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a b s t r a c t

Globally, most organic-rich shales are deposited with volcanic ash layers. Volcanic ash, a source for many
sedimentary basins, can affect the sedimentary water environment, alter the primary productivity, and
preserve the organic matter (OM) through physical, chemical, and biological reactions. With an
increasing number of breakthroughs in shale oil exploration in the Bohai Bay Basin in recent years, less
attention has been paid to the crucial role of volcanic impact especially its influence on the OM
enrichment and hydrocarbon formation. Here, we studied the petrology, mineralogy, and geochemical
characteristics of the organic-rich shale in the upper submember of the fourth member (Es41) and the
lower submember of the third member (Es3

3) of the Shahejie Formation, aiming to better understand the
volcanic impact on organic-rich shale formation. Our results show that total organic carbon is higher in
the upper shale intervals rich in volcanic ash with enriched light rare earth elements and moderate Eu
anomalies. This indicates that volcanism promoted OM formation before or after the eruption. The
positive correlation between Eu/Eu* and Post-Archean Australian Shale indicates hydrothermal activity
before the volcanic eruption. The plane graph of the hydrocarbon-generating intensity (S1þS2) suggests
that the heat released by volcanism promoted hydrocarbon generation. Meanwhile, the nutrients carried
by volcanic ash promoted biological blooms during Es4

1 and Es3
3 deposition, yielding a high primary

productivity. Biological blooms consume large amounts of oxygen and form anoxic environments
conducive to the burial and preservation of OM. Therefore, this study helps to further understand the
organic-inorganic interactions caused by typical geological events and provides a guide for the next step
of shale oil exploration and development in other lacustrine basins in China.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Shale oil refers to the oil present in organic shale formations,
which includes oil in the pores and fractures of shale, as well as oil
in tight carbonate and clastic interlayers (Jin et al., 2019, 2021). The
development of shale oil depends on the horizontal well staged
fracturing technology (Jin et al., 2019). Recent studies have shown
that most organic-rich shale intervals are deposited with volcanic
Liang), jinzj1957@pku.edu.cn
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ash layers, such as the Bazhenov Formation in the West Siberia
Basin in Russia (Liang et al., 2021), upper Devonian in the Williston
Basin and Carboniferous Bakken Formation in the US (Dennison
and Textoris, 1970), Jurassic Vaca Muerta Formation in the Neu-
quen Basin of Argentina (Diego et al., 2014; Kietzmann and Palma,
2014), Chang 7 Formation in the Ordos Basin (Liu et al., 2021),
Wufeng�Longmaxi Formation in the Sichuan Basin (Zhao et al.,
2015), and Lucaogou Formation in the Junggar Basin (Wu et al.,
2012).

Volcanic ash is a source for many sedimentary basins (Batchelor,
2003; Li et al., 2014; Wu et al., 2018). During the subsidence of
volcanic ash, mantle hydrothermal fluids with high temperature
and pressure change the physical field of the formation of organic-
rich shale (Kuypers et al., 2002; Leckie et al., 2002; Liao et al., 2016).
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The entry of carbon sources, nutrients, and trace metals into the
water column changes the chemical field and causes the bloom of
algae and bacteria as well, thus changing the biological field (Little
et al., 1997; Verati et al., 1999; Duggen et al., 2007; Dick et al., 2013;
Du et al., 2022). Furthermore, the nutrients and tracemetals carried
by the volcanic ash provide a material basis for improving the
primary productivity of the water column (Demaison and Moore,
1980; Haydon et al., 2006; Zhang et al., 2018; Edmonds et al.,
2022). Simultaneously, the oxygen content in the water column
decreases, transitioning the water column environment from
weakly oxidizing to strongly reducing after a volcanic eruption (Gao
et al., 2018; Lee et al., 2018; Zou et al., 2019). Organic matter (OM)
oxidation and degradation are inhibited in strongly reducing en-
vironments, thereby promoting the efficiency of OM conservation
(Liu et al., 2018; Liu et al., 2022b; Hong et al., 2019a,b).

The Jiyang Depression is a typical Mesozoic�Cenozoic conti-
nental rift basin in eastern China and the earliest oil and gas dis-
covery area in the Bohai Bay Basin. In 1961, well Hua 8 obtained
industrial oil flow. After nearly 60 years of exploration and devel-
opment, the proven rate of oil resources has reached 52.1% and the
average exploratory well density has exceeded 0.23 wells/km2

(Guo, 2011). Shale oil resources are essential for increasing reserves
and stabilising production (Song and Li, 2020). Previous research on
the Jiyang Depressionwas based on the characteristics of the source
rocks and geochemical evaluation (Pan et al., 2016; Liu, 2022). The
main reason for the rich OM content of the upper submember of
the fourth member (Es41) and the lower submember of the third
member (Es33) of the Shahejie Formation in the Jiyang Depression
was determined to be a continental rift basin in a saline lake
sedimentary environment. Core observations show layered volca-
nic ash in the organic-rich shale intervals. Significant volcanism has
been reported from the Late Jurassic to the Eocene in the Jiyang
Depression (Wang et al., 1994; Liu et al., 2022a, 2022c). The fine-
grained pyrite and increased Sr/Ba values above the tuff layer
indicate that volcanism may have caused the intermittent reduc-
tion environment and salinisation of the water volume in the
Shahejie Formation (Tian et al., 2020; Zhou et al., 2020; Liu et al.,
2022a, 2022c). However, less attention has been paid to volcanic
impacts on hydrocarbon generation and the formation of organic-
rich shales in the Jiyang Depression.

Therefore, in this study, we focused on the typical organic-rich
shales of Es41 and Es33 in the Jiyang Depression and analysed the
impact of volcanic activity on the formation, preservation, and
hydrocarbon generation of tuffaceous organic-rich shales by
studying their petrological and geochemical characteristics. This
study may provide a guide for the next step of shale oil exploration
and development not only in the Bohai Bay Basin but also in other
lacustrine basins of China.

2. Geological setting

The Jiyang Depression is located in the southeast Bohai Bay
Basin and is bordered by the Chengning and Luxi uplifts (Wang
et al., 2019). The Jiyang Depression consists of a few half-graben
sags (Hou et al., 1998) and four sags: Dongying, Huimin, Zhanhua,
and Chezhen from south to north (Wang et al., 2004) (Fig. 1(a) and
(b)).

The strata in the Jiyang Depression developed during the
Palaeozoic, Mesozoic, and Cenozoic. The Palaeozoic strata mainly
compose the basement of the basin, which is primarily
Cambrian�Ordovician marine carbonate rock and
Carboniferous�Permian period sea�land interaction sand
mudstone. The Mesozoic basement is composed of terrigenous
clastic rocks. Cenozoic deposits constitute the caprock of the basin
and include Paleogene, Neogene, and Quaternary deposits. The
1540
Paleogene includes the Kongdian (Ek), Shahejie (Es), and Dongying
(Ed) Formations. The Neogene includes the Guantao (Ng) and
Minghuazhen (Nm) Formations. The Quaternary includes the Pin-
gyuan Formation (Q). The main research objects of this study were
the upper fourth submember (Es41) and the lower third submember
(Es33) of the Shahejie Formation in the Middle Eocene (Fig. 1(c)). Es41

developed to a thickness of 100e350 m. The sedimentary facies are
mainly deltas and beach bars on the edge of the gentle slope zone in
the south, and deltas and nearshore underwater fans on the edge of
the steep slope zone in the north. The lithology of the lower Es41

interval is dominated by interbedded grey, blue-grey, grey-green
mudstone; light-grey dolomitic gravel-bearing sandstone; and
calcareous mudstone. The lithology of the upper Es41 interval is
grey-brown and dark-grey mudstone, limestone, and argillaceous
limestone with biological limestone, dolomite, and gypsum in-
terlayers. During the depositional period of Es33, the climate
changed from dry and hot to warm and humid, with abundant
rainfall, expanded lake area, maximum water depth, and the most
developed semi-deep lake�deep lake sediments (Wang et al., 2015;
Liang et al., 2017). The lithology of this section is dominated by
dark-grey and oil-rich mudstones with small amounts of limestone,
dolomite, and unequal-grained conglomerate sandstone caused by
slump gravity flow. The organic-rich shales in this section are well-
developed, widely distributed, and are 100e400 m thick, making
them the most favourable high-quality oil source rocks in the
depression.

The Dongying Sag was formed during the Mesozoic and Ceno-
zoic. On the west, it is bounded by the Qingcheng Uplift and Lin-
jiafan structures and is connected to the Huimin Depression. The
northern side is bounded by the Zhanhua Depression. Laizhou Bay,
connected to the Qingdong Sag, is situated on its eastern side. The
Dongying Sag is approximately 150 km long from east to west,
74 kmwide from north to south, and covers an approximate area of
5700 km2 (Fan, 2016). The Qingdong Sag is a Cenozoic strike-slip
pull-apart basin controlled by a regional tensile stress field and
the Tan-Lu Fault (Yang, 2011). Generally, the maturity of the source
rocks in the sag is relatively low, and the deep sag zone exhibits the
highest degree of evolution. The maturity of the source rocks in Es41

is higher than that in Es33 (Liu, 2016). The Fulin Sag is a small
sedimentary sag in the southeastern corner of the Zhanhua Sag in
the Jiyang Depression. Its northern edge is the Kenli Fault Zone,
separated from the Gunan Sag. The Kendong Fault Zone, adjacent to
the Kendong and Qingtuozi uplifts, covers the eastern side. The
Chenjiazhuang Uplift is present on the southwest with the north
and northeast faults. A tertiary fault depression with an area of
approximately 360 km2 is located southwest of the Fulin Sag (Hou,
2008).

3. Samples and methods

Forty organic-rich shale samples were collected from Es41 and
Es33 of six wells in the Jiyang Depression: QD25 in the Qingdong Sag,
Fu117 and Fu29 in the Fulin Sag, and F120, and W111 in the Don-
gying Sag. Moreover, 191 consecutive samples were taken between
3052.9 m and 3430.5 m (with an interval of 2 m) in the FY1 well of
the Dongying Sag (Fig. 1(b)). For all samples, petrological and
geochemical characteristics were analysed, including thin-section
observations, total organic carbon (TOC), pyrolysis, and major-
and trace-element analyses.

Samples were trimmed to remove visible veins and weathered
surfaces and pulverized to a size of ~200-mesh in an agate mortar
for geochemical analysis. A magnetic susceptibility instrument, KT-
10, was used to precisely test the magnetic susceptibility of wells
QD25 and Fu117. The thin-section analysis applied a combination of
ordinary optical electron microscopy (Leica Model DM4 P) and



Fig. 1. Location and sedimentary background of the study area. (a) Geological background map of the Jiyang Depression in the Bohai Bay Basin. (b) The structure of Jiyang
Depression. The F120, FY1, and W111 in Dongying Sag; the QD25 in Qingdong Sag; and the Fu117 and Fu29 in Zhanhua Sag. (c) Comprehensive stratigraphic column of this area
(modified from Shi et al., 2020).
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electron probe point-line-surface methods to identify the elements
in the tuffaceous shale. Parts of the samples selected for TOC
analysis were treated with 4.5% hydrochloric acid to eliminate
inorganic carbon, and other parts of the samples were not sub-
jected to acid treatment. The samples were then combusted at a
high temperature (1250 �C) in an oxygen-enriched atmosphere to
measure TOC, which was carried out in a Skyray CS-188 carbon-
sulphur analyser. X-ray diffraction (XRD) was conducted using a
D2-Advance instrument. Samples were ground to a size of 200-
mesh with an agate mortar and then tested for full rock mineral
contents. Residual (S1) and pyrolysis hydrocarbons (S2) were ob-
tained via rock pyrolysis. Rock-Eval pyrolysis was conducted on the
powdered samples using a Rock-Eval VI instrument. The content of
1541
the free hydrocarbon S1 was measured at 300 �C, and the generated
hydrocarbon S2 was identified at a temperature of 600 �C. Major-
and trace-element analyses were conducted at the China University
of Geosciences (Wuhan, China). A Philips PW 2404 X-ray fluores-
cence (XRF) spectrometer was used to analyse the major elemental
contents. The sample was first heated in a muffle furnace at 105 �C
for 4 h. Then, anhydrous lithium tetraborate (~5.2 g), lithium
fluoride (~0.4 g), and ammonium nitrate (~0.3 g) were added and
dissolved at 1150 �C for another 15 min to measure the content of
major oxides and loss on ignition. To determine the trace-element
content, the homogenised powder-digested samples were analysed
using spectroscopic methods (inductively coupled plasma mass
spectrometry [ICP-MS]; Element XR). To determine trace elements,
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powered samples (~25 mg) were dissolved in a mixture of hydro-
fluoric acid (1 mL) and nitric acid (0.5 mL) in a tightly sealed Teflon
bomb at 185 �C for 24 h. The dissolved samples were diluted to
25 mL in a clean bottle for trace element analyses using a Finnigan
MAT high-resolution inductively coupled plasma mass spectrom-
eter. Additionally, the accuracy of the measurements was ensured
by using standard materials and repeated analyses.
4. Results

4.1. Petrological features

A positive grain order is observed in Well QD25, which transi-
tion from tuffaceous conglomerate to tuffaceous mudstone from
the bottom-up (Fig. 2(a)�(g)). The organic-rich shale intervals
include mudstones, shale, calcareous mudstone, argillaceous
limestone, argillaceous siltstone, silty mudstone, siltstone, lime-
stone, and dolomite. The carbonate mineral content, primarily
calcite, is relatively high. Quartz, feldspar, and clayminerals, as well
as traces of pyrite, were also noted (Fig. 3(a)�(i)). The clay minerals
are mainly illite/smectite (I/S). Multiple sets of tuff interlayers, such
as assemblages of tuffaceous sandstone, siltstone, and mudstone,
and interbedded tuffaceous mudstone are also observed.
Fig. 2. Tuff shale section core from the Es41 of the shale samples of Well QD25: (a) At a depth
from tuffaceous conglomerate (f, g) to fine tuffaceous sandstone (d, e), and finally to tuffac

1542
The XRD analysis of samples from the tuff interval shows that
the clay mineral content is mainly distributed between 20% and
50%, the carbonate mineral content is mainly >50%, and the content
of quartz and feldspar is typically <20% (Fig. 4). The other compo-
nents include rhodochrosite, magnesite, pyrite, galena, barite, and
common pyroxene. Glass and crystal debris are observed under a
microscope. Glass shards are sharp, irregular, cambered, and
angular in shape. The lava is composed mostly of rhyolite and
andesite. The glass debris is primarily composed of quartz, feldspar,
and glass.
4.2. Organic-inorganic geochemical characteristics

Among the 11 samples of Well Fu117 tested, TOC is 0.23%e5.08%
(average ¼ 2.20%), S1þS2 is 0.28e26.29 mg/g (average ¼ 10.75 mg/
g), and Tmax is 445.00e453.00 �C (average¼ 449.27 �C). Among the
eight samples of Well QD25 tested, TOC is 1.19%e5.38%
(average¼ 2.60%), S1þS2 is 0.25e10.28 mg/g (average¼ 3.95 mg/g),
Tmax is 361.00e443.00 �C (average ¼ 424.83 �C) (Fig. 5).

The oil-bearing tuffaceous shale interval is characterised by a
negative spontaneous potential, well diameter expansion, large
number of natural gamma abrupt intervals, and low resistivity
value (RLLD < 60). The interval transition time, neutron porosity,
of 1700e1710 m of the Well QD25, there are positive grain order features, transitioning
eous shale and shale (b, c).



Fig. 3. Biological heritage of the Es41 and Es33 shale samples. (a, b) Organic texture under the microscope: (a) plain polarised light, (b) cross-polarised light; it is accounted for by
calcite (QD25-3). (c) The plant fossils (Fu117-6). (d, e) Andesite with a banded structure developed with basic plagioclase, and the glassy is being devitrified: (d) plain polarised light,
(e) cross-polarised light (Fu117-15). (f) Pyrite with a particle size of 20e80 mm (Fu120-1). (g, h, i) The layered algal fossils: (g) plain polarised light, (h) cross-polarised light, and (i)
the close-up of algal fossil (Fu117-11).

Fig. 4. Whole rock mineral analysis results of the organic-rich shales from Es41 and Es33

samples. The clay mineral content of the samples is mainly distributed between 20%
and 50%, the carbonate mineral content is mainly >50%, and the quartz þ feldspar
content is <20%.
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density, and resistivity curves of the oil-bearing tuffaceous shale
intervals are mostly box-shaped with evident curve changes, and
abrupt changes in magnetic susceptibility locally. The magnet-
isation rate of tuffaceous mudstone is higher than that of shales
without tuff, and the TOC and hydrogen index (HI) of mudstone
between tuffaceous mudstones are also high (Fig. 5).

XRF analysis of the major elements reveals that the SiO2 content
of most tuffaceous shale intervals from the Shahejie Formation in
the Jiyang Depression is 28.22%e69.43%, the CaO content is 0.49%e
41.85%, and the Al2O3 content is 2.54%e16.71%, followed by Fe2O3,
MgO, and K2O (Table 1). The chemical composition of the tuffaceous
interval (1701�1710 m) in well QD25 is dominated by SiO2 and
Al2O3 with contents ranging from 10% to 60% and 10%e22%,
respectively. The contents of Fe2O3 and sulphur have maxima of
19.80% and 20.60% (average ¼ 4.16% and 5.25%), respectively. There
is a low content of P2O5, K2O, MgO, CaO, TiO2, and MnO. The main
trace elements with higher contents are V, Cu, Zn, Ba, Rb, Sr, Y, and
Mo, which are iron-philic and sulphur-philic elements (Fig. 6). The
elemental contents of samples fromwell Fu117 are similar to those



Fig. 5. Log of lithology, self-potential logging (SP), gamma-ray logging (GR), density logging (DEN), TOC, magnetic susceptibility, hydrogen index (HI), and Tmax from 1701 to 1710 m
in Well QD25. The magnetic susceptibility of tuffaceous mudstone is higher, and the TOC and HI of mudstone between tuffaceous mudstones is higher.

Table 1
Major elements found in Fu117 and QD25 samples.

Samples Depth, m Na2O, % MgO, % Al2O3, % SiO2, % P2O5, % K2O, % CaO, % TiO2, % MnO, % Fe2O3, % LOI, %

Fu117-3 3661.00 0.76 6.97 9.67 35.23 0.59 2.37 15.44 0.52 0.16 4.49 23.81
Fu117-4 3661.30 1.16 2.52 14.70 52.12 0.48 3.60 8.13 0.87 0.07 3.71 12.64
Fu117-5 3661.40 1.21 2.27 13.82 54.32 1.18 3.08 4.85 0.81 0.04 4.64 13.79
Fu117-6 3661.60 0.53 2.68 10.09 32.60 1.03 2.48 20.00 0.58 0.12 4.71 25.19
Fu117-7 3661.80 0.87 4.43 10.75 44.51 0.61 2.49 9.23 0.59 0.13 7.33 19.07
Fu117-8 3664.50 1.03 2.51 14.40 49.39 0.46 3.49 10.16 0.94 0.08 3.73 13.83
Fu117-9 3664.80 0.88 3.02 14.94 54.21 0.48 3.70 5.52 0.87 0.05 2.98 13.35
Fu117-10 3665.10 1.63 1.90 12.68 56.20 0.42 2.99 4.74 0.73 0.04 6.32 12.36
Fu117-12 3665.40 0.79 2.88 11.29 45.96 0.34 2.61 12.58 0.68 0.10 4.95 17.84
Fu117-11 3665.70 0.49 3.47 9.40 34.22 0.54 2.43 21.77 0.64 0.10 3.34 23.59
Fu117-13 3666.00 0.25 2.99 2.54 12.69 0.30 0.59 41.85 0.14 0.17 1.70 36.79
QD25-1 1701.50 0.86 2.01 15.50 50.24 0.40 4.45 5.62 0.71 0.05 7.13 13.03
QD25-2 1702.60 1.10 1.98 15.72 53.50 0.33 4.64 3.82 0.70 0.04 6.86 11.31
QD25-3 1703.20 0.78 2.16 16.17 50.62 0.29 4.87 4.46 0.72 0.04 6.96 12.94
QD25-4 1704.20 1.74 1.42 12.51 56.29 0.24 3.75 6.56 0.51 0.15 4.97 11.86
QD25-5 1704.30 0.88 1.83 15.26 52.86 0.44 4.88 4.49 0.65 0.04 6.22 12.45
QD25-12 1705.30 1.11 1.70 14.67 56.13 0.37 4.86 3.32 0.62 0.03 6.29 10.89
QD25-6 1705.40 1.05 1.80 14.99 56.18 0.41 5.03 2.63 0.67 0.03 6.27 10.94
QD25-7 1705.50 0.76 2.19 16.71 53.22 0.21 5.28 1.54 0.73 0.03 6.68 12.66
QD25-8 1705.80 1.77 1.00 12.03 68.73 0.36 4.31 1.35 0.41 0.03 3.80 6.23
QD25-9 1706.20 0.99 0.31 5.34 30.97 0.39 1.75 32.63 0.17 0.19 3.08 24.19
QD25-10 1706.80 1.88 0.48 9.81 45.23 0.16 2.72 19.89 0.20 0.22 2.20 17.21
QD25-13 1709.10 2.29 0.83 12.59 69.43 0.15 4.59 0.49 0.48 0.02 2.58 6.55
QD25-11 1709.90 1.82 2.15 14.73 61.50 0.25 4.57 0.64 0.66 0.04 5.85 7.79
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of samples from well QD25. The contents of SiO2 are between 10%
and 63.3% and the Al2O3 content is 15.40%. The Fe2O3 content in the
sample from well QD25 reaches 53.30%, whereas the S content is
only 2.40%. In addition, the P2O5, K2O, MgO, CaO, TiO2, and MnO
1544
contents are low in all samples. The ICP-MS results show that the
tuff layer samples are rich in LREE with moderate Eu anomalies
represented by (La/Yb)PAAS ¼ 1.4�3.4 (average ¼ 2.28) and Eu*
PAAS ¼ 2(Eu)PAAS/(Sm þ Gd)PAAS ¼ 1.15�1.67 (average ¼ 1.32)



Fig. 6. Elemental content of tuff samples from Es41 and Es33 shale samples. (a) Volcanic material under the microscope (plain polarised light). (b) The quartz grain lens with a high
degree of automorphism is surrounded by clay minerals (cross-polarised light). The elemental content is measured along the dotted red lines in (a) and (b). These quartzes are
carried by volcanic ash. As the ash descends from the atmosphere, the quartz is deposited directly into the water column. As the elemental content plot shows, the quartz, located in
the middle of the measured red dashed line, has more sulphur.

Fig. 7. Rare earth element (REE) distribution pattern in Es41 and Es33 shale samples in
Wells QD25, Fu117, and W111 (The Post Archean Australian average shale (PAAS) data
are from Taylor and Mclennan, 1985.)
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(superscript * denotes the anomalies, subscript PAAS denotes the
Post Archean Australian average shale) (Fig. 7).

5. Discussion

5.1. Volcanic impact on the formation of organic-rich shale

In the study area, volcanic ash is mainly developed via hydro-
dynamic genesis and slightly differs from that associated with
airborne genesis. Generally, tuff interlayers are developed with
occasional crumpling and slumping of sandstone and mudstone,
1545
sometimes even enveloped the bedding and cross-bedding synse-
dimentary structures (Fig. 2). This phenomenon shows that the tuff
formation in the study area is a water-carrying type and might be
accompanied by strong tectonic activity (Wang et al., 2003). This
may be the reason for the gravity sliding that occurred in sand and
mudstone under certain triggering conditions, such as slumps,
debris flows, and turbidites, leading to the redeposition of these
sediments (Wang et al., 2003).

Based on our core observations, tuff interlayers demonstrate a
distinct distribution pattern within the Jiyang Depression. These
interlayers are primarily concentrated in two key regions: the
central basin and areas adjacent to fault lines. In order to gain a
better understanding of these tuff interlayers, it is crucial to
differentiate between their genetic types in different geological
settings. In deep lake environments, such as Well FY1, the pre-
dominant genetic type of tuff interlayers is of the airborne nature.
These tuff layers are located far from the centre of volcanic erup-
tions, as volcanic ash can be transported long distances by wind.
When analysing the sedimentary structure of these airborne tuff
interlayers, they are observed to be connected with both upper and
lower shale formations. However, their occurrence is relatively
restricted within other sedimentary structures. In the Dongying
Sag, specifically at Well FY1, we observe tuffaceous shale forma-
tions at a depth of 3208 m. These tuffaceous shales are predomi-
nantly present in layered and laminated intervals of organic-rich
shale. These intervals are distinguished by their relatively pure
composition and thinness. In contrast, tuff interlayers found in
semi-deep lakes and nearshore underwater fans are primarily
formed by water. These water-carrying tuffs have similar sedi-
mentary structures to clastic rocks. They have a higher clastic
composition and often contain hydrolytic alteration minerals.
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However, they show less regional consistency. Within the Fulin
sub-sag of the Qingdong and Zhanhua sags, the strata containing
tuffaceous intervals exhibit a relatively loose texture but display
rhythmic bedding. These strata consist of pyroclastics with varying
particle sizes, and a discernible pattern can be observed with
coarser layers positioned below and finer layers positioned above.
The transition sequence in this area is primarily characterised by
tuffaceous glutenite, tuffaceous siltstone, tuffaceous and argilla-
ceous interbeds, and pure tuff.

The total amount of trace elements significantly increased in the
layered-laminated organic-rich shale ofWell FY1, such as rare earth
elements (REEs). This may reflect a sudden change in the compo-
sition of the water body. Here, we propose that the volcanic ash
carried sufficient nutrients and trace elements, such as Mo
Fig. 8. Relationship between TOC and trace elements. (a) TOC-Mo, (b) TOC-Fe, (c) TOC-Ni, an
and Fu117. (e) The TOC and LREEPAAS cross-plot show that moderate amounts of LREE have a
shows that hydrothermal fluid activity may increase the intensity of hydrocarbon generatio
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(Fig. 8(a)), Fe (Fig. 8(b)), Ni (Fig. 8(c)), and Zn (Fig. 8(d)), that pro-
moted the growth of organisms under suitable temperature con-
ditions in the basin (Liu et al., 2019). After a large amount of oxygen
is consumed, an oxygen-deficient environment was formed, lead-
ing to the death of the organisms. Thus, the rich OM is effectively
preserved. High primary paleoproductivity, deep hydrothermal
activity, and volcanic eruptions created an anoxic environment
favourable for the burial and preservation of OM (Fig. 8(e)) (Liu
et al., 2018). The under-compensated environment in the centre
of the lacustrine basin promoted the enrichment of OM. All these
conditions created favourable conditions for the formation of high-
quality source rocks (Fig. 9) (Liu et al., 2022a, 2022c; Xie et al.,
2023).

In summary, volcanism, whether occurring at the margins or
d (d) TOC-Zn in Es41 and Es33 of the Shahejie Formation shale samples from Wells QD25
positive impact on the formation of OM LREEPAAS. (f) The S1þS2 and Eu* PAAS cross-plot
n.



Fig. 9. Ni/Co and V/(V þ Ni) cross-plot shows that the depositional environment is
anoxic during the Es41 and Es33 of the Jiyang Depression. When the Ni/Co < 5, it indicates
an oxic environment; when the Ni/Co > 7, it indicates an anoxic environment; and
5 < Ni/Co < 7 indicates a sub-oxygenic environment (Jones and Manning, 1994). When
the V/(V þ Ni) > 0.83, it indicates a static sea environment; between 0.57 < V/
(V þ Ni) < 0.83, it indicates an anoxic environment; between 0.46 < V/(V þ Ni) < 0.57,
it indicates a weak oxidizing environment; and V/(V þ Ni) < 0.46 indicates an oxidizing
environment (Hatch and Leventhal, 1992).
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within the confines of a basin, introduces significant quantities of
nutrient-enriched volcanic ash into the water body. This influx of
nutrients results in an enhanced proliferation of algae, indicating a
rise in paleoproductivity attributed to volcanism. Over time, this
burgeoning algal population depletes oxygen reserves. Concur-
rently, the volcanic ash, which is rich in sulphur, promotes the
development of a reducing environment within the basin (Liu et al.,
2022a, 2022b, 2022c). Such conditions are favourable for the burial
and subsequent preservation of organic matter (OM). In this study,
we indicate positive facilitation of the volcanic impact on the for-
mation and preservation of organic-rich shales in the Jiyang
Depression. However, our study only qualitatively describes the
impact of volcanic activity on the formation of organic-rich shale in
the Shahejie Formation in the Jiyang depression. Since the thick-
ness of the ash in the shale is a proxy for the eruption's strength,
future research under the conditions satisfied by core samples for
the shale oil/gas sweet spot evaluation and prediction can be
quantitative and more comparative.
5.2. Influence of volcanism on hydrocarbon generation in organic-
rich shale

The impact of volcanism on the hydrocarbon generation in-
tensity of the OM mainly depends on the heat directly brought
about by magma intrusion which promotes OM evolution. The
imported trace elements and clay minerals produced by the
devitrification of volcanic materials also act as catalysts for the
evolution of OM (Fisher and Schmincke, 1984; Huff, 2016). Here, we
propose a possible catalysis caused by volcanic activity during the
formation of organic-rich shales in the Jiyang Depression and
discuss the influence of volcanic activity on hydrocarbon genera-
tion using the Qingdong Sag as an example.
5.2.1. Catalytic effect of volcanism
Thermocatalysis. Sediment enters the early diagenesis stage

when its burial depth exceeds 1500 m (Guo et al., 2018, 2020). The
temperature experienced by the OM in the sediments rose from
60 �C to 180 �C (Bian et al., 2015;Wang et al., 2016). If the sediments
contain volcanic substances, a greater amount of radioactive ele-
ments (such as Th, Zr, Hf, and U) increase the formation tempera-
ture, as radioactive elements release heat during decay (Liang et al.,
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2021). An increase in the ground temperature facilitates the
maturation of OM. As a result, the decay heat release of radioactive
elements in volcanic substances plays an important role in pro-
moting hydrocarbon generation and the evolution of source rocks
and increasing the hydrocarbon generation intensity in organic-
rich matter (Liang et al., 2021; Liu et al., 2021). Additionally, the
shallow intrusion by magma increases the temperature of organic-
rich shale, affecting the evolution of OM. The positive correlation
between S1þS2 and Eu* PAAS indicates hydrothermal activities
might have promoted OM hydrocarbon generation (Fig. 8(f)).

Catalysis of trace elements. Large amounts of catalytic ele-
ments imported into the basin by volcanism facilitate hydrocarbon
generation from OM. The Mo and Zn significantly promoted the
degradation of organic matter (Fig. 10). Transition metals, as well as
their oxides, sulphides, and other derivatives, have significant cat-
alytic effects on hydrocarbon generation by organic compounds
(Liang et al., 2021). It has been widely used in oil refinery cracking
and chemical industry of refineries (Trowbridge et al., 2020). Vol-
canic ash formation is typically accompanied by magmatic activity
and hydrothermal eruptions. In addition, it carries large amounts of
high-temperature and high-pressure mantle hydrothermal fluids
and various metal elements such as Fe, Cu, Zn, and Ag (Duggen
et al., 2007; Liang et al., 2021; Liu et al., 2021). Volcanism also
carries typical trace catalytic elements, such as Se, Zr, Ti, V, Co, Mn,
Ni, Mo, and U, which promote the thermal evolution of hydrocar-
bon generation in source rocks (Liang et al., 2021; Liu et al., 2021).
Most transition-metal oxides exhibit catalytic activities, such as
semiconductivity, and acid�base and redox properties, under
different acid�base conditions. Studies have shown that among
transition metals, Ni has the strongest catalytic performance (Su
et al., 2015). The Ni content in the source rock is 1 � 10�6, which
indicates strong catalytic power (Su et al., 2015). Ni can adsorb
gases and OM, breaking its CeC, CeS, and CeO bonds, thereby
achieving catalysis (Su et al., 2015). Therefore, the trace elements
carried by volcanic materials have a significant catalytic
hydrocarbon-enhancing effect.

Catalysis of clay minerals. Strata affected by volcanism contain
materials that can be altered into clay through debasement (He
et al., 2001; Fang, 2016; Jin et al., 2021). The transformation of
volcanic materials into clay minerals is important for generating
OM hydrocarbons. Clay minerals (such as illite and montmoril-
lonite) produced via tuff alteration may also play an important
catalytic role in the source rocks (Hong et al., 2019a; 2019b). Clay
minerals often adsorb radioactive elements, and bombardment
with the alpha rays emitted by radioactive elements generates large
amounts of free hydrogen (Yu et al., 2014; Zeng et al., 2016; Tian
et al., 2020). The combination of free hydrogen and carbon gener-
ates hydrocarbons. Therefore, the alpha rays emitted by these
radioactive substances may supply the thermal power necessary
for converting OM into hydrocarbons.

Previous studies (Lin et al., 2003; Xu et al., 2019; Liu et al., 2022a,
2022c) have analysed the formation of organic-rich shales in the
Shahejie Formation based on the astronomical cycle, climate
change, regional tectonic thermal events in the geothermal field of
the basin, and the relationship between oil and gas accumulation
laws (Xu et al., 2019; Liu et al., 2022a, 2022c). Few studies have been
conducted on the petrography of sediments in the basin (particu-
larly tuff and its alteration products), diagenetic changes, the in-
fluence of sediments on the geothermal temperature of the basin,
and the evolution of source rocks. The alteration products of the tuff
are mainly clay minerals (the main body is an I-Mont mixed layer).
Clay minerals have significant catalytic effects on OM (Pearson
et al., 2002; Jin et al., 2021). In this study, we propose that the
clay minerals transferred by tuff reduce the maturation tempera-
ture of OM and promote hydrocarbon generation. The chemical



Fig. 10. Experimental study on the effect of trace elements on kerogen hydrocarbon generation. (a) The effect of Zn on the generation of C1-5. (b) The effect of Zn and Mo on the
generation of C6þ.
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composition and yield of kerogen pyrolysis hydrocarbons are also
affected by clay minerals. The catalysis of clay minerals not only
cracks long-chain hydrocarbons into short-chain hydrocarbons, but
also relatively decreases the content of olefins and relatively in-
creases the contents of isoparaffins, naphthenes, and aromatic hy-
drocarbons. The strengths of the catalysis, adsorption, and coking of
different clayminerals and OM differ. The most common product of
volcanic ash alteration is montmorillonite, which has the greatest
influence on the composition of kerogen pyrolysis hydrocarbons.
This indicates that tuff has a catalytic effect on organic hydrocarbon
generation. Among the four different sub-depressions in the Hui-
min Depression, strong volcanic activity and deep fluids are
detected, which carried high heat and maintained the high ground
temperature over a long period. In addition, the external hydrogen
source resulting from secondary action and volcanic ash compen-
sated for the lack of shallow burial. OM begins to generate hydro-
carbons before reaching the normal oil generation threshold.
Consequently, the overall maturity of the Huimin Depression is
relatively high.
5.2.2. A case study of the volcanic influence on hydrocarbon
generation in Qingdong Sag

Well QD25 is located in the northwestern area of the Qingdong
Sag, close to the deep faults in the basin. Based on the distribution
map of the hydrocarbon generation intensity in Es41, the S1þS2 value
of this well during this period is higher than that of adjacent areas.
The hydrocarbon generation intensity of this well is also higher
than that of the other adjoining well areas during the diagenetic
stage. During the depositional period of Es41, the Qingdong Sag is
dominated by shallow coastal and semi-deep lakes, with deep de-
pressions in the north and shallow lakes in the south (Li et al., 2009;
Jia et al., 2019). The sag mainly developed deep-to-semi-deep
lacustrine deposits that significantly controlled the development
of OM in these depressions (Ma, 2014). Although QD25 is far from
the depositional centre, Es41 of QD25 has a higher hydrocarbon
generation intensity than the surrounding area, which is likely due
to volcanism. Core observations showed 10 m of volcanic material
deposits in 1701e1710 m in the upper part of Es41. The lithologies
and particle sizes are different, and tuffaceous sandstone, siltstone,
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and shale are presumed to bewater-carrying tuffs. This implies that
volcanism is one of the reasons for the high hydrocarbon genera-
tion intensity in QD25 (Fig. 11). To discuss the influence of volca-
nism on hydrocarbon generation in organic-rich shale, three
contour maps of TOC, Ro, and S1þS2 were superimposed to explain
the phenomenon that QD25 well is located at the edge of the basin;
however, its hydrocarbon generation intensity is still high as the
result of volcanic impact. Fig. 11 shows that QD25 is located near
the first level fault, far from the sedimentary centre, with lower TOC
and Ro, but higher S1þS2, which may be caused by the baking of
adjacent strata by magma after volcanism. Areas that are far from
the centre of the basin and have lower TOC may be affected by
volcanism and have higher hydrocarbon generation intensity, such
as the QD11 and QD30 well.

The different geneses of the tuffs may be the reason for the
different intensities of OM hydrocarbon generation. The types of
volcanic ash in Es41 are airborne. Previous studies have shown that
the Ro of dark mudstone in Es41 of the Qingdong Sag is 0.32%e0.51%
(average ¼ 0.46%), which is immature to low-maturity source rock,
and the types of volcanic ash in Es33 are waterborne. The Ro of the
dark mudstone in Es33 of the Qingdong Sag had a range of 0.32%e
0.52% (average ¼ 0.44%). It is an immature�low-maturity source
rock (Liu, 2016).
6. Conclusions

There is a temporal hysteresis in the response of the volcanic
impact to the formation of organic-rich shale. Comprehensive
sedimentary and geochemical analyses showed that the nutrients
(such as Fe, Cu, and Ni) carried by volcanic ash improved primary
productivity and promoted biological blooms during the deposition
of Es41 and Es33 in the Jiyang Depression. Biological blooms then
consumed large amounts of oxygen and formed anoxic environ-
ments, which are conducive to the burial and preservation of OM in
Es41 and Es33. Therefore, a lower TOC value is observed in the tuff
intervals than in the upper shale interlayers. In addition, volcanism
promotes hydrocarbon generation of OM. The different geneses of
volcanism may be the reason for the thermocatalysis and catalysis
of trace or clay mineral intensities in OM hydrocarbon generation.



Fig. 11. Congruent figures of TOC, Ro, and S1 þ S2 values from Es41 shale samples in the Qingdong Sag (Modified from Liu, 2016). This picture is adapted from the shale thickness, TOC,
Ro, and S1 þ S2 contour map of Es41 in Qingdong Sag by Liu (2016).
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Further studies are required to quantitatively evaluate the catalytic
effects on hydrocarbon generation in organic-rich shales.

Volcanic activity is a manifestation of deep fluids, and deep
fluids are widely developed not only in the Jiyang Depression but
also in other lacustrine and marine basins. Further research is
suggested to focus on the materials and energy carried by deep
fluids, explore the enrichment mechanism of OM, the hydrocarbon
evolution of source rocks, and the conducive conditions for the
formation of reservoirs and caprocks under deep geological pro-
cesses. It is also recommended to establish the geochemical tracer
index system of formation, migration, and accumulation in deep oil
and gas under the effect of deep fluids. Further research is needed
to clarify the influence mechanism of deep fluids on the formation
and distribution of multiple types of resources in sedimentary ba-
sins, clarify the resource accumulation effect and resource potential
of materials and energy carried by them, and then reveal the con-
trolling factors of differences in different regions. Research in these
aspects not only enriches and improves the theoretical system of
formation of oil, gas and geothermal resources in basins but also
provides a scientific basis and guiding ideas for the discovery,
efficient development, and utilisation of new resources.
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Abbreviations

Es41 the upper submember of the fourth member of Shahejie
Formation

Es33 the lower submember of the third member of Shahejie
Formation

REEs rare earth elements
LREE light rare earth elements
Ro the vitrinite reflectance, which is considered an

important index reflecting the thermoevolution history
of organic materials

S1þS2 hydrocarbon-generating intensity
OM organic matter
TOC total organic carbon
XRD X-ray diffraction
XRF X-ray fluorescence
ICP-MS inductively coupled plasma mass spectrometry
PAAS Post-Archean Australian Shale
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