members, which strongly supports that there was amajor change
in the carbon cycling/export mode during the deposition of the
Chang member OM. The isotopic enrichment of n-C17 + n-C18
n-alkyl carbon chains results from the heterotrophic processing
of primary photosynthate or dominant inputs of isotopically
heavy bacterial biomass. This is also supported by the slightly
higher average δ13C values of the n-C14 to n-C20 n-alkanes in
Chang 7 (−32.0‰) than in the Chang 3, 4 + 5, 6, and 8
(−32.8‰) members.
The increasing homohopane index (HHI) with increasing

burial depth (Figure 10b) is also consistent with an increasing
heterotrophic bacterial activity during early diagenesis, as low
HHI values can be used to gauge the extent of redox conditions
and bacterial activity.44−46 A ∼1.0‰ enrichment in 13C of
pristane relative to phytane suggests separate origins for the two
isoprenoids,47 additional methanogenic bacteria,48 or distinct
diagenetic pathways,49 as the phytanyl core of 13C enriched
archaeal lipids are one source for phytane that will give rise to
relatively positive values of δ13C.50−52 In short, all of these 13C
data suggest that there was a shift in the mode of microbial
respiration and carbon cycling from autotrophy in the Chang 3,
4 + 5 members to heterotrophy in the Chang 6 and 7 members.

Figure 8. Cross-plots of S with Mo (a), U (b), Cu (c), and Fe (d) in the Yanchang source rocks. Elements (ppm).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07382
ACS Omega 2023, 8, 5820−5835

5829

https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07382?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 3. Total Organic Carbon Content and Trace Element Composition of the Selected Chang Member Source Rocks in the
Yanchang Formation, Ordos Basin

depth/m
TOC
(%)

Cu
(ppm)

Fe
(ppm)

Mo
(ppm)

U
(ppm)

S
(ppm)

10 2.1 46.2 4.8 6.4 5.4 1.02
11 0.7 30.4 4.8 0.9 3.5 0.21
16 2.5 45.8 4.4 2.9 5.0 0.23
28 0.6 29.4 4.3 0.7 2.9 0.06
30 1.5 25.9 3.1 2.5 3.5 0.34
32 0.5 21.9 7.0 1.0 2.7 0.06
33 1.4 34.9 4.3 3.5 4.7 0.41
34 0.5 27.9 4.1 1.9 3.1 0.05
37 0.6 28.1 4.2 0.4 3.2 0.12
38 0.7 29.0 4.3 0.3 3.0 0.08
38 0.6 28.2 4.4 0.4 2.9 0.11
44 0.6 34.7 4.0 1.6 3.1 0.09
46 0.6 31.5 3.5 1.0 3.0 0.05
55 0.5 25.7 3.8 0.6 2.9 0.07
57 0.6 33.0 4.0 0.5 3.2 0.07
60 1.3 43.2 2.9 3.1 4.9 0.32
61 1.8 50.0 4.3 4.6 4.3 0.52
62 0.5 22.7 3.7 0.7 2.9 0.03
63 1.2 45.2 4.0 3.5 4.0 0.29
63 0.7 37.2 4.3 2.6 4.7 0.06
66 0.5 20.4 10.3 0.5 2.4 0.06
67 0.4 21.7 3.8 0.6 2.6 0.08
73 1.4 51.8 4.4 3.4 4.6 0.57
73 0.9 36.2 4.5 1.6 3.7 0.17
76 1.2 37.4 4.2 1.3 3.8 0.07
77 0.5 26.6 4.3 0.4 3.1 0.12
83 1.1 40.1 4.2 0.9 3.7 0.06
85 0.7 34.2 4.2 2.8 3.6 0.06
87 0.5 27.3 4.1 1.0 3.1 0.05
88 0.1 11.3 2.0 0.5 1.9 0.07
94 1.0 35.8 4.1 1.7 3.3 0.25
95 0.5 29.6 4.2 0.6 2.6 0.11
95 0.5 27.0 4.2 0.6 2.9 0.07
96 1.3 34.2 4.3 2.6 4.0 0.44
97 0.9 38.5 4.2 1.5 3.3 0.04

101 0.4 24.2 3.7 0.9 2.8 0.20
104 0.6 33.7 4.1 0.7 2.7 0.12
106 1.8 49.7 3.7 0.6 3.0 0.16
108 0.5 30.7 4.3 0.6 2.7 0.07
109 1.1 37.5 4.2 2.9 2.9 0.23
115 1.2 40.0 4.1 5.1 4.7 0.14
116 0.5 31.8 4.0 1.4 3.1 0.13
117 0.6 25.2 7.9 0.8 3.0 0.20
118 4.9 56.9 4.1 0.9 4.5 0.28
119 0.6 29.8 4.4 0.5 2.8 0.05
122 2.9 49.8 4.3 0.9 4.5 0.06
124 0.6 31.7 4.4 0.7 3.1 0.17
138 2.6 41.9 4.4 6.6 5.3 0.57
139 16.7 121.5 6.6 63.1 22.8 4.55
144 2.3 56.9 4.6 8.8 6.5 1.19
146 1.3 39.6 4.2 3.9 4.8 0.69
147 2.0 51.6 4.9 7.4 4.5 1.18
148 0.6 33.7 4.1 1.8 2.9 0.07
153 0.6 31.6 4.2 2.2 3.2 0.08
154 0.6 29.2 3.9 0.7 2.7 0.09
155 0.7 34.6 4.1 1.5 3.0 0.06
160 0.6 32.9 4.3 1.0 2.8 0.06
161 0.4 13.7 4.5 0.7 2.0 0.17
162 0.7 32.3 4.2 1.5 3.4 0.15

depth/m
TOC
(%)

Cu
(ppm)

Fe
(ppm)

Mo
(ppm)

U
(ppm)

S
(ppm)

165 0.4 23.9 3.6 0.7 3.0 0.07
177 0.6 28.7 5.5 0.8 3.0 0.27
183 1.2 45.4 4.6 0.8 3.8 0.10
192 0.7 40.3 4.1 1.3 3.2 0.10
193 0.5 28.3 3.6 3.4 3.2 0.09
196 2.9 46.1 3.9 2.9 4.4 0.34
198 4.0 62.8 5.0 9.3 6.5 1.92
198 4.0 52.0 3.7 1.3 4.2 0.16
199 0.7 33.6 3.7 5.6 2.8 0.14
206 3.5 45.4 3.7 1.3 3.6 0.16
207 1.6 35.1 3.6 1.1 3.7 0.16
209 1.6 39.5 4.2 4.3 4.2 1.11
211 0.7 33.6 3.4 1.7 3.3 0.18
211 0.5 22.0 3.2 0.7 2.6 0.11
212 0.8 34.7 3.8 1.2 3.3 0.14
213 0.3 14.3 2.7 1.1 2.0 0.04
214 0.6 34.1 4.1 1.7 3.1 0.13
215 0.6 32.9 4.4 0.5 2.7 0.11
216 0.3 15.5 2.5 0.7 2.2 0.07
221 1.0 27.5 3.3 1.4 2.9 0.12
223 0.4 11.0 2.2 1.0 1.7 0.07
224 0.9 35.2 3.6 1.3 3.2 0.08
227 1.5 38.4 3.9 2.1 3.4 0.37
228 1.5 38.2 3.9 4.9 4.8 0.72
230 2.5 53.5 5.1 10.2 7.5 1.99
231 1.0 36.3 4.2 2.1 3.7 0.28
231 1.9 47.6 4.5 6.2 6.9 0.88
233 9.6 105.5 6.6 49.9 26.6 4.80
233 0.6 36.4 4.0 0.9 3.0 0.28
235 0.6 34.1 4.0 0.8 3.1 0.13
236 0.6 32.1 4.0 0.5 2.9 0.08
237 0.8 33.6 3.7 3.6 3.3 0.11
241 4.8 55.8 4.0 4.4 6.1 0.59
244 0.6 29.1 6.1 2.3 3.1 0.46
247 1.7 36.8 4.2 5.4 5.2 0.94
247 0.7 30.5 3.7 1.7 3.3 0.10
248 0.7 32.4 4.0 1.4 3.3 0.10
250 3.9 74.5 4.1 13.0 10.3 1.82
250 1.4 41.3 3.8 7.7 5.7 0.37
251 0.7 35.0 4.8 1.9 3.4 0.10
253 0.2 13.2 2.2 0.9 2.0 0.07
254 0.6 37.3 4.9 0.8 3.7 0.08
256 3.4 46.8 3.4 2.4 3.4 0.16
256 0.6 30.0 4.1 0.6 3.1 0.27
260 0.5 23.5 4.3 0.5 2.7 0.09
263 0.5 25.6 4.3 0.4 2.8 0.10
264 0.5 27.3 3.8 0.5 2.8 0.12
265 0.7 27.5 3.3 0.9 3.0 0.21
266 0.7 32.7 3.5 3.5 3.9 0.13
268 0.6 29.1 3.9 0.4 3.0 0.14
269 0.6 26.6 3.6 0.4 2.7 0.14
271 0.8 28.1 3.2 0.9 2.8 0.10
272 1.7 45.6 3.4 1.7 3.6 0.09
273 8.6 84.0 6.9 43.2 28.6 5.71
274 1.4 36.5 4.0 4.3 4.4 0.63
275 0.6 22.6 3.0 0.7 2.5 0.12
276 0.6 32.4 3.9 0.8 3.3 0.26
281 0.7 26.2 3.1 0.8 2.7 0.15
283 0.8 36.1 3.9 2.9 4.3 0.22
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The elevated heterotrophic processing of primary photo-
synthates or dominant inputs of isotopically heavy bacterial
biomass during the deposition of the Chang 7 member has

greatly improved OM preservation. In addition to the good
correlations of TOC with Fe, U, Cu, Mo, etc. at the Chang 7
member (e.g., Figure 9), most of the biomarker proxies show no

Table 3. continued

depth/m
TOC
(%)

Cu
(ppm)

Fe
(ppm)

Mo
(ppm)

U
(ppm)

S
(ppm)

283 1.9 38.4 7.2 2.3 3.7 0.46
285 0.9 37.2 4.0 2.0 3.6 0.14
288 1.1 32.7 3.6 2.1 3.6 0.23
290 3.4 58.5 4.8 13.8 10.4 2.20
291 1.1 26.1 2.8 3.0 3.9 0.21
292 3.6 48.8 3.9 10.7 9.3 1.32
293 1.3 57.3 3.8 8.2 6.9 0.77
301 0.9 61.1 4.1 1.8 3.7 0.06
303 1.1 31.1 3.8 2.9 4.6 0.29
305 1.5 31.4 3.7 2.2 3.7 0.26
306 0.5 21.5 3.7 2.5 2.9 0.21
308 1.3 42.1 3.7 1.7 3.9 0.21
309 1.2 38.7 3.5 2.1 3.7 0.20
310 1.2 38.9 3.6 1.0 3.7 0.15
311 0.9 37.4 2.3 1.7 3.4 0.54
312 2.1 68.8 5.3 9.5 7.7 1.45
315 1.1 63.9 4.0 2.4 3.6 0.16
317 1.2 34.0 3.0 3.0 4.0 0.19
328 1.1 32.3 5.8 1.4 4.2 0.16
329 1.2 55.9 3.8 2.5 3.8 0.24
331 1.3 28.9 3.1 2.4 4.0 0.34
332 0.8 30.6 6.1 2.0 2.8 0.10
337 2.3 44.4 3.3 12.3 9.3 1.24
339 1.7 21.8 2.3 4.6 8.3 0.52
339 0.4 12.8 1.7 1.6 6.9 0.17
341 1.4 24.2 2.6 5.8 9.1 0.59
344 1.0 36.6 4.3 1.3 3.2 0.17

depth/m
TOC
(%)

Cu
(ppm)

Fe
(ppm)

Mo
(ppm)

U
(ppm)

S
(ppm)

345 0.9 36.8 3.3 1.2 3.3 0.21
348 0.9 29.3 4.1 3.1 3.0 0.26
348 1.3 47.2 4.2 4.1 5.9 0.53
351 1.1 39.6 3.3 1.0 3.3 0.15
353 0.8 38.7 6.0 1.2 3.0 0.08
354 1.1 22.7 3.3 1.2 2.4 0.20
358 8.4 116.5 6.6 39.7 33.2 4.88
360 7.0 83.0 5.1 18.4 17.6 3.16
362 0.8 41.8 4.5 1.0 3.3 0.09
363 1.6 35.0 4.9 3.1 5.1 0.44
364 0.4 9.7 1.3 2.8 9.1 0.08
365 11.7 135.0 7.8 93.4 52.4 7.31
365 3.2 100.0 4.8 20.9 15.1 2.74
372 2.3 52.6 2.9 8.0 7.7 1.11
374 25.8 155.5 10.3 127.0 76.5 10.00
376 24.0 99.5 6.2 81.7 65.0 6.89
376 24.8 119.5 7.8 101.0 48.4 8.54
378 20.4 156.5 9.2 130.5 63.3 10.00
379 17.9 174.5 9.6 130.0 47.7 10.00
379 15.1 126.0 8.1 70.4 51.4 8.78
381 17.7 103.0 5.7 80.2 40.6 5.76
382 23.5 166.5 7.6 121.5 54.4 7.65
384 94.3 6.6 85.6 36.4 6.47
384 19.2 128.5 7.5 111.5 56.9 7.38
395 4.0 66.2 3.5 10.9 7.4 1.93
396 4.3 55.9 7.2 12.3 6.3 0.84

Figure 9. Cross-plots of TOC with Mo (a), U (b), Cu (c), and Fe (d) in the Yanchang source rocks. TOC (%), elements (ppm).
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significant mathematical correlations with the TOC or Δδ

values, suggesting the independent 13C assessment of the

microbial respiration and carbon cycling.43 A weak positive

correlation (r = 0.45) of the Δδ values with the V/(V +Ni) ratio

may indicate the association between bacterial reworking and
reducing water conditions.
This shift of carbon cycling may be largely attributed to the

external ecological and environmental forcings on the microbes
in the water column, including climate change, magmatic

Figure 10.Variation ofΔδ = [average δ13C of n-C17 + n-C18]− [average δ13C of Pr + Ph] (a) andHHI = homohopane index (b) vs stratigraphic depth.

Figure 11. Schematic illustration of the carbon cycling in the Yanchang source rocks. OM = organic matter, GSB = green sulfur bacteria, and PZE =
photic zone euxinia.
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activity, marine transgression, etc. The Chang 7 samples have
the lowest average St/H value (0.26) than the Chang 3, 4 + 5, 6
samples (0.32, 0.37, and 0.40, respectively). A stronger bacterial
lipid contribution to the OM and stronger heterotrophic origins
were confirmed in the Chang 7 member. Considering the
absence of water stratification and PZE, abrupt geological events
of hydrothermal or volcanic activities6,34,53 are likely to bring
abundant nutrients (electron acceptors) and induce the
extensive bacterial reworking (reducers as electron donors) of
primarily-produced algal OM. The anoxia at the bottom-water
interface was further enhanced and a much better OM
preservation condition was formed (Figure 11).

6. CONCLUSIONS
This work presents a combined molecular and carbon isotopic
compositional assessment of a range of high prokaryotic-lipid-
contributed source rocks in the Yanchang Formation, Ordos

Basin. The Chang 7 member has higher quality source rocks
than other Chang members. The low maturity biomarker
features suggest that there were no water stratification, PZE, and
no obvious change in the OM source, and the water column is
generally anoxic. A comparison of the δ13C of Pr and Ph with the
δ13C of the n-C17 and n-C18 alkanes provides an approach to
clarify the source contributions and carbon cycling mode. These
results reveal a shift in the mode of microbial respiration and
carbon cycling from autotrophy to heterotrophy across the
Chang 3, 4 + 5, 6 members to the Chang 7 member and provide
evidence for the elevated extent of anaerobic heterotrophic
bacterial reworking and organic carbon mineralization at the
Chang 7 member. Although the possible external forcings on
this shift in the mode of carbon cycling are inconclusive, this
finding improves our understanding of heterotrophic bacterial
activity control on the OM preservation and biological shift and
may be a significant supplement for understanding the
ecological or environmental forcings in the Yanchang For-
mation, Ordos Basin.
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Table 4. Homohopane Index and Compound Specific Stable
Carbon Isotope Data for n-Alkanes, Pristane, and Phytane in
the Selected Chang member Source Rocks of the Yanchang
Formation, Ordos Basina

depth/m HHI Δδ n-C17 n-C18 Pr Ph

30 −0.31 −33.33 −33.91 −32.71 −33.91
33 0.36 −1.39 −34.15 −34.87 −33.04 −33.20
60 −1.30 −35.04 −35.48 −33.60 −34.33
85 0.27 −1.03 −34.76 −35.40 −33.82 −34.28
90 0.65 −33.59 −33.45 −33.04 −35.32
97 0.23 0.12 −34.39 −35.35 −34.54 −35.43
109 0.28 −0.29 −33.71 −34.54 −33.36 −34.31
116 0.28 −0.68 −33.80 −34.86 −33.48 −33.81
122 0.24 −1.15 −34.74 −35.50 −33.75 −34.19
126 0.17 −33.93 −34.20 −33.48 −34.99
129 1.47 −32.31 −32.00 −32.00 −35.25
134 0.35 −0.64 −33.17 −34.41 −32.93 −33.37
138 0.27 −0.38 −32.66 −33.83 −32.59 −33.15
148 0.29 −1.77 −34.75 −35.73 −33.17 −33.78
153 −0.28 −33.30 −34.07 −32.67 −34.14
155 −0.52 −34.20 −34.76 −33.29 −34.64
160 −1.31 −34.20 −34.76 −32.20 −34.13
163 1.08 −32.08 −32.12 −32.02 −34.33
181 0.07 −33.15 −32.95 −31.91 −34.34
185 0.78 −30.99 −30.60 −31.03 −32.12
198 0.23 −1.49 −33.61 −34.96 −32.42 −33.18
210 0.01 −32.99 −33.89 −33.19 −33.71
220 0.84 −32.73 −33.07 −32.81 −34.68
237 0.59 −32.52 −33.57 −33.37 −33.89
267 0.28 0.35 −31.57 −32.60 −32.23 −32.64
272 0.43 −0.21 −32.48 −33.20 −32.17 −33.10
290 0.38 0.38 −31.92 −33.15 −32.77 −33.06
305 0.37 0.76 −31.00 −31.81 −31.65 −32.67
311 0.34 0.87 −31.14 −32.05 −32.37 −32.57
329 0.27 −0.36 −32.81 −33.50 −32.21 −33.38
339 0.34 −0.88 −33.13 −33.86 −32.22 −33.01
348 0.27 0.28 −32.66 −33.57 −32.67 −34.12
378 0.30 0.12 −31.35 −31.78 −31.73 −31.64
382 0.32 0.63 −31.56 −32.05 −32.11 −32.75
384 0.40 1.18 −31.72 −32.18 −32.89 −33.37
387 0.36 0.98 −31.59 −32.11 −32.91 −32.74
389 0.33 1.03 −31.55 −32.10 −32.79 −32.91

aHHI = C35/(C35 + C34) homohopanes; Δδ = [average δ13C of n-C17
+ n-C18] − [average δ13C of Pr + Ph]; Pr = pristane; Ph = phytane.
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