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Abstract

Bioturbation plays a critical role in sediment mixing and biogeochemical cycling between sediment and seawater.
An abundance of bioturbation structures, dominated by Thalassinoides, occurs in carbonate rocks of the Cambrian
Series 2 Zhushadong Formation in the Dengfeng area of western Henan Province, North China. Determination of
elemental geochemistry can help to establish the influence of burrowing activities on sediment biogeochemical
cycling, especially on changes in oxygen concentration and nutrient regeneration. Results show that there is a
dramatic difference in the bioturbation intensity between the bioturbated limestone and laminated dolostone of
the Zhushadong Formation in terms of productivity proxies (Baex, Cu, Ni, Sr/Ca) and redox proxies (V/Cr, V/Sc, Ni/
Co). These changes may be related to the presence of Thalassinoides bioturbators, which alter the particle size and
permeability of sediments, while also increase the oxygen concentration and capacity for nutrient regeneration.
Comparison with modern studies shows that the sediment mixing and reworking induced by Thalassinoides
bioturbators significantly changed the primary physical and chemical characteristics of the Cambrian sediment,
triggering the substrate revolution and promoting biogeochemical cycling between sediment and seawater.

Keywords: Thalassinoides, Sediment mixing, Oxygen concentration, Nutrient regeneration, Trace element proxy,
Early Cambrian, North China Platform

1 Introduction
Bioturbation is a biological process that results in the
disruption of primary physical sedimentary structures, in
particular, stratification (Qi 1999; Seilacher 1999). The
sediment mixing by burrowing animals can significantly
alter the physicochemical properties of sediments and
biogeochemical cycling between sediment and seawater
(Canfield and Farquhar 2009; Boyle et al. 2014, 2018;
Tarhan 2018). Mixing of Cambrian sediments by bio-
turbation substrate evolution is one of the most pro-
found environmental changes caused by organisms in
life history. Burrowing animals explored microbial mat

substrate for the first time during the Ediacaran (Dorn-
bos et al. 2005; Chen et al. 2013; Buatois et al. 2014), but
only penetrated the uppermost few centimeters of the
sediment and caused little disturbance to the primary
sedimentary fabric. Trace fossils in the Fortunian, earliest
Cambrian, indicate that these organisms exhibited
complex and widely variable behavioral patterns. The
well-developed suspension-feeding infaunal communities
colonized the deep infaunal ecospace in mobile sandy
substrates of high- to moderate-energy coastal settings, in-
dicating that they were able to expand their spatial range
within the ecosystem for the Cambrian Series 2 (Mángano
and Buatois 2004, 2014). Capture of organic particles by
suspension feeders allowed enrichment of organic matter
by biodeposition, promoting diversification of deposit-
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feeding strategies during Cambrian Epoch 3 (Mángano
and Buatois 2014). The occurrence of high-density and
deep-tier Thalassinoides mazes penetrating several storm
layers in the Cambrian Stage 4 of China is evidence that
the increasing sediment reworking ability of bioturbators
not only significantly modified the primary sedimentary
fabric, but also efficiently created new ecological space (Qi
et al. 2014; Zhang et al. 2017).
The activities of deep-tier bioturbators, e.g. Thalassi-

noides, can not only transport solutes within burrows to
the surface (Zhang et al. 2017), but also increase the
water content in sediments by extending the sediment-
water interface area, and resulting in physical redistribu-
tion of nutrients (Aller 1994; Michaud et al. 2005, 2006).
Burrowing animals foraging in the sediment increase
sediment permeability (Lohrer et al. 2004) and improve
sediment carbon cycling (Boyle et al. 2014, 2018), while
also improve oxygen levels and increase sulfur cycling in
the sediment (Canfield and Farquhar 2009). The bio-
turbation of sediments by benthic macrofauna imposes
major changes on important sediment biogeochemical
processes, such as fluid exchange between the water col-
umn and sediment, sediment redox properties and nutri-
ent cycling (Mángano and Buatois 2014; Zhang et al.
2017). Bioturbation activities influence sediment stabil-
ity, grain size and grain distribution, and also modify the
benthic microenvironment and the utilization of re-
sources, consequently changing the suitable living space
and colonizing conditions (Mángano and Buatois 2014).
Therefore, burrowing animals significantly modify the
primary sedimentary fabric, efficiently contribute to
nutrient cycling and serve as ecosystem engineers
(Mángano and Buatois 2014).
Current ichnologic and sedimentologic evidence from

North China shows that intense bioturbation, dominated
by ichnogenus Thalassinoides, is well preserved in
nearshore carbonate rocks formed during the Early
Cambrian period, providing evidence of significant sedi-
ment mixing. The comparison of burrows with modern
architectures allows evaluation of the role of these deep
bioturbators in sediment mixing, geochemical cycling
and ecosystem engineering. This paper concentrates on
bioturbation by Thalassinoides, which is commonly
found in shallow marine carbonates of the Lower
Cambrian Zhushadong Formation in North China, with
the aim to establish how burrows influenced the sedi-
ment and carbonate ecosystem.

2 Geological environments
The North China Platform was formed during the
Cambrian period and located near the palaeo-equator,
comprising a stable epeiric sea surrounded by abyssal
troughs of the northern Palaeo-Asian Ocean, the south-
ern Palaeo-Qinling Ocean, and the western Palaeo-

Qilian Ocean (Yang et al. 2002). Deposition of the plat-
form began during the Cambrian Epoch 2, in the after-
math of widespread transgression (Zhang et al. 2015).
Cambrian Series 2 strata (see Figs. 1c, 2) consist of epei-
ric siliciclastic sediments and muddy limestones (Xinji
Formation), carbonates (Zhushadong Formation), and
intertidal to supratidal mudstones and siltstones (Man-
tou Formation, Member I). The Cambrian Miaolingian
started with intertidal mixed siliciclastic-carbonate sedi-
ments of the Mantou Formation, Members II–III, evolv-
ing to form micritic limestone, microbialite and oolitic
limestone on the carbonate platform during the depos-
ition of Zhangxia Formation and Gushan Formation.
The Chaomidian Formation and Sanshanzi Formation of
the Cambrian Furongian are dominated by intertidal to
subtidal dolostone interbedded with micritic limestone
(Pei et al. 2008).
The Guankou section is located northeast of Dengfeng

City, Henan Province, in the southern part of the North
China Platform (Fig. 1). The Zhushadong Formation over-
lies muddy limestones of the Xinji Formation and under-
lies mudstones of the Mantou Formation (Fig. 2). The
Zhushadong Formation is well exposed in the Dengfeng
area and can be subdivided into three lithostratigraphic
units (Member I–Member III) in an ascending order
(Figs. 2, 3a). Member I is 6.9 m thick consisting of gray
laminated dolostone which essentially exhibits no biogenic
disturbance and preserves the primary fabric of the sedi-
ment (Figs. 2, 3b). Stromatolites, horizontal bedding, par-
allel lamination and convolute lamination are common in
Member I, and chert is also present locally (Figs. 2, 3c).
These characteristics suggest that Member I was formed
in an onshore tidal flat environment. Member II is 13.75
m thick in the Guankou section and is composed domin-
antly of gray/black bioturbated limestone, referred to as
leopard limestone. The bioturbation is characteristic of a
monospecific Thalassinoides, with burrow fillings being
gray/black in color, surrounded by a light gray matrix and
clear boundaries on the bedding surface (Figs. 2, 3d).
Moreover, up-section Thalassinoides evolved from pri-
marily horizontal network to boxwork systems. This
phenomenon reveals a decrease in water energy. In
addition, the burrow systems also became more complex
up-section and the bioturbation index increased, suggest-
ing that Member II formed in a shallow subtidal ramp
environment. Member III extends 4m and consists of
gray–dark gray laminated dolostone. It exhibits similar
characteristics to Member I, suggesting that Member III
formed in an onshore tidal flat environment (Figs. 2, 3e).

3 Methods
The bioturbation index (BI) represents the clarity of pri-
mary sedimentary fabric and was used to assess the de-
gree of bioturbation. The classification scheme proposed
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by Taylor and Goldring (1993) refers to the percentage
of disturbed sediment in a sediment unit, due to bio-
logical activities. This scheme utilizes seven grades, ran-
ging from 0 (no bioturbation) to 6 (complete
disturbance of the sediment) (Table 1).

All 22 samples for major and trace element analyses
were collected at approximately 0.5–2 m intervals and
collected from fresh, relatively unweathered, fine-grained
carbonate rocks in the Guankou section, with sample
weight varying between 10 g and 30 g. Carbonate

Fig. 1 Maps indicating the location and geology of the study area. a Geographic location of Henan Province in North China (the inset map of
China is referring the standard map available on the official website of Ministry of Natural Resources of China: http://bzdt.ch.mnr.gov.cn/). Note
that the gray shadow stands for the boundary of the North China Platform; b Geographic location of the studied Dengfeng area in Henan
Province; c Geological map of the Dengfeng area. Note that the bold red dashed line shows the Guankou section
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concretions, thin irregular beds and lenses within shale-
dominated sediments were avoided during sampling.
The sampling range started from the top of the Xinji
Formation, and ended in the bottom of the Mantou For-
mation, ensuring that the deposition of the Zhushadong
Formation was completely spanned. Major and trace
element analyses were carried out using an Agilent
7700e ICP-MS, by the ALS Laboratory Group, Mineral
Division (Guangzhou). Analytical precision for trace
element concentrations was greater than 95% and detec-
tion limits were less than or equal to 2 ppm in most
cases, while the detection limits for Ba, Cr, Rb, Sr, and V
were 5 ppm.

4 Results
4.1 Thalassinoides analysis
In the study area, the lower Zhushadong Formation
(Member I; Figs. 2, 3) essentially exhibits no biogenic
disturbance and preserves the primary sediment fabric,
being characterized by algal and parallel lamination (Qi
et al. 2014; Zhang et al. 2017). However, intense bioturb-
ation characterized by Thalassinoides occurs in the mid-
dle Zhushadong Formation (Member II; Figs. 2, 3). All

Thalassinoides are preserved in full relief in limestone of
the middle Zhushadong Formation, where the bound-
aries between the burrows and the host rock are
clearly visible. The bioturbation structures are black
and/or dark-gray and protrude above the bedding
planes, while the host rock is gray/light-gray (Fig. 4).
Thalassinoides typically forms boxwork systems and
networks and has visible short vertical shafts on
bedding surfaces, with specimens being smooth, lack-
ing wall reinforcements and mainly consisting of
horizontal-branched burrows (Fig. 4). The diameter of
Thalassinoides varies little, commonly being in the
range of 3–10 mm, with some reaching 15 mm. The
diameter of branches is slightly smaller than the main
branch, while the penetration of individual burrow
shafts can reach an average of 37 mm. This is similar
to the excavation depth of burrowing organisms in
other Cambrian strata (Tarhan 2018), except for the
Guankou section, where the maximum bioturbated
zone is amalgamated to form a thickness of up to
170 cm, suggesting that the influence of bioturbation
on sediment oxygen and nutrient levels in this section
is great (Zhang et al. 2017).

Fig. 2 Lithostratigraphic column and sedimentological features of the Lower Cambrian Zhushadong Formation in the Guankou section. BI =
Bioturbation index (0–6)
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Fig. 3 Outcrop photographs of the Zhushadong Formation. a Overview of the Zhushadong Formation succession in the Guankou section in
Dengfeng area; the yellow dashed lines show the contacts between laminated dolostones (Member I and Member III respectively) and
bioturbated limestone (Member II); b The lower laminated dolostone (Member I) preserves primary fabric, characteristic of algal and parallel
lamination; c Stromatolites developed locally in the lower laminated dolostone (Member I); d Burrow filling of Thalassinoides in Member II is gray
to black; matrix is light gray; e Chert (indicated by the arrow) is developed locally in the upper laminated dolostone (Member III)

Table 1 Classification scheme of the bioturbation index (BI) (modified from Taylor and Goldring 1993)

BI Percentage of the disturbed sediment (%) Description

0 0 No bioturbation

1 1–5 Sparse bioturbation, few biogenic structures visible

2 6–30 Low bioturbation, well-preserved sedimentary fabric

3 31–60 Moderate bioturbation, well-preserved sedimentary fabric

4 61–90 Intense bioturbation, high trace fossil density, with overlap of trace fossils

5 91–99 Intense bioturbation, completely disturbed sediment

6 100 Complete bioturbation, with sediment fully reworked
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Application of Image J2x Analysis Software in measur-
ing the spacing between Thalassinoides burrows was
conducted with bed-by-bed measurements of the per-
centage of Thalassinoides bioturbation. Results show
that the Thalassinoides burrow interspace is commonly
within 5 mm. The percentage of disturbed sediment was
assessed and the bioturbation index (BI) was found to be
in the range of 2–5. The BI value of 2 indicates a low
level of bioturbation, with burrow diameters within 3–4
mm; this bioturbation degree (BI = 2) means that
bioturbation structures would exhibit in the form of
continuous bands parallel to bedding, with 10%–20%
percentage of the disturbed sediment. The BI value of 3
refers to moderate bioturbation in which the case bur-
row diameter is 4–6 mm, with bioturbation structures in
the form of continuous strips parallel to bedding, and
bioturbated beds linked by occasional vertical shafts (Fig.
4). In these cases, most of the burrows are single tun-
nels, with a few Y-shaped branchings on the bedding
surfaces (Fig. 4). These structures contain no swellings

at junctions and little overlap with each other. The
corresponding percentage of the disturbed sediment
accounts for 31%–55%. The BI value of 4 is character-
ized by intense bioturbation with burrow diameters of
5–12 mm. Bioturbation structures form indeterminate
directional Y- or T-shaped branchings on bedding sur-
faces, with branchings being slightly swollen (Fig. 4).
The disturbance depth is deeper and burrows commonly
overlap, with vertical networks existing locally (Fig. 4),
and, the disturbed sediment accounts for 61%–84% of
the whole sediment unit area. The BI value of 5 stands
for intense bioturbation characterized by completely dis-
turbed sediments with burrow diameters of 8–13mm.
Most burrows exhibit both Y- and T-shaped branchings,
which can be observed both on bedding surfaces and in
the cross section (Fig. 4), and completely overlapping
burrows are also visible. The intensive bioturbation level
modifies the depositional interface completely, with the
percentage of the disturbed sediment accounting for
more than 90%.

Fig. 4 Different grades of Thalassinoides bioturbation in the Zhushadong Formation of the Guankou section. a Thalassinoides representing multi-
layer colonizers, cross-section view. In the more intensely bioturbated beds, bedding-parallel networks are linked by vertical shafts; b Intense
bioturbation in cross section. Penetration of individual burrow shafts is up to 3.7 cm, the bioturbated zone is amalgamated forming up to a 30-
cm-thick layer; c Thalassinoides representing mainly horizontally branching burrows. Most burrows form both Y- and T-shaped branchings. Locally,
vertical shafts are seen on bedding surfaces; d Thalassinoides boxwork. Most burrows exhibit both Y- and T-shaped branchings, which can be
observed both on bedding surfaces and in the cross section. Abbreviations: VS = Vertical shaft; BD = Burrow depth, maximum burrow depth
during multi-layer colonization; BT = Thickness of bioturbated zone; YB = Y-shaped branching; TB = T-shaped branching
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To further analyze the bioturbation structure and com-
position as well as the host-rock structural characteristics,
thin-sections were observed by optical microscopy after ali-
zarin red staining (Fig. 5). The microscopic features show
that the boundary between the filling and host rock is very
sharp. The filling of burrows consists of euhedral and semi-
euhedral crystalline dolomite, whereas the host rock is
dominated by micrite calcite containing a small amount of
semi-euhedral dolomite crystals scattered throughout. In
addition, the particle diameter in the host rock is clearly
smaller than that of the filling (Fig. 5). The euhedral and
semi-euhedral dolomite crystals in the burrow filling were
produced by diagenetic dolomite replacement which prefer-
entially began within the burrow systems.

4.2 Geochemical characteristics
4.2.1 Major element characteristics
All the samples from the Zhushadong Formation in the
Guankou section were used for major element analysis

(data in Table 2). The CaO and MgO concentrations of
the samples were relatively high, with average value of
39.95% and 12.74%, respectively. The concentrations of
typical detrital-origin oxides, SiO2, Al2O3, K2O, and
Ti2O, were relatively low with average values of 2.23%,
0.27%, 0.13%, and 0.01%, respectively. Thus, the major
element characteristics confirm that terrestrial detritus
was minimally involved in the deposition of the Zhusha-
dong Formation in the Guankou section, which is a fully
marine deposit.

4.2.2 Trace element characteristics
Trace element data of the samples from the Zhushadong
Formation are given in Table 3. The distribution of trace
elements in samples of the study area is consistent with
that of the average upper continent crust (AUCC;
McLennan 2001) (Fig. 6), indicating that the Zhusha-
dong Formation was formed in a relatively stable sedi-
mentary environment. The concentration of Sr (average

Fig. 5 Microfabrics of Thalassinoides in the Zhushadong Formation of the Guankou section. a–b The boundary between filling and host rock is
sharp, the filling consists of euhedral and semi-euhedral crystalline dolomites, whereas the host rock is dominated by microcrystalline calcite; c–f
After alizarin red staining, the white part of burrow filling consists of semi-euhedral dolomites, and the red part of host rock is dominated by
microcrystalline calcites. The boundary between filling and host rock is sharp, and, particles in the host rock are clearly smaller than those in
the filling
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of 116.59 ppm) is distinctly higher compared with the
average upper continent crust element content (McLen-
nan 2001), while U (average 0.41 ppm) and Zn (average
8.95 ppm) are slightly enriched compared with the aver-
age upper continent crust element content (McLennan
2001). The average concentration of all other trace ele-
ments are generally lower than their corresponding aver-
age upper continent crust element content (McLennan
2001), and Cr, Ni, Rb, Ba show more distinct losses (Fig.
6). Although the geochemical properties of Sr and Ba
are very similar, these two trace elements contain differ-
ent ionic radii. Therefore, Ba2+ can replace K+, whereas
Sr2+ can replace both Ca2+ and K+, leading to a more
limited distribution of Ba2+ (Liu et al. 1984). Further-
more, Sr is enriched in seawater, with higher concentra-
tion than Ca, while Ba has a relatively low concentration
in seawater and can be easily adsorbed by clay. There-
fore, Sr enrichment and Ba loss occur in the marine car-
bonates and evaporites with low clay concentrations and
high Mg2+ and Ca2+ loadings, relative to the average
upper continent element content, reflecting the high
salinization characteristics of marine pore waters.

Furthermore, the negative anomalies of the trace ele-
ments Ni and V also indicate that the samples of the
Zhushadong Formation have good adsorption efficiency.
Hence, the study area was shielded from terrigenous
debris, serving as a marine diagenetic fluid deposit with
low argillaceous concentrations during the sedimenta-
tion period.

5 Discussion
Throughout different geological periods of marine
environments, Thalassinoides is considered to be one of
the most complex burrow systems (Zhang et al. 2017).
The trace fossil is relatively common in marine deposits
and is usually interpreted as feeding and/or dwelling
burrow, with characteristic two-dimensional and three-
dimensional structures (Nickell and Atkinson 1995;
Carvalho et al. 2007). Thalassinoides bioturbation was
observed in shallow-marine carbonates of the Lower
Cambrian Zhushadong Formation in the Guankou sec-
tion, providing important evidence of the effect of bio-
turbation in sediments.

Table 2 Major element data (%) listed with rock types for the Zhushadong Formation samples

Samples Lithology SiO2 Al2O3 CaO TFe2O3 K2O MgO MnO TiO2 Na2O P2O5 SO3 SrO LOI

Z-1 Dolostone 2.58 0.16 30.20 0.36 0.07 20.70 0.03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 45.10

Z-2 Dolostone 3.40 0.12 30.20 0.34 0.06 20.80 0.03 < 0.01 < 0.01 < 0.01 0.01 < 0.01 44.17

Z-3 Dolostone 2.80 0.33 29.90 0.36 0.18 20.70 0.03 0.01 0.03 < 0.01 0.06 < 0.01 45.54

Z-4 Dolostone 4.94 0.82 29.30 0.56 0.47 19.70 0.03 0.04 0.04 0.01 0.08 0.01 44.22

Z-5 Dolostone 3.61 0.25 29.80 0.34 0.17 20.40 0.02 < 0.01 < 0.01 < 0.01 0.06 < 0.01 45.30

Z-6 Limestone 1.05 0.05 53.20 0.05 0.04 2.50 0.01 < 0.01 < 0.01 < 0.01 0.04 0.02 43.19

Z-7 Limestone 1.08 0.10 53.90 0.11 0.07 1.64 0.01 < 0.01 < 0.01 < 0.01 0.05 0.02 43.30

Z-8 Limestone 1.00 0.03 53.20 0.08 0.04 2.43 0.01 < 0.01 < 0.01 < 0.01 0.05 0.02 43.38

Z-9 Bioturbated limestone 0.94 0.08 52.40 0.09 0.06 3.06 0.01 < 0.01 < 0.01 < 0.01 0.04 0.02 43.73

Z-10 Bioturbated limestone 0.80 0.08 54.10 0.12 0.07 1.94 0.01 < 0.01 < 0.01 < 0.01 0.04 0.02 43.58

Z-11 Bioturbated limestone 2.01 0.35 37.20 0.26 0.24 14.95 0.02 0.01 < 0.01 < 0.01 0.04 0.01 44.17

Z-12 Bioturbated limestone 2.05 0.31 37.40 0.23 0.23 14.70 0.02 0.01 < 0.01 < 0.01 0.05 0.01 44.01

Z-13 Bioturbated limestone 1.43 0.25 39.40 0.20 0.21 13.45 0.02 0.01 < 0.01 < 0.01 0.04 0.01 44.21

Z-14 Bioturbated limestone 1.41 0.26 38.90 0.24 0.20 14.00 0.02 0.01 < 0.01 < 0.01 0.04 0.02 44.50

Z-15 Bioturbated limestone 1.34 0.25 41.00 0.21 0.20 12.25 0.02 0.01 < 0.01 < 0.01 0.04 0.02 43.82

Z-16 Bioturbated limestone 1.46 0.32 38.90 0.23 0.13 13.60 0.02 0.02 < 0.01 < 0.01 0.04 0.01 44.46

Z-17 Bioturbated limestone 1.52 0.34 38.90 0.23 0.12 13.80 0.02 0.01 < 0.01 < 0.01 0.03 0.01 44.28

Z-18 Bioturbated limestone 1.56 0.33 39.20 0.25 0.12 13.85 0.02 0.02 < 0.01 < 0.01 0.03 0.01 44.46

Z-19 Bioturbated limestone 2.50 0.38 46.00 0.20 0.09 7.42 0.01 0.01 < 0.01 < 0.01 0.05 0.01 43.47

Z-20 Bioturbated limestone 2.58 0.41 45.30 0.23 0.09 8.18 0.01 0.02 < 0.01 < 0.01 0.06 0.02 43.58

Z-21 Dolostone 4.54 0.30 30.20 0.21 0.03 20.10 0.02 0.01 0.03 < 0.01 0.05 0.01 43.54

Z-22 Dolostone 4.52 0.32 30.30 0.21 0.03 20.00 0.02 0.01 0.02 < 0.01 0.05 < 0.01 43.63

Average – 2.23 0.27 39.95 0.23 0.13 12.74 0.02 0.01 0.01 0.01 0.05 0.01 44.07

“< 0.01” signifies below the detection line
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5.1 Relationship between bioturbation and oxygen
concentration in sediments
The enrichment of some trace elements, such as U and
V, is controlled by redox conditions and slightly affected
by terrigenous detritus. Therefore, the ratios of some
trace elements can be used as an effective tool to deter-
mine redox conditions in the sedimentary period (Jones
and Manning 1994; Kamber et al. 2001; Armstrong-
Altrin et al. 2015; Ndjigui et al. 2018). Vanadium is
present in multiple valence states in seawater under dif-
ferent redox conditions, such as, V5+ in vanadate

oxyanions (HVO4
2− or H2VO4

2−), V4+ in vanadyl ion
(VO2−), and V3+ in vanadium trioxide (V2O3). Different
vanadium ions are formed under the anoxic conditions
present at the sediment-water interface, moderately
reductive conditions, and strongly reductive conditions,
respectively (Algeo and Maynard 2004; Tribovillard et al.
2006). Low V/Cr ratios represent oxic environments,
while high V/Cr ratios indicate anoxic redox conditions
(Kimura and Watanabe 2001; Table 4). In addition, the
V/Sc ratio is also a useful indicator for estimating redox
conditions, with low V/Sc ratios representing oxic

Table 3 Trace element data (ppm) listed with rock types for the Zhushadong Formation samples. Standard data of the average
upper continent crust (AUCC) are from McLennan (2001)

Sample Lithology Ba Co Cr Cu Ni Rb Sc Sr Th U V Y Zn Ca Baex V/
Cr

Ni/
Co

V/Sc Sr/
Ca

Z-1 Dolostone 11.10 0.90 2.00 2.40 0.80 2.40 0.70 50.60 0.29 0.33 15.00 1.00 31.00 70.97 11.09 7.50 0.89 21.40 0.71

Z-2 Dolostone 8.70 0.70 2.00 2.10 1.00 1.70 0.50 46.70 0.16 0.21 9.00 0.80 19.00 70.97 8.69 4.50 1.43 18.00 0.66

Z-3 Dolostone 14.10 0.90 3.00 2.60 1.40 4.00 0.90 63.70 0.44 0.37 11.00 0.90 4.00 70.27 14.09 3.67 1.56 12.20 0.91

Z-4 Dolostone 22.40 1.60 3.00 2.50 2.30 10.40 1.40 63.30 1.19 0.43 10.00 3.60 3.00 68.86 22.38 3.33 1.44 7.10 0.92

Z-5 Dolostone 13.90 0.70 2.00 1.90 1.00 3.10 0.70 64.00 0.30 0.27 7.00 0.70 2.00 70.03 13.89 3.50 1.43 10.00 0.91

Z-6 Limestone 4.50 0.90 2.00 1.50 0.30 0.90 0.60 135.50 0.12 0.20 4.00 0.50 9.00 125.02 4.49 2.00 0.33 6.70 1.08

Z-7 Limestone 4.60 1.00 3.00 1.70 0.70 1.40 1.00 166.50 0.19 0.35 4.00 0.60 26.00 126.67 4.59 1.33 0.70 4.00 1.31

Z-8 Limestone 4.20 1.00 2.00 1.70 0.60 0.80 0.60 141.00 0.12 0.23 4.00 0.40 4.00 125.02 4.19 2.00 0.60 6.70 1.13

Z-9 Bioturbated
limestone

4.20 1.00 3.00 1.70 0.60 1.10 0.60 157.50 0.14 0.33 3.00 0.50 3.00 123.14 4.19 1.00 0.60 5.00 1.28

Z-10 Bioturbated
limestone

4.50 1.30 2.00 1.70 0.60 1.40 0.60 175.00 0.14 0.44 3.00 0.50 <
2.00

127.14 4.49 1.50 0.46 5.00 1.38

Z-11 Bioturbated
limestone

12.80 1.10 3.00 2.40 1.30 5.60 0.90 113.50 0.46 0.43 8.00 0.90 5.00 87.42 12.79 2.67 1.18 8.90 1.30

Z-12 Bioturbated
limestone

14.00 1.00 2.00 2.00 1.00 4.60 0.90 119.50 0.36 0.34 7.00 0.90 2.00 87.89 13.99 3.50 1.00 7.80 1.36

Z-13 Bioturbated
limestone

10.00 1.10 3.00 2.30 1.00 3.70 0.80 146.50 0.32 0.35 6.00 0.70 2.00 92.59 9.99 2.00 0.91 7.50 1.58

Z-14 Bioturbated
limestone

14.00 0.90 2.00 1.90 0.90 3.70 0.80 163.50 0.31 0.32 5.00 0.80 11.00 91.42 13.99 2.50 1.00 6.30 1.79

Z-15 Bioturbated
limestone

14.70 1.00 2.00 2.00 1.00 3.80 0.90 191.00 0.31 0.35 6.00 0.80 9.00 96.35 14.69 3.00 1.00 6.70 1.98

Z-16 Bioturbated
limestone

10.80 1.10 2.00 1.90 1.30 6.00 0.80 131.00 0.49 0.64 6.00 1.00 3.00 91.46 10.79 3.00 1.18 7.50 1.43

Z-17 Bioturbated
limestone

9.20 1.10 2.00 2.30 1.50 5.60 0.90 125.00 0.49 0.59 7.00 1.00 3.00 91.46 9.19 3.50 1.36 7.80 1.37

Z-18 Bioturbated
limestone

11.90 1.10 2.00 2.00 1.40 5.80 1.10 128.50 0.50 0.68 9.00 1.10 3.00 92.12 11.89 4.50 1.27 8.20 1.39

Z-19 Bioturbated
limestone

9.70 1.40 3.00 2.80 1.90 4.30 1.10 131.50 0.45 0.65 11.00 1.10 18.00 108.10 9.69 3.67 1.36 10.00 1.22

Z-20 Bioturbated
limestone

10.40 1.40 3.00 3.10 1.90 4.60 1.20 125.50 0.54 0.75 12.00 1.20 21.00 106.46 10.39 4.00 1.36 10.00 1.18

Z-21 Dolostone 5.20 1.10 2.00 2.20 1.30 1.90 0.90 62.40 0.35 0.41 6.00 0.90 6.00 70.97 5.19 3.00 1.18 6.70 0.88

Z-22 Dolostone 5.80 1.10 3.00 2.10 1.30 1.90 0.80 63.30 0.37 0.42 8.00 1.00 4.00 71.21 5.79 2.67 1.18 10.00 0.89

Average – 10.03 1.06 2.41 2.13 1.14 3.58 0.85 116.59 0.37 0.41 7.32 0.95 8.95 93.89 10.02 3.11 1.06 8.80 1.21

AUCC – 550 10 35 25 20 112 11 350 10.7 2.8 60 22 71 – – – – – –

Baex = Batotal–Altotal × (Ba/Al)AUCC (Xiang et al. 2017)
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environments and high ratios representing anoxic envi-
ronments (Murry et al. 1991; Table 4). The ratios of Ni/
Co have also been widely used as an indicator for
palaeo-redox conditions, with Ni/Co ratios of < 5 reflect-
ing oxic conditions, Ni/Co ratios of 5–7 representing
dysoxic conditions and ratios of > 7 representing suboxic
to anoxic conditions (Jones and Manning 1994). The de-
tailed criteria for categorizing redox conditions are pre-
sented in Table 4. The Zhushadong Formation contains
areas of various redox conditions, from anoxic to oxic
(Tables 3 and 4; Fig. 7). As shown in Fig. 7, there are
three obvious stages in the Zhushadong Formation of
the Guankou section, with the laminated dolostone

having relatively low sediment oxygen concentrations
while bioturbated limestone having higher sediment oxy-
gen concentrations.
The lower Zhushadong Formation exhibits a negligible

amount of bioturbation, with preservation of the pri-
mary fabric in rocks, characterized by algal and parallel
laminations. Parallel lamination is related to the activ-
ities of microorganisms such as cyanobacteria, which
bind sediment particles together to form organic sedi-
mentary structures in the form of microbial mats and
films due to organic mineralization and diagenesis
(Krumbein 1983). Cyanobacteria are primarily present
on the surface of microbial mats (Awramik and Sprinkle
1999). The absorption of CO2 and/or HCO3− by cyano-
bacteria during photosynthesis increases the alkalinity of
the surrounding environment and promotes the precipi-
tation of carbonate. In the lower layers of the microbial
mat, the environment is relatively closed, forming a sub-
oxic and/or anoxic layer. Sulfate-reducing bacteria con-
sume SO4

2− and organic carbon compounds, promoting
the precipitation of carbonate. A study by Berner (2009)
showed that the oxygen concentration in the atmosphere
was 21% throughout the Phanerozoic and that cyanobac-
teria exposed to the air were rapidly oxidized and

Fig. 6 AUCC-normalized distribution patterns of trace elements for the Zhushadong Formation samples. Standard data of the average upper
continent crust (AUCC) are from McLennan (2001)

Table 4 The standard divisions based on trace element ratios
for categorizing redox conditions

Parameters Anoxic Oxic Sources

Anoxic Suboxic

Oxygen (ml/l) 0–0.2 0.2–2 >2 Tyson and Pearson (1991)

V/Cr >4.25 2–4.25 <2 Kimura and Watanabe (2001)

Ni/Co >7 5–7 <5 Jones and Manning (1994)

V/Sc >9.1 <9.1 Murry et al. (1991)
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degraded after death. Meanwhile, Riding et al. (2019)
compared the abundance of microbial rocks in the Phan-
erozoic with historical data on dissolved oxygen concen-
trations in seawater, finding that oxygen-rich seawater is
not conducive to the formation of microbial rocks be-
cause micro-organisms may have been oxidized and
decomposed in the absence of calcification. Therefore,
the oxygen concentration in sediment forming lami-
nated dolomite should be relatively low.
Thalassinoides is present in shallow-marine carbonates

of the Lower Cambrian Zhushadong Formation of North
China (Qi et al. 2014; Zhang et al. 2017). They are bur-
rows with vertical shafts and branches, exhibiting path-
ways for allowing water column to enter the subsurface.
The reworking of sediments by bioturbators results in
less compact sediments with increased porosities and
redox active areas, and promoting oxygen flow within
the sediments (Aller 1994). Thalassinoides from the
Lower Cambrian exhibits very high ecosystem engineer
impact (EEI) values (10–12) (Herringshaw et al. 2017),
indicating that the producers have a strong ability to
transport in downward or upward directions and the
burrows are likely to be affected by biological irrigation,

which is more conducive to transport oxygen to sedi-
ments (Herringshaw et al. 2017). Similar scenarios have
been proposed in studies of modern bioturbation, show-
ing that modern bioturbation can increase the transfer
of oxygen from the water column into deeper sediment
layers, with oxygen concentration being 1.5- to 4-fold
higher than non-bioturbated sediments (Nicholaus et al.
2019). Thereby, bioturbation can significantly increase
oxygen concentrations in sediments.

5.2 Relationship between bioturbation and nutrient
regeneration in sediments
Burrowing of macrobenthos has a significant effect on
the content and spatial distribution of organic matter, as
well as on the concentration of nutrients in sediments
(Meysman et al. 2006; Janas et al. 2019). The burrowing
activity and feeding behavior of benthic organisms pro-
duce a large number of tunnels, which can increase sedi-
ment porosity by changing the particle size and
distribution of sediment material (Lohrer et al. 2004;
Nicholaus et al. 2019). Moreover, benthic biological ac-
tivity can improve the pore water content of sediments
by vertical mixing of particles and effectively promote

Fig. 7 Stratigraphic variation in redox proxies (V/Cr ratio, V/Sc ratio, Ni/Co ratio) of the Zhushadong Formation samples. BI = Bioturbation Index
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material exchange at the sediment–water interface
(Landrum et al. 2004; Ciutat et al. 2007). In compari-
son with non-bioturbated sediments, high density bur-
rows affect organic carbon flux patterns and increase
dissolved inorganic nitrogen flux (D'Andrea and
DeWitt 2009).
Ocean productivity is mainly controlled by nutrient re-

generation, and trace element records can be used to re-
flect palaeo-productivity (Dymond et al. 1992; Algeo and
Maynard 2004; Schoepfer et al. 2015), which allows in-
terpretation of seawater nutrient dynamics. The concen-
trations of Ba, Cu, Ni, P, C, and N exhibit good
relationships with marine productivity, due to their asso-
ciations with organic carbon (Schoepfer et al. 2015).
However, diagenesis and fluid circulation lead to
changes in P, C, and N concentrations, resulting in less
reliable relationships (Wei 2012). In particular, phos-
phorus preservation depends on the redox conditions
and therefore, relatively low P concentrations may occur
in sediments of high productivity areas (Fang et al.
2019). However, the geochemical properties of Ba are
stable, often existing in the form of BaSO4 and exhibit-
ing long preservation time, resulting in a strong correl-
ation with nutrient concentrations and/or productivity
in seawater (Jaccard et al. 2013; Fang et al. 2019).

However, using Ba to reflect the palaeo-productivity
needs to eliminate the influence of terrestrial sources
(Yan et al. 2018; Fang et al. 2019). The specific formula
(Xiang et al. 2017) is: Baex = Batotal−Altotal × (Ba/Al)AUCC.
In addition, several trace elements, such as Cu and Ni,
have been interpreted as possible indicators of plank-
tonic primary productivity (Tribovillard et al. 2006; Piper
and Calvert 2009). Moreover, there is a positive correl-
ation between Sr/Ca ratios and palaeontological assem-
blages indicating nutritional conditions, which can also
be used to indicate changes in productivity (Stoll and
Schrag 2001).
Stratigraphically, the trends in concentrations of Baex,

Cu, and Ni, as well as Sr/Ca ratios follow a three-step
pattern consistent with the BI variation (Fig. 8), with
values being low in Member I, then increasing substan-
tially in Member II, and decreasing again in Member III
(Tables 1 and 3; Fig. 8). Sediments bioturbated by Tha-
lassinoides exhibit altered patterns of nutrient regener-
ation. The complex burrow system of Thalassinoides
changes the particle size and structure, increases the
water conversion area, and improves the living environ-
ment for microorganisms, with enhanced adsorption in
sediments and promotion of nitrogen-fixing microorgan-
ism growths. In addition, bioturbation also increases the

Fig. 8 Stratigraphic variation in concentrations of Baex, Cu, Ni, and Sr/Ca ratios of the Zhushadong Formation samples. Baex = Batotal−Altotal × (Ba/
Al)AUCC (Xiang et al. 2017). BI = Bioturbation Index

Fan et al. Journal of Palaeogeography            (2021) 10:1 Page 12 of 16



oxygen concentration, bacteria count and biological ac-
tivity. The construction process of Thalassinoides can
promote the transfer of organic matter (i.e. nitrogen and
phosphorus) from the water column into the sediment
and from shallow to deep sediments, enhancing organic
matter concentrations. With the passage of time, the
feeding, burrowing and excretion of Thalassinoides bio-
turbators promote the decomposition of organic matter
and its circulation back into the water column, and then
increase concentrations of the ammonia nitrogen, total
nitrogen and total phosphorus in the water column
(Ziebis et al. 1996).

5.3 Influence of burrowing activities on sediments
As described in section 4 (Results), the Thalassinoides
burrow system in the Guankou section is composed of
unlined shafts and complex branchings. The presence of
shafts indicates that the Thalassinoides of the Zhusha-
dong Formation in the Guankou section differed from
those of the Upper Cambrian-Lower Ordovician in Col-
orado (USA) (Myrow 1995). The presence of shafts in
the Zhushadong Formation shows that Thalassinoides
burrowed into sediments from the sediment-water inter-
face, promoting material exchanges between seawater
and sediments, and enhancing the permeability of sedi-
ments (Lohrer et al. 2004). Moreover, Thalassinoides
producers propelled the water cycling to improve the
oxygen concentration in burrow system, creating a fa-
vorable place for bacteria capable of ammonia oxidation.
Thalassinoides bioturbation can increase microbial
reproduction rates and microbial activities (Pillay et al.
2011). Previous studies (Bromley 1996; Wang et al.
2019) have considered that Thalassinoides in some cases
might be an agrichnial burrow system, in which the tra-
cemaker was fed on microbial cultures growing on/in
the burrow walls. The microbial prosperity provides a
rich food source for the Thalassinoides producer, more-
over, it promotes biological metabolism of compounds
such as ammonium, nitrate, nitrite, organic matter and
other carbon compounds, with ions and/or solutes ef-
fectively being transferred to the water column (Aller
1994; Ziebis et al. 1996; Stamhuis et al. 1997; D'Andrea
and DeWitt 2009; Repetto and Griffen 2012; Nicholaus
et al. 2019), significantly affecting the biogeochemical
cycle at the sediment-water interface. Interestingly, a
modern study found that microorganisms, combined
with bioturbation, are directly and/or indirectly involved
in the release of benthic nutrients (Shen et al. 2017).
In order to better understand the influence of Thalas-

sinoides burrows in sediments of the Zhushadong For-
mation, it is necessary to compare them with modern
similar burrows. There are numerous modern examples
of thalassinid shrimps found in burrows with the charac-
teristics of Thalassinoides (Glaessner 1957; Beikirch and

Feldmann 1980). During the Paleozoic, arthropods, sea
anemones and worm-like bioturbators are probable can-
didates for producers of Thalassinoides (Ekdale and
Bromley 2003; Cherns et al. 2006; Ding et al. 2020). No
matter in which geological period, the Paleozoic to mod-
ern time, all of Thalassinoides have same characteristics
and have a three-dimensional boxwork of branched cy-
lindrical burrow system sometimes interconnected by
vertical shafts. The burrow system and living environ-
ment of Callianassa subterranea, a modern burrowing
organism, are similar to those of the Thalassinoides pro-
ducer in the Zhushadong Formation; and Callianassa
subterranea also feeds on organic matter and microor-
ganisms in sediments (Stamhuis et al. 1997; Fan et al.
2020). In the process of sediment restructuring, the Tha-
lassinoides producer needs sufficient oxygen to maintain
life activities and transport treated fine sediment parti-
cles to the surface. This behavioral strategy requires at
least one suction inlet and one discharge outlet (Stam-
huis et al. 1997). They effectively release fluids outward
when releasing excrements through the outlet, and with
the introduction of compensatory fluid at the suction in-
let, they can enhance seawater transfer to the burrow
system. In this way, dissolved oxygen and nutrients in
seawater can be effectively transported to the burrow,
increasing their content in burrows and sediments (Zie-
bis et al. 1996; Pillay and Branch 2011). Bioturbation
leads to increases of organic carbon, nitrogen concentra-
tion and microbial abundance also in other Thalassi-
noides burrows (Kinoshita et al. 2008), further verifying
that bioturbation can promote oxygen concentration
and nutrient regeneration in sediments.
In addition, during sediment transformation, Thalassi-

noides producers destroy primary sedimentary struc-
tures, resulting in mixing of sediments and making them
softer (Fig. 9a), and leading to increased sediment per-
meability. The permeability increase is conducive to the
transfer of dissolved oxygen from seawater to the pore
water (Brlek et al. 2014; El-Sabbagh et al. 2017). When
sedimentation rate decreased, organisms can re-burrow
the underlying burrowed sediment, which further en-
hances sediment mixing (Fig. 9b). With increasing sedi-
mentation rate, burrowing is inhibited and sediment
mixing caused by bioturbation is restricted to within the
sediments. With the reduction of sedimentation, Thalas-
sinoides producers begin burrowing again, forming the
next bioturbation layer (Fig. 9c). Because of the highly
suitable environment, the Thalassinoides producers can
repeatedly bioturbate the sediment and entirely destroy
original sedimentary structures, and then change original
physico-chemical characteristics. Oxygen concentration
and nutrient regeneration in the bioturbated mix ground
are significantly higher and more active than in non-
bioturbated layers (Shen et al. 2017). Thalassinoides
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enables their producers to better filter organic matter
from seawater and sediments, while such burrow system
has higher oxygen concentrations and greater potentials
for biological irrigation (Herringshaw et al. 2017). As
proposed by Darwin (1881), animal-bioturbated sedi-
ments provide a broader living space for microorganisms
and promote their proliferation (Zhang et al. 2017).
Therefore, Thalassinoides, serves as an ecosystem engin-
eer in the Zhushadong Formation in the Guankou sec-
tion, not only changing the original physical and
chemical characteristics of the sediment, but also signifi-
cantly increasing the oxygen concentration and nutrient
content in the sediment.

6 Conclusions
Abundant bioturbation structures, dominated by Thalassi-
noides, occurred in carbonate sediments of the Cambrian
Series 2 Zhushadong Formation in the Guankou section
of Dengfeng area, Henan Province, North China. Thalassi-
noides was commonly composed of vertical unlined shafts
and horizontal tunnels, with branches and burrow expan-
sion mostly occurring via junctions. Reworking of sedi-
ments by the burrowing organisms was rapid, and the
bioturbation index ranged between 2 and 5.
Based on geochemical analyses, oxygen of the Zhusha-

dong Formation evolved from low concentrations in the
lower laminated dolostone of Member I, to high concen-
trations in the bioturbated limestone of Member II, and
diminished again in the upper laminated dolostone of
Member III. Nutrient regeneration and oxygen concen-
tration exhibited the similar trend. Moreover, changes in
nutrient regeneration and oxygen concentrations were
directly proportional to the intensity of bioturbation.
Compared with recently assessed modern producers of

Thalassinoides, the burrowing activities of the Thalassi-
noides producers in the Zhushadong Formation func-
tioned as early ecosystem engineers. The sediment
disturbance by the producers significantly affected the
biogeochemical cycling, especially in terms of the migra-
tion of oxygen and nutrients in sediments.
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