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Abstract

Ichnofossils are well developed in clastic rock reservoirs in marine and transitional facies, which can considerably
change the physical  properties  of  the reservoir.  However,  this  influence is  not  well  understood,  raising an
important problem in the effective development of petroleum reservoirs. This paper analyzes continental shelf
margin delta reservoirs through core observation, cast thin section observation and reservoir physical property
test.  Some important  scientific  insights  are  obtained:  (1)  The presence of  Cruziana  ichnofacies,  including
Asterosoma, Ophiomorpha, Planolites, Skolithos, Thalassinoides, and other ichnofossils can be used to identify in
subaqueous distributary channels, subaqueous levee, frontal sheet sand, abandoned river channels, crevasse
channels, main channels and channel mouth bars. Considerable differences in the types of ichnofossils and the
degree of bioturbation can be observed in the different petrofacies. (2) Ichnofossils and bioturbation play a
complex role in controlling reservoir properties. The reservoir physical properties have the characteristics of a
decrease–increase–decrease curve with increasing bioturbation degree. This complex change is controlled by the
sediment mixing and packing of bioturbation and the diagenetic environment controlled by the ichnofossils.
(3) Sea-level cycle changes affect the modification of the reservoir through sediment packing. Bioturbation
weakens the reservoir’s physical property when sea level slowly rises and improves the reservoir’s physical
property when base level slowly falls.
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1  Introduction
Ichnofossils are the records of organisms’ activities within the

environment they occupy, which include a myriad of structure
types such as tracks, trails, burrows, feeding structures, and oth-
er traces produced during their lifetime (Seilacher, 2007). The
types and assemblages of ichnofossils in different sedimentary
environments vary greatly. Ichnofacies corresponding to differ-
ent sedimentary environments can be divided into six petrofa-
cies, including Scoyenia, Skolithos, Cruziana, Glossifungites, Zo-
ophycos, and Nereites (Seilacher, 1967). This classification
scheme has been revised and improved by later researchers
(Pemberton et al., 1992; MacEachern et al., 1999). Currently,
11 ichnofacies have been identified, including three continental
ichnofacies (Scoyenia, Mermia, and Termitichnus) and eight mar-
ine ichnofacies (Trypanites, Teredolites, Glossifungites, Psilonich-
nus, Skolithos, Cruziana, Zoophycos, and Nereites). Many re-
search examples on ichnofossils and ichnofacies of deltaic envir-
onments have been provided but few studies have focused on
continental shelf margin deltas (Dasgupta et al., 2016). Quantitat-

ive studies are even more scarce.
In addition to ichnofossils’ significance as a facies indicator,

the changes of physical properties in the reservoir caused by bi-
oturbation are more attractive to petroleum geologists (Pember-
ton and Gingras, 2005; Al-Hajeri et al., 2009; Ali et al., 2010; An-
gulo and Buatois, 2012; Baniak et al., 2013; Knaust, 2017; Oliveira
de Araújo et al., 2021). Bioturbation can be one of the primary
controlling factor of reservoirs’ physical properties (Al-Hajeri et
al., 2009; Ali et al., 2010). Bioturbation is generally believed to
have a negative effect on permeability (Al-Hajeri et al., 2009; Ali
et al., 2010; Lemiski et al., 2011; Gingras et al., 2012; La Croix et
al., 2013; Dey and Sen, 2017). However, several studies suggest
that porosity and permeability of reservoirs can be either in-
creased or decreased depending on the differences among filling
materials by bioturbation or in sandy and carbonate reservoirs
(Pemberton and Gingras, 2005; Knaust, 2017; La Croix et al.,
2017; Oliveira de Araújo et al., 2021). However, the mechanism
behind bioturbation effect on reservoir properties are not fully
understood. Sediment particles are mixed through the organ-  
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isms’ behaviors, such as burrow-dwelling, foraging, and migra-
tion, which changes the original structures, textures, and com-
positions and increases heterogeneity (Pemberton and Gingras,
2005). Bioturbation disrupts the primary sediment particles dis-
tribution and causes sediment mixing. High bioturbation quant-
ities can also lead to the homogenization of bedded structure de-
posits and the intrusion of clay minerals, which reduces the per-
meability of sandy sediment (Dewhurst et al., 1998, 1999; Qi,
1998; Dornbos et al.,  2000; Pemberton et al.,  2004, 2008;
MacEachern et al., 2007; Tonkin et al., 2010; Lemiski et al., 2011;
La Croix et al., 2013; Dey and Sen, 2017; Knaust, 2017). In addi-
tion to sediment mixing, some biological activities, such as sedi-
ment cleaning can also improve the original reservoir’s physical
properties (Bentley and Nittrouer, 2003; Dey and Sen, 2017;
Quaye et al., 2019). Some studies have found that the intrusion of
coarse fragments will increase the porosity and permeability of
rocks. In sand-filled burrows or interconnected burrow systems,
porosity and permeability are increased in the vertical and hori-
zontal directions as compared to cores with no bioturbation,
which is of great significance for oil and gas reservoirs (Gingras et
al., 2007, 2012; Pemberton and Gingras, 2005; Cunningham et al.,
2009; Knaust, 2009; Tonkin et al., 2010; Baniak et al., 2015; Dey
and Sen, 2017; Hsieh et al., 2017; Quaye et al., 2019; Oliveira de
Araújo et al., 2021).

Continental shelf margin deltas are large, thick, wedge-
shaped sedimentary bodies developed near the shelf break un-
der the conditions of sufficient sediment supply from continent-
al rivers and the relative decline of sea level (Porębski and Steel,
2003; Dixon et al., 2012; Lin et al., 2018a). The shelf margin delta
is the link between shallow and deep-water sedimentary units,
and plays an important role in the study of marine sedimentary
evolution. The excellent lithologic combination of shelf margin
delta and overlying transgressive sediments result in very large
hydrocarbon accumulations. A large number of hydrocarbon re-
sources were recognized in the explorations of the Gulf of Mex-
ico, Eastern Mediterranean, East African Coast, and the South
China Sea (Lin et al., 2001, 2018b; Pang et al., 2004; Petter and
Steel, 2006; Wu et al., 2009, 2018, 2023; Perov and Bhattacharya,
2011; Liu et al., 2017; Zhang et al., 2017; Li et al., 2017, 2020).

Therefore, studying the ichnofossils of the sandy reservoir will
enable the exploration of the physicochemical mechanisms of bi-
oturbation affecting the reservoir’s properties, expanding the un-
derstanding of the heterogeneity of sandy reservoir, and provide
a theoretical basis for high precision exploration and develop-
ment of petroleum reservoirs at the continental shelf margin set-
ting, such as the lower Zhujiang Formation in Baiyun Sag in the
South China Sea.

2  Geological setting

2.1  Geological background
The Zhujiang River Mouth Basin is located in the northern

continental shelf of the South China Sea and formed during the
Cenozoic extension event of the South China Sea. It can be di-
vided into five NE-trending secondary tectonic units from north
to south: Northern Uplift Belt, Northern Depression Belt, Central
Uplift Belt, Southern Depression Belt, and Southern Uplift Belt.
The Baiyun Sag is a third-level tectonic unit located in the South-
ern Depression Belt (Fig. 1) and is one of the important areas for
deep-water petroleum exploration and development in the South
China Sea, and is characterized by a typical continental shelf
margin succession (Wu et al., 2014; Lin et al., 2018a). Zhujiang
Formation is the key strata for the transformation from shallow
sea to deep sea environment in Baiyun Sag, where a large num-

ber of continental shelf margin deltas, slope fans and basin floor
fans are developed. Previous researchers have carried out a con-
siderable number of studies on the sedimentary filling of the
Miocene Zhujiang Formation (23.8–15.5 Ma), and they have
found a large-scale shelf-margin deltas which at the lower Zhuji-
ang Formation in the northern slope of Baiyun Sag (Shi et al.,
2010; Wang et al., 2011b; Ran et al., 2015; Li et al., 2018; Yu et al.,
2019). This delta has excellent reservoir-caps resulting in the
massive accumulation of hydrocarbons (Zhang et al., 2017).
A large number of ichnofossils have been found in the sandy
reservoirs of the delta succession. Some studies have observed
and described the features of some of these ichnofossils but did
not explore their effects on petrophysical properties (Zheng et al.,
2013; Wu et al., 2014; Liu et al., 2014).

2.2  Tectonic evolution
The evolution of the Baiyun Sag can be divided into three

main periods: initial rifting before extension (Paleocene to
middle Eocene), rifting with extension (late Eocene to early Mio-
cene), and sedimentation after extension (middle Miocene to
Present) (Xie et al, 2015). At the end of the Mesozoic, the Shenhu
Movement (about 68 Ma) in the northern part of the South China
Sea formed the basement of the region and the entire Zhujiang
River Mouth Basin was under intense tension (Chen et al., 2003;
Zhao et al., 2015; Hou et al., 2020). A series of semi-graben and
graben developed in the Baiyun Sag. These structures were con-
nected, forming a complex basin with multiple depositional cen-
ters (Zhang, 2010). During the Eocene (about 54–35.4 Ma), two
stages of the Zhuqiong Movement occurred in the Zhujiang River
Mouth Basin leading to period of uniform subsidence in the
whole basin (Hou et al., 2020). The early/late Oligocene South
China Sea Movement (about 29.3 Ma) was the strongest tectonic
movement, which transformed the basin from fault depression
stage to thermal subsidence depression stage (Li, 1993; Chen et
al., 2012). Meanwhile, the Baiyun Movement (about 25.5–23.8 Ma)
at the end of Oligocene, which occurred simultaneously with the
southward migration of the spreading ridge in the South China
Sea, was accompanied by strong thermal subsidence that led to
the rapid transition of the northern continental shelf-slope break
zone of the South China Sea from the southern to the northern
side of the Baiyun Sag (Pang et al., 2007, 2008; Shao et al., 2007).
The Baiyun Movement was an adjustment event of the basin
structure. The water depth of the Baiyun Sag rose considerably
with the northward transition of the shelf-slope break belt, while
a large number of sediments from the Yanshan Fold Belt along
the South China accumulated in the Baiyun Sag to form a shelf
margin sedimentary system (Wu et al., 2010, 2014; Xu et al., 2011;
Yi et al., 2012) (Fig. 2). Since then, the basin entered a period of
relatively stability and the Baiyun Sag was covered by deep-water
deposits.

2.3  Sedimentary stratigraphy
Several studies discussed the Neogene sequence stratigraph-

ic framework and sedimentary environment evolution of the
Baiyun Sag and its surrounding region (Fig. 2). The Zhujiang
Formation on the northern slope of Baiyun Sag was divided into
four third-order sequences, namely SQ23.8, SQ21, SQ17.5, and
SQ16.5, based on five surfaces formed at 23.8 Ma, 21 Ma, 17.5 Ma,
16.5 Ma, and 15.5 Ma, respectively (Xie et al., 2009). SQ23.8 rep-
resent a continental rifting sequence, while SQ17.5 and SQ16.5
are deep sea sequences. SQ21 is the conversion sequence
between them, which indicates that the Baiyun Sag changed from
a shallow continental shelf to a semi-deep to deep-water envir-
onment (Shao et al., 2005; Pang et al., 2007; Zhu et al., 2009).
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Large-scale shelf-margin deltas were developed at the bottom of
sequence SQ21. The sedimentary characteristics and evolution of
these continental shelf margin deltas have been studied extens-
ively (Shao et al., 2005; Pang et al., 2007; Zhu et al., 2009; Wang et
al., 2011a; Xu et al., 2016; Lin et al., 2018a). At the upper contin-
ental slope break, the foreset beds, which represent the sub-
aqueous deltaic sediments, deposited clastic rocks more than
1 000 m thick in a typical progradation structure. The develop-
ment of these delta systems was controlled by factors, such as the
sediment supply of the ancient Zhujiang River, the ancient sub-
marine geomorphology, and sea level changes (Yin et al., 2011; Li
et al., 2013; Wu et al., 2014). Compared with other deltas, the con-
tinental shelf margin delta front of the SQ21 has a large prograda-
tion angle and it is highly bioturbated (Wu et al., 2014). Gravity
flow features have only been observed from seismic data and so
far, no wells have drilled into these deep-sea deposits (Lin et al.,
2018b).

2.4  Shelf-margin deltaic reservoir related research
Many oil and gas reservoir analyses on the shelf-margin delta

of sequence SQ21 have been conducted in the study area. How-
ever, these studies have been mainly focused on the sedimentary
and petrological characteristics, or on the physical properties of

the reservoir. Subaqueous distributary channels, channel mouth
bars, and sheet sands have been identified as the main reservoir
petrofacies through the use of cores, core logging, and seismic
data (Wu et al., 2010; Zhang et al., 2012; Yu et al., 2019). Some
studies have analyzed the petrology and porosity through thin
sections, scanning electron microscopy (SEM), mercury intru-
sion, and physical property analysis (Liu et al., 2017; Wang, 2016).
The reservoir is characterized by significant heterogeneity, which
is controlled by tectonics, sedimentary association, and diagen-
esis (Wan et al., 2017). Despite the numerous findings on the sed-
imentary tectonics and diagenesis of the reservoirs, the influence
of the intense bioturbation has not received sufficient attention.

3  Research method

3.1  Shelf-margin deltaic core observation and petrofacies identi-
fication
During this study, the physical properties of rock samples

were tested and statistically analyzed for one sample per 20 cm in
the core of PY-X. A total of 135 core samples (mainly sandstone
and siltstone) were taken from the lower Zhujiang Formation at
depths of 3 732.05–3 758.60 m through drilling Well PY-X on the
northern slope of Baiyun Sag. Based on previous studies, we sub-
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Fig. 1.   Study area and location map. a. Geomorphologic features of the South China Sea; b. internal tectonic units of the Zhujiang
River Mouth Basin; c. internal structure of Baiyun Depression.
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divided the six sedimentary petrofacies of the shelf-margin delta
deposit using lithology, lithological associations, sedimentary
textures, and sedimentary structures (especially ichnofossils). We
identified and classified the trace fossils in cores by using the
classic ichnofossills’ profile features (Gerard and Bromley, 2008).
Then, we measured the area of bioturbation in the photographs
of the core with an interval of 0.1 m and the percentage of the bi-
oturbation area in the total area was taken as an indicator of bi-
oturbation intensity in the interval (Droser and Bottjer, 1986).

According to the characteristics of the core, rock samples were
classified as non-bioturbated (0% of bioturbation intensity, NBT
from here onward), weakly bioturbated (1%–20%, WBT from here
onward), moderately bioturbated (21% to 60%, MBT from here
onward) and pervasively bioturbated (61% to 100%, PBT from
here onward) (Table 1, modified from Droser and Bottjer (1986)).

3.2  Analysis of the physical properties of the reservoir
The porosity and permeability of 135 rock samples in the tar-

get interval were measured by using the Core Measurement Sys-
tem-300, and the porosity data of the samples were compared
and analyzed with their depths and bioturbation intensity. Then,
53 samples were selected and thin-sectioned. The mineral com-
position and pore type of these 53 samples were identified
through petrographic and SEM observation. The grain size of
24 selected samples was also investigated. Finally the influence of
bioturbation on the sedimentological and physical properties of
the reservoir, was analyzed by comparing grain-size, pore types,
and structures of samples with bioturbation intensity.

4  Results

4.1  Petrologic characteristics
The studied samples are mainly medium- to coarse-grained

and medium- to fine-grained lithic sandstones (Fig. 3). On aver-
age they can be categorized as lithic sandstone with quartz, feld-
spar, and rock fragments, following Folk (1974)’s scheme of sand-
stone composition and genesis classification (Fig. 4). Quartz
accounts for the largest proportion of all particles, about 63.8% of
the total. Quartz overgrowths were observed (Fig. 3). Rock frag-
ments are also very common (up to 35.15%) and mainly consist
of metamorphic, claystone and protogenous fragments. The con-
tent of feldspar particles (mainly potassium feldspar) is very
small, 1.03% on average. The overall abundance of rock frag-
ments indicates a low maturity. In most samples, the sediment-
ary texture is grain-supported, displaying point-line contacts,
and contact-porous cementation (Figs 3a, e). The roundness of
many particles is subangular, and the sorting was poor to medi-
um. The kaolinite-vermiculite structure (Fig. 3e) and scaly struc-
ture (Fig. 3c) are easily observed in particles. Pores are medium
to well developed and are dominated by secondary solution
pores. The types of pores are mainly intergranular and particle
solution pores with irregular shapes. The pore connectivity is
average, mainly punctuate and sheet throats.
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Fig. 2.     Schematic summary of the depositional evolution, se-
quence stratigraphy framework, and main tectonic movements
in the Zhujiang River Mouth Basin during the Cenozoic period
(modified from Lin et al.  (2018a), SQhj3: Sequence Hangjiang
Fm. 3; SQzj4: Sequence Zhujiang Fm. 4; SQzh2: Sequence Zhuhai
Fm. 2.

Table 1.   Bioturbated classification scheme

BI
Taylor and Goldring (1993) Droser and Bottjer (1986)

This research scheme (modified from
Droser and Bottjer (1986))

Bioturbated
quantity/%

Classification
Bioturbated
quantity/%

Classification
Bioturbated
quantity/%

Classification

0 0 no-bioturbation 0 non-bioturbation 0 non-bioturbation

1 1–4 sparse bioturbation 0–10 discrete, isolated trace fossils

1–20

weakly bioturbated, massive,
parallel and tabular cross bedding
distinct boundaries and low
discrete traces density

2 5–30 low bioturbation 10–40 burrows are generally isolated,
but locally overlap

21–60 moderately bioturbated, massive
and parallel bedding with sharp
boundaries and rare discrete
traces overlap

3
 

31–60
 

moderate
bioturbation

40–60 burrows overlap and are not
always well defined

4 60–90 high bioturbation 60–100 bedding is completely disturbed,
but burrows are still discrete in
places and the fabric is not mixed

61–100 pervasively bioturbated, massive
and inverse graded structures with
indistinct to completely disturbed
bedding boundaries, high trace
density with common overlap to
repeated overprinting

5 91–99 intense bioturbation

6 100
complete bioturbation

100 bedding is nearly or
totally homogenized

      Note: BI: bioturbation index.
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4.2  Sedimentary petrofacies
The sedimentary assemblages were subdivided into different

petrofacies according to the differences in core characteristics,
such as lithology, lithological association, ichnofossil, and sedi-
mentary structure. Six sedimentary petrofacies were identified,
including subaqueous distributary channel, channel mouth bar,
subaqueous levee, frontal sheet sand, abandoned channel, and
crevasse channel (Fig. 5). Subaqueous distributary channel and
channel mouth bar have the largest thickness (4.73 m and 20.31 m),
accounting for 17.82% and 76.50% of the total thickness, respect-
ively. The trace fossils determined are ichnogenus: Ophio-
morpha, Palaeophycus, Planolites, Skolithos, and Thalassinoides.
Traces described in open nomenclature as escape trace were also
observed. This ichnofossil assemblage is typical of the Cruziana
ichnofacies (Fig. 5).

4.2.1  Subaqueous Distributary Channel (SDC)
Gray medium- and coarse-grained sandstones as well as

coarse-grained lithic sandstones with fine gravel characterize this
petrofacies (Figs 6a–d). Sedimentary structures such as massive,
parallel, normal graded bedding, tabular cross-bedding, and
small cross-bedding are common in this petrofacies. Scour sur-
faces often developed at the bottom of the SDC facies (Fig. 6a)
along with a small number of trace fossils (Figs 6a–c). The SDC
sand is often consist of a number of upward-fining single sand
bodies with thickness of 0.15–1.00 m. The SDC developed a vari-
ety of trace fossils, including Bergaueria, Conichnus, Diplo-
craterion, Ophiomorpha, Planolites, Skolithos, Thalassinoides,
and escape traces (Figs 6a–c).

4.2.2  Channel Mouth Bar (CMB)
The CMB is composed mainly of medium- to fine-grained

sandstones and some siltstones (Figs 6e–h), with inverse grading
(Fig. 5). Among the CMBs, homogeneous structures are well
developed and small cross beddings are partially visible. The ich-
nofossil structures are also well developed in CMBs. The degree
of bioturbation was moderate to strong, with Bergaueria, Diplo-
craterion, Ophiomorpha, Palaeophycus, Planolites, Rhizocoralli-
um, Teichichnus, and Thalassinoides (Figs 6e–h).

4.2.3  Abandoned Channel and Crevasse Channel (AC and CC)
The petrofacies of AC and CC are rare in the drilling cores

(Fig. 5). The rare AC develops between two sets of SDCs, with
sandy mudstone layers several centimeters thick (Fig. 6i) and
contains ichnofossil structures, such as Planolites, Thalassinoides,
and unidentified dwelling burrows filled with fine gravel and
coarse sand (Fig. 6i). CC deposits are composed mainly of ban-
ded mudstone, thin-layered siltstone, fine-grained sandstone,
coarse-grained sandstone and fine gravel interbedded with scour
surfaces (Fig. 6i). The CC was covered by the AC with escape
trace (Figs 5 and 6i).

4.2.4  Frontal Sheet Sand (FSS)
FSS occurs very infrequently in the analyzed cores (Fig. 5).

The lithology of the FSS was composed mainly of gray medium-
to fine-grained sandstone, with parallel, swash cross, and rare in-
verse graded bedding (Fig. 5). The FSS developed a small num-
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Fig. 3.   Micrograph of sandstone sample. a–d. Micrograph of the sandstone sample at depth of 3 735.03 m; a. Thin section image, the
sample is a medium-fine grained sandstone, where the rock is compact; b. SEM image, overall, the intergranular pores are 30–100 μm
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Fig. 4.   Ternary plot of sandstone type of the shelf margin delta
front studied sandstones.Q: quartz; F: feldspar; R: rock fragments.
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ber of ichnofossils, such as Ophiomorpha,  Skolithos,  and
Thalassinoides (Figs 6j, k).

4.2.5  Subaqueous Levee (SL)
SL facies occurs very infrequently in the studied cores and genera-

lly has a very thin thickness of about 30 cm (Fig. 5). The lithology
of the SL consists of sandstone, siltstone, and muddy siltstone
with massive structure. The parallel beddings between the
muddy and silty lamina layers interbedded were partially visible
(Fig. 6l). The degree of bioturbation was moderate to strong, with
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Fig. 5.   Sedimentation and bioturbation profile of Well PY-X. CMB: Channel Mouth Bar; SDC: Subaqueous Distributary Channel; CC:
Crevasse Channel; AC: Abandoned Channel; FSS: Frontal Sheet Sand; SL: Subaqueous Levee; GR: gamma ray log.
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Ophiomorpha, Planolites, Thalassinoides, and escape traces
(Fig. 6l).

4.3  Bioturbation intensity in sedimentary cycles
Water depth, sedimentation rate, salinity, turbidity, oxygena-

tion, matrix consistency, hydrodynamic energy, and event depos-
ition, control the bioturbation, activity range, and behaviors
(Frey et al., 1990; Taylor et al., 2003; Gingras et al., 2011). The
shelf-margin delta front is characterized by high sedimentation
rate, high slope, overall shallow water, and strong hydrodynamic
energy (Porębski and Steel, 2003). The constant change in such a
sedimentary environment formed nine regressive sedimentary
cycles, which combined with a higher level transgressive cycle by
identification according to petrological characteristics and sedi-
mentary petrofacies (Fig. 5). Each sedimentary cycle is com-
posed of one or more petrofacies, and the trace fossil associ-
ations in different cycles are quite different. We found that vari-
ous bioturbation intensity within the cores ranges between 0%
and 100% (Fig. 5). In SDC petrofacies, biotrubated levels ranges
from NBT to WBT, and few small parts of MBT, with bioturbation
intensity of 0%–35%. On the contrary, the bioturbated level of the
CMB petrofacies was mostly PBT and few MBT, with bioturba-

tion intensity range of 50%–100%. The bioturbated level of SL pet-
rofacies was mostly MBT with bioturbation intensity range of
45%–55%. The bioturbation level of AC, CC, and FSS petrofacies
are all WBT with a bioturbation intensity less than 10%. Combin-
ing the composition of the petrofacies in the nine secondary
cycles, we established the petrofacies model of shelf-margin delta
front with the distribution of ichnofossils (Fig. 7). The model con-
tains two medium-severe bioturbation layers that correspond to
the CMB and SL. These sedimentary grains are fine sandstone
and medium sandstone, indicating that the environments were
moderately hydrodynamic (Li et al., 2008). Fewer ichnofossils
and weak bioturbation were found in the lower part of the SDC,
FSS, AC, and CC. The SDC with medium-coarse sandstone was
formed in high-energy hydrodynamics environments (Li et al.,
2008, 2016). The FSS, AC, and CC, in which bioturbation is relat-
ively scarce, formed in low-energy settings accordingly, and the
bioturbation distributes horizontally along with the bedding.

4.4  Reservoir physical characteristics
A comparative analysis of porosity and permeability in core

physical properties shows that porosity and permeability have
similar trends with depth and exhibit a logarithmic relationship
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with prominent correlation (Figs 8a, b). It can be seen from all
sample statistics (Fig. 8a) that bioturbation deteriorates the
porosity and permeability in the physical properties of the reser-
voir. This result is very obvious in the severe bioturbation inter-
val (Fig. 8c). Correspondingly, in the weak bioturbation and me-
dium bioturbation interval, there is no obvious pattern (Fig. 8c).

The bioturbation and physical properties in sandstones com-
posed of different particle sizes were analyzed and the relation-
ships between the bioturbation quantity and porosity are as fol-
lows (Fig. 9a). In fine-grained sandstone, porosity goes through a
process of decrease–increase–decrease with the increase of bi-
oturbation, which corresponds to weak (Fig. 9b), medium, and
severe bioturbation. In medium-grained sandstone, the vari-
ation of porosity is similar to that in fine sandstone despite the
absence of medium bioturbation samples (Fig. 9c). In coarse-
grained sandstone, only non-bioturbation and weak bioturba-
tion were found and the overall effect on porosity was not obvi-
ous (Fig. 9d).

Particle sorting can change remarkably with sediment mixing
and sediment packing produced through biological activities
(Dey and Sen, 2017). The 53 rock samples observed through the
cast thin sections were mostly medium- to coarse-grained sand
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and a small amount of fine-grained sand in Well PY-X. In fine-
grained sandstone, the particle size-frequency distributions in
NBT, WBT (Fig. 10a), and MBT (Fig. 10b) all display an unimodal
distribution with a main peak at about 2.125. PBT samples,
display a bimodal distribution with two peaks at 1.875 and

3.125 (Fig. 10c), respectively. PBT brought abundant
amounts of very fine-grained particles, which greatly changed
particle size composition. In the medium- to fine-grained sand-
stone, the particle size frequency distribution of NBT, WBT (Fig.
10c), and MBT samples (Fig. 10e) also present an unimodal dis-
tribution with a peak at 1.875. In PBT samples (Fig. 10f), the
frequency distribution of the particle size is bimodal, with peaks
at 1.875 and 3.125. These findings show that a PBT bi-
oturbation brought a large amount of fine-grained particles and
matrix, which greatly changed the particle size composition ratio
of medium and fine-grained sandstone. No severe bioturbation
features were found in coarse-grained sandstones. The particle
size and frequency distributions of NBT, WBT (Fig. 10g), and
MBT (Fig. 10h) are all bimodal, with peak values of 0.625 and

1.875, respectively.
Then we further analyzed the relationship between bioturba-

tion intensity and reservoir physical characteristics.
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Fig. 6.   Sedimentary characteristics of petrofacies. a–d. Sedimentary characteristics of subaqueous distributary channel. a. 3 735.33–
3 735.50 m, fine-, medium-, to coarse-grained sandstone with tabular cross-bedding in the upper part. Conichnus (Co), Ophiomorpha
(Op), and escape trace (e.t.) are contained near the scour surface. b. 3 742.83–3 743.00 m, medium- to coarse-grained massive
sandstone with Thalassinoides  (Th).  c.  3 746.00–3 746.16 m, medium- to coarse-grained sandstone with massive bedding with
Diplocraterion (Di), Ophiomorpha (Op), Skolithos (Sk), and Thalassinoides (Th). d. 3 750.31–3 750.45 m, fine-, medium- to coarse-
grained sandstone, with parallel bedding in the upper part and small cross-bedding in the lower part. e–h. Sedimentary characteristics
of the channel mouth bar. e. 3 732.86–3 733.04 m, fine- to medium-grained sandstone with fine gravel with Ophiomorpha  (Op),
Palaeophycus (Pa), andThalassinoides (Th). f. 3 745.54–3 745.68 m, fine-grained sandstone at the bottom, muddy stripe thereon, and
scour surface at the top. g. 3 746.81–3 746.93 m, fine- to medium-grained sandstone with Ophiomorpha (Op), Palaeophycus (Pa),
Rhizocorallium (Rh), and Skolithos (Sk). h. 3 746.99–3 747.20 m, fine-grained sandstone with Skolithos (Sk) and Thalassinoides (Th)
and  inverse  graded  bedding.  i .  Sedimentary  characteristics  of  the  abandoned  channel  and  crevasse  channel,
3 737.39–3 737.63 m; the bottom is gray coarse-grained sandstone with fine gravel of the crevasse channel, with discontinuous muddy
lamination and escape trace (e.t.). Above it is the development of dark gray mudstone with Planolites (Pl) and unidentified dwelling
burrows (dw) filled with medium- to coarse-grained sand. The top is a thin layer of silty sandstone in the abandoned channel with
ripple cross lamination and Thalassinoides (Th) filled with medium-grained sand. j. Sedimentary characteristics of the frontal sheet
sand, 3 739.30–3 739.45 m, fine- to medium-grained sandstone with inverse graded bedding and Ophiomorpha (Op). k. Frontal sheet
sand, 3 739.56–3 739.68 m, contained Ophiomorpha (Op) and Thalassinoides (Th). l. Sedimentary characteristics of the subaqueous
levee,  3  753.51–3  753.67  m,  the  lower  is  siltstone  and  fine-grained  sandstone  with  muddy  laminae  and  Ophiomorpha  (Op),
Thalassinoides (Th), escape trace (e.t.), the upper is fine- to medium-grained sandstone.
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4.4.1  Non-bioturbated (NBT) to weakly bioturbated (WBT)
In NBT or WBT samples (Fig. 11), the particles display aver-

age sorting, and most of the them are in point-line contact. The
pores are generally well developed with good connectivity.
Although quartz overgrowths are obvious, the residual primary
pores retain a certain amount of space, that play an important
role in total porosity. The secondary pores are more developed
and the space of moldic porosity is larger. In general, secondary
pores, including secondary intergranular and intragranular
pores, occupy more space than primary pores (Fig. 11).

4.4.2  Moderately bioturbated (MBT)
In samples with MBT (Fig. 12), particles have poor to moder-

ate sorting and are in point-line contact. The pores are well de-
veloped with good connectivity. Primary pores are still preserved
in small quantities but secondary pores including mold, second-
ary intergranular, and secondary intragranular pores (Figs 12a,
b), dominate in porosity. In some fine-grained sandstone
samples, particles display concavo-convex contact. Microcracks
are occasionally observed and the size of the particles on the two
sides of the fracture is completely different (Fig. 12c). On the
whole, primary pores are severely damaged, but secondary pores
are very well developed.

4.4.3  Pervasively bioturbated (PBT)
In PBT samples (Fig. 13), particles are poorly sorted and
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Fig. 7.   Model of shelf margin delta front subfacies.
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Fig. 8.   Diagram of core porosity, permeability, and bioturbation quantity in Well PY-X; a. Porosity and permeability crossplot; b.
curves of porosity and permeability with depth; c. curves of porosity and bioturbation quantity with depth.
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Fig. 9.   Relationship between bioturbation quantity and porosity. a. Relationship between bioturbation quantity and porosity in Well
PY-X;  b.  relationship between bioturbation quantity  and porosity  of  fine-grained sandstone samples;  c.  relationship between
bioturbation quantity and porosity of medium-grained sandstone samples; d. relationship between bioturbation quantity and porosity
of coarse-grained sandstone samples.
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Fig. 10.   Particle size distribution of samples in Well PY-X. Non-bioturbated (NBT) or weakly bioturbated (WBT) samples (a, d, g);
moderately bioturbated (MBT) samples (b, e, h); prevasively bioturbated (PBT) samples (c, f).
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either display point-line contacts or concavo-convex contacts.
The pores have poor or no connectivity. Secondary intergranular
and intragranular dissolved pores are the main pore type, and
the primary intergranular pores are rarely developed or even
underdeveloped. These findings may be due to the sediment
mixing of bioturbation, which brought in a large amount of
finer-grained sediments, making the rocks compact and the
intergranular pores smaller, leading to a decrease in primary
porosity.

5  Discussion

5.1  Modification of sediments through bioturbation

5.1.1  Sediment mixing and sediment packing
The bimodal distributions of coarse-grained sandstones rep-

resent the difference in particle transporting mode, such as
coarse-grained rolling and medium-grained jumping transport
methods in the channel (Figs 10c, f). With the increase of bi-
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Fig. 11.   Thin-sectioned characteristics of sandstone samples with NBT or WBT. a. 3 736.03 m, medium- to fine-grained sandstone,
medium sorting degree, point-line contact, contact-porous cementation type. Particles are mainly fine-grained sands, and some are
medium- and very fine-grained sands. The pores are moderately developed and are distributed uniformly. The secondary is the main
type, including secondary inter-granular pores (sep), secondary intra-granular pores (sap), and mold pores. The pore shape is
irregular and the size is generally between 0.10 mm and 0.25 mm. The shape of the primary intergranular pores is mainly triangular
and irregular, and the size is generally between 0.05 mm and 0.15 mm. Kaolinite (k) and quartz overgrow (qo) can be observed.
b. 3 750.78 m, medium- to fine-grained sandstone, medium sorting degree, point-line contact, contact-porous cementation type.
Particles are mainly medium-grained sand, some are coarse-grained sand and a small amount of fine-grained sand. The pores are
mainly secondary pores with the inhomogeneous distribution. Their types are mainly secondary intergranular (sep) and granular
dissolving pores with irregular shapes that have a general size of 0.15 mm and 0.40 mm. Primary intergranular pores (pep) are scarce.
Kaolinite (k) and quartz overgrow (qo) can be observed. c. 3 756.28 m, medium- to coarse-grained sandstone, medium to a poor
sorting degree, point-line contact, contact-porous cementation type. Particles are mainly medium- and coarse-grained sand. The
pores are generally well developed. The pores are mainly secondary pores, including mold pores and secondary intergranular pores
(sep). The pore shape is mainly irregular, and the size is generally between 0.15–0.60 mm. The shape of the primary intergranular
pores (pep) is mainly triangular and irregular, and the size is generally 0.10–0.20 mm. Kaolinite (k) and quartz overgrow (qo) can be
observed.
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oturbation, the grain size distribution changes from unimodal
(Figs 10a, b) to become coaser (Figs 10d, e) and then to bimodal
(Figs 10g, h) in fine- and medium-grained to fine-grained sand-
stone. In PBT samples of fine- and medium-grained to fine-
grained sandstone, the distinct bimodal distribution was caused
by abundant foreign particles with different particle sizes, which
were carried by the trace maker. In bioturbated samples, sedi-
ment mixing and sediment packing changed the original par-
ticles composition and physical properties of sedimentary rocks.
The former implies a change in the previous arrangement of
particles within the sediment, while the latter focuses on the

trace maker filling the burrow with foreign particles.

5.1.2  Sediment packing and sea level change
Because of the many possible combinations of bioturbation

intensity and sedimentary mixing due to trace-maker activity,
whether the sediment becomes coarser or finer due to bioturba-
tion is complex. Improvement of sandy reservoir physical proper-
ties occurs where burrow fills are more coarse-grained than the
host rock (Pemberton and Gingras, 2005; Lemiski et al., 2011;
Friesen et al., 2017). Horizontal biological activities and internal
sediment mixing do not cause drastic changes in particle size,
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Fig. 12.   Thin-sectioned characteristics of sandstone samples with MBT. a. 3 735.53 m, medium- to coarse-grained sandstone, poor to
medium sorting degree, point-line contact, and contact-pore cementation type. The amount of medium-grained sand particles is
slightly higher than that of coarse-grained sand particles and small amounts of fine-grained sand particles also occur. The pores are
moderately developed and uniformly distributed. The secondary pores, including mold pores (mp) and secondary intergranular pores
(sep), represents the most common kind of pore. The shape of the secondary intergranular pores is irregular and their size is generally
between 0.10–0.25 mm. Kaolinite (k) and quartz overgrow (qo) can be observed. b. 3 743.78 m, medium- to coarse-grained sandstone,
poor to medium sorting degree, point-line contact, porous cementation type. The amount of medium-grained sands particles is
slightly higher than that of coarse-grained sand particles, and a small amount of fine-grained sand praticles can also be observed. The
pores, mainly secondary pores, are poorly developed and uniformly distributed, such as secondary intergranular pores (sep). The
shape is irregular, and the size is generally between 0.10–0.30 mm. The primary pores are mainly intergranular pores with poor
connectivity. Kaolinite (k) can be observed. c. 3 746.80 m, medium- to fine-grained sandstone, poor to medium sorting degree,
concavo-convex contact, and porous cementation type. The amount of fine-grained sand particles is slightly higher than that of
medium-grained sand particles, and a small amount of coarse-grained sand particles can also be observed. Microcracks (mc) can
occasionally be observed with widths of 0.03–0.05 mm.
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while vertical biological bioturbation can greatly change the
particle composition in host sediments. Changes in the sedi-
mentary environment, such as regression-transgression, hydro-
dynamic conditions, and sediment supply can result in large ver-
tical variations of grain-size (Catuneanu et al., 2011). In our
study, the relative sea-level changes control the sediment particle
size change under the influence of bioturbation. When the relat-
ive sea level falls, overlying sediment particles are relatively
coarse, and the vertical burrows bring coarser sediments into
host sediments, thereby increasing the mixing sediment particle
size (Figs 14a, b, g). On the contrary, when the relative sea level
rises, the overlying sediment particles are finer and vertical bur-
rows bring fine-grained sediments into the host rock, resulting in
a decrease in the mixing sediment particle size (Figs 14c, f).
These changes are all slow rises and falls of the relative sea level,
but a too abrupt environmental change may also cause a change

in the behavior of trace makers, such as a shift from vertical to
horizontal activity (Figs 14d, e), which would do little to alter the
particle size distribution (Gingras et al., 2012).

5.2  Effects of bioturbation on reservior quality
The effects of bioturbation on reservoir physical properties

are not unidirectional and simple. Some strata show that pervas-
ive ichnofossils penetrating the rock matrix, result in remarkably
improved porosity and permeability (Gingras et al., 2012; Oli-
veira de Araújo et al., 2021), although numerous studies have
shown that bioturbation has a negative effect on porosity and
permeability (Al-Hajeri et al., 2009; Ali et al., 2010; Lemiski et al.,
2011; Gingras et al., 2012; La Croix et al., 2013; Dey and Sen,
2017). The physical properties we investigated belong to the main
reservoir petrofacies, such as SDC and CMB, which represent dif-
ferent deposition during a relative sea level falling (Fig. 9a).
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Fig. 13.   Thin-sectioned characteristics of sand samples with severe bioturbation from various ichnogenus. a. 3 732.07 m, medium- to
fine-grained sandstone, poor to medium sorting degree, point-line contact, and porous cementation type. Fragment particles are
mainly  silty  and  fine-grained  sands,  with  fewer  medium-grained  particles.  The  pores  are  poorly  developed,  distributed  in
homogeneously, and are mainly secondary dissolved pores with poor connectivity. Quartz overgrow (qo) can be observed. b. 3 732.53 m,
medium- to fine-grained sandstone, poor sorting degree, point-line contact, and porous cementation type. Particles are contained in
all grades, including fine-, medium-, and coarse-grained. Pores are poorly developed and granular and intergranular dissolved pores
can occasionally be observed with poor connectivity. Kaolinite (k) and quartz overgrow (qo) can be observed. c. 3 747.66 m, fine-
grained sandstone, medium to a good sorting degree, point-line contact, porous cementation type. Particles are mainly fine-grained
with a small amount of medium-grained sands. The pores are poorly developed. Zircon (Zr) can occasionally be observed.
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Understanding the mechanism of bioturbation, the reservoir
physical properties focused mainly on sediment mixing, sedi-
ment packing, and sediment cleaning of bioturbation (Pember-
ton and Gingras, 2005; Ali et al., 2010; Tonkin et al., 2010; Gingras
et al., 2012; Qi et al., 2012; Baniak et al., 2013; Dey and Sen, 2017;
Quaye et al., 2019; Oliveira de Araújo et al., 2021), which were
more likely to affect the primary physical properties. Sediment
mixing varies greatly with different biological activities, includ-
ing vertical and horizontal bioturbation (Fig. 9). Horizontal bi-
oturbation tends to weaken particle sorting and breaks sand lam-
inae, leading to the redistribution of fine clay particles and a de-
cline in the overall porosity and permeability of sediments (Gin-
gras et al., 2012; Dey and Sen, 2017). The effects of vertical bi-
oturbation on reservoir physical properties are very complicated
and depend on the vertical variation of sediment particle size be-
coming coarser or finer due to bioturbation (Gingras et al., 2012;
Dey and Sen, 2017). When the overlying sediment particles are
coarser than the host reservoir, the coarser foreign particles im-
prove the physical properties of the host reservoir. In contrast,
finer foreign particles resulted in the worsening of the final phys-
ical properties (Baniak et al., 2015; Dey and Sen, 2017). The dif-
ferences between foreign and host particles are determined by
slow changes in the relative sea level and hydrodynamic intens-
ity (Buatois and Mángano, 2011; Rodríguez et al., 2018). There-
fore, the sediment mixing of horizontal bioturbation causes the
primary physical properties of the reservoir to worsen, while the
influence of sediment mixing of vertical bioturbation on the
transformation of the primary physical property is related to
environmental change. In the rock record, the preserved pat-
terns of permeability and porosity are strongly influenced by the
characteristics of the burrow filling sediment, the property of
burrow backfilling, compaction, and cementation (Dirk and
Richard, 2012). Concerning secondary dissolution pores, sediment
mixing may change the primary porosity and permeability of the

reservoir, thus influencing diagenetic processes and the genera-
tion of secondary porosity (Baniak et al., 2013; Knaust, 2017).

6  Conclusions
The sandstones of the shelf-margin delta of the lower Zhuji-

ang Formation are mainly moderately immature medium-fine to
coarse-grained lithic sandstones. The core of Well PY-X can be
divided into six sedimentary petrofacies: subaqueous distribu-
tary channels, channel mouth bars, subaqueous levee, frontal
sheet sands, abandoned river channels, and crevasse channels.
The trace fossil diversity and abundance are low in the middle
part of the subaqueous distributary channel, frontal sheet chan-
nel sand, and abandoned river channels, but high at the top and
bottom of the channels and other petrofacies.

The studied deposits represent a large transgressive cycle
composed of nine secondary regressive cycles. A complete delta
front cycle is interpreted. Many types of trace fossils can be found
in the upper part of the channel mouth bar and subaqueous dis-
tributary channel. The bioturbation in channel mouth bar and
the subaqueous levee has a greater intensity and abundance.

The rock samples were divided into three types: weak, moderate,
and severe bioturbation. As the degree of bioturbation increases,
the porosity and permeability in the reservoir physical properties
have change features of decrease–increase–decrease, which is a
comprehensive manifestation of bioturbation activity, such as
sediment mixing, sediment packing, and sediment cleaning.

The study show that sea-level changes control the influence
of bioturbation on petrophysical properties. When the sea level
slow rises, bioturbation reduces the physical properties of the
reservoir and it improves them when the base level slowly
decreases.
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