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Abstract

Oncoid-bearing Mioalingian strata in the North China Platform represent late highstand/forced regressive systems tract(s). In the
current study, sequence stratigraphy, sedimentology, and microscopic studies were carried out to interpret the forming mecha-
nism and paleoenvironment of these oncoids. Microscopic studies show the typical distribution of filamentous cyanobacteria
(Girvanella) in the Cambrian oncoids. Based on these observations, the oncoids can be classified into three kinds, i.c.,
Girvanella-core oncoids, Girvanella-cortex oncoids, and Girvanella-full oncoids. Furthermore, the studied oncoids hold pyrite
crystals and dolomite minerals that also indicate the influence of sulfate-reducing bacteria on their formation. The presence of
Girvanella, pyrite, and dolomite in the cores and cortices of these distinctive oncoids depicts its microbial origin that flourished
under relatively high-energy settings. The present work offers a reference example for the involvement of microbes, particularly
Girvanella, in the development of microbial carbonates in the North China carbonate platform during the Cambrian period.
Geochemistry of the Cambrian oncoids is interpreted in order to determine the involvement of detrital fractions, sources of rare
earth elements (REEs), and paleoenvironmental settings. The results of slightly negative Eu anomalies, higher La/Yb (6.8-15.1),
and the larger Y/Ho variations (30.17-42.08) in the studied oncoids advocate that these oncoids have been subjected to terrig-
enous input during their formation. Considering the absence of Ce anomaly, Gd/Gd* ratios (< 1), and lesser values of Y/Ho
(30.17-33.93), we propose that these oncoids have been influenced by diagenetic activities. Relatively greater values of Er/Nd
(0.09-0.23) suggest seawater signature preserved by the marine sediments. Meanwhile, observed weak negative Eu anomalies
within the oncoids point out the retention of the original marine water characteristics, whereas lower values of the Y/Ho propose
freshwater participation from the rivers in the seawater during precipitation of oncoids. Based on the ratios Er/Nd, (Nd/Yb)y, La/
Yb, and depletion and variation of REEs, it can be confirmed that the sources of these REEs within the Cambrian oncoids are
mainly from terrigenous input. However, the higher Er/Nd ratios are sourced from marine carbonates. Relatively lower values of
Mo/U (1.10-2.46), V/Cr (< 2), V/(V + Ni) ratios (0.24-0.33), and deficiency of Ce anomaly in studied oncoids suggest their
development under oxic environments. In addition, the variation of Sr/Cu (42-54) and Sr/Ba (35-79) indicates their growth
under arid climatic conditions and classic marine settings. Considering these geochemical signatures, it can be concluded that the
oncoids of the North China Platform flourished under oxic, arid, and classic marine conditions.
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Introduction

Oncoids (> 2 mm in diameter) are generally considered as
rounded forms that comprise of nuclei of varying grain types
and cortices composed of entirely or a combination of calcified
microbes (Riding 1991; Hanken et al. 2015; Mei et al. 2019a, b;
Xiao et al. 2020a, b). The oncoid usually exhibits dual nature:
(1) oncoids possess the mobile attribute of coated grain that has
an irregular and uneven surface and are generally considered
microbial in origin (Liu and Zhang 2012; Xiao et al. 2020a,
b), which is distinctive from ooids whose origin is debatable
(Duguid et al. 2010; Diaz and Eberli 2019), and (2) oncoids also
represent biosedimentary structures, such as stromatolite, which
has successive laminations around the core (Riding 201 1a, b).

Oncoids are the major component of carbonates that
flourished in various environments in the entire chrono-
stratigraphic column such as (1) lacustrine and shallow water
environments in the early Cambrian (Schaefer et al. 2001), (2)
fluviatile to lacustrine environments in the middle Cambrian to
Jurassic (Olivier et al. 2004; Brigaud et al. 2009; Zhang et al.
2014a, b; Xiao et al. 2020a, b), and (3) lacustrine, riverine, and
tidal flat environments of the shallow sea in the recent (Jones
1992; Zhang et al. 2013). According to various depositional
environments, the origin of oncoids can be interpreted as (1)
sophisticated metabolic mechanisms within microbial mats, (2)
microbially mediated calcium carbonate precipitation, and (3)
formation of particles via trapping and binding in a marine
environment (Dahanayake 1977; Peryt 1981; Fligel and
Munnecke 2010; Jones and Renaut 2010; Jones 2011; Zhang
et al. 2014a, b; Han et al. 2015; Zhang et al. 2015a, b; Qi et al.
2016; Mei et al. 2019a, b). The evolutionary study of ancient
oncoids is significant to interpret fluctuations in depositional
conditions as well as control of microbial activities on the
forming mechanism of oncoids. Hence, the studies of oncoids
from the ancient strata are important clues to restore
paleoclimate, paleoenvironment, sea-level fluctuations, and
sedimentary environment (Vedrine et al. 2007; Zhou et al.
2017; Xiao et al. 2020a, b).

Several researchers studied the Cambrian oncoids of the
North and South China to highlight its various aspects such
as classification, forming environment, textural composition,
growth mechanism and controlling factors (Yang et al. 2011),
mass-occurrence (anoxic) event of oncoids (Zhang et al.
2014b, 2015a), the ultra-fabrics and biomineralization of
oncoids (Zhang et al. 2014a), forming mechanism of oncoids
(Han et al. 2015), coupling variation of oncoids (Zhang et al.
2015b), formation of oncoids via microbial activities (Wang
and Xiao 2018; Mei et al. 2019a, b); and the various shape of
oncoids and their paleoenvironmental conditions (Xiao et al.
2020a, b). However, a study on the involvement of microbes
particularly Girvanella in different parts of Cambrian oncoids
is quite insufficient. Moreover, geochemistry of the
Girvanella oncoids regarding the involvement of detrital

@ Springer

fractions, sources of rare earth elements (REEs) in these
oncoids, and paleoenvironmental settings are still unresolved.
The present study describes the Girvanella oncoids, its differ-
ent forms, and the influence of cyanobacteria in the formation
of oncoids in the Miaolingian strata of the North China
Platform (NCP). In addition, current research highlights that
these oncoids have been subjected to terrigenous input and
diagenetic activities during their formation.

Geological background

The tectonic history of China delineates the development of
main tectonic blocks including Tarim, North China, and South
China (Zheng et al. 2013; Myrow et al. 2015) (Fig. la, b). The
studied NCP was developed in the tropical to subtropical regions
of the Sino-Korean Block, close to Australia, in the early
Paleozoic time (Wotte et al. 2007) (Fig. 1a). It is restricted by
main suture zones on the north and south by Hinggan Fold Belt
and Qinling Dabieshan Belt, respectively (Myrow et al. 2015)
(Fig. 1b), whereas it is bounded by east and west with Tanlu
Fault and Helan aulacogen, accordingly (Zheng et al. 2013;
Myrow et al. 2015) (Fig. 1b). Deposition of the Cambrian sed-
iments in the NCP initiated approximately in late Series 2 with a
sea-level rise that deposited Cambrian strata on it as shown in
Fig. 1c (see Mei 1996, 2011; Riaz et al. 2019a, b). The Cambrian
strata overlap with the Precambrian strata in this widespread
carbonate platform in a similar pattern as described in North
America (e.g., Peters and Gaines 2012). Consequently,
Cambrian succession with the thickness of 700 m was developed
on the NCP, which can approximately be divided into three
successions in ascending order (Meng et al. 1997; Mei 1996,
2011; Riaz et al. 2019a, b) (Fig. 1¢): (1) a mixed rock unit of the
Series 2, which is composed of red beds (i.e., dolostone) and
carbonate rocks (i.e., limestone), (2) carbonate strata of the
Miaolingian predominated by oolitic grainstones along with
the minor amount of oncolites at some places, and (3) carbonate
succession of the Furongian that mainly comprises carbonate
muds. These rock units delineate characteristic cyclicity that
helps in further classifying them into nine third-order sequences
(from DS; to DSy) as shown in Fig. 1c. The sequence boundaries
of the Cambrian strata can be marked by punctuated surfaces
and drowning unconformities (Fig. 1c).

According to the new chronostratigraphic division (Peng
and Zhao 2018; Mei et al. 2020a), the studied Miaolingian
strata consist of the Maozhuang, Xuzhuang, Zhangxia, and
Gushan formations that deposited in four third-order deposi-
tional sequences (DS; to DS in Fig. 1¢). The Maozhuang
Formation and the lower part of the Xuzhuang Formation
comprise a succession of a tidal-flat depositional system
marked by carbonate rocks with the intergrowth of red beds
(Fig. 1c). Thick-bedded massive oolitic grainstones along
with the minor amount of oncolites are commonly
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Fig. 1 a Global location of the North China Platform (NCP). b Map
showing the geological framework of the NCP (modified after Riaz
et al. 2019a, b). Gray regions show the exposed Cambrian strata. Inset

concentrated in the upper parts of the Xuzhuang, Zhangxia,
and Gushan formations (DS, to DS in Fig. 1c), which con-
stitute the time-specific facies (Brett et al. 2012; Schinder
2012). These deposits develop in both highstand and forced
regressive systems that fulfill the forced regressive model pro-
posed in several previous studies (i.e., Helland-Hansen and
Gjelberg 1994; Schlager and Warrlich 2009; Mei 2010;
Samanta et al. 2016). During each depositional period of
FRSTs of the Miaolingian strata (DS, to DSg), a broad oolitic
shoal developed in the NCP that represents a carbonate plat-
form dominated by ooidal sands (Pratt et al. 2012).

Materials and methods

Extensive geological fieldwork has been carried out in the
NCP. Macroscopic features associated with oncoids are ex-
amined in the upper part of the Cambrian (Miaolingian)
Xuzhuang and Zhangxia formations (Fig. 2a—h). The oncoids

satellite image (lower right corner) showing the NCP in a regional
perspective. ¢ The sedimentary succession of the Cambrian strata (from
DS; to DSy) in the NCP (modified after Mei et al. 2020a)

of the Xuzhuang Formation are irregular and rounded in shape
without clear separation of cores and cortices (Fig. 2b, d),
whereas the Zhangxia Formation comprises of of elongated
and elliptical to spheroidal shape oncoids with definite cores
and successively repeated laminations in their cortices similar
to stromatolites (Fig. 2f, h). These formations have conform-
able upper and lower contacts with Cambrian Miaolingian
strata; however, at places, the Xuzhuang Formation has un-
conformable lower contact with Precambrian strata (Fig. 2a,
g). A petrographic analysis of 360 carbonates samples from
the targeted bed was carried out. Detailed investigation of
microfacies was conducted in order to understand the micro-
scopic composition and fabric of the formation, the structure
of oncoids, its various types, and the presence of microbes
particularly cyanobacteria as well as grains other than oncoids.
Thin sections were observed under a high-magnification pet-
rographic microscope at the China University of Geosciences,
Beijing (CUGB). Photomicrographs for the high-resolution
examination of oncoids were captured with a camera attached
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Fig. 2 Important sequence
boundaries, sedimentary features
of the Miaolingian strata and
locations of oncoids in the various
region of the North China
Platform (NCP). a The Xuzhuang
Formation having massive oolitic
limestone along with oncolite,
conformably overlain by the
Zhangxia Formation. b Irregular
oncolite in the Xuzhunag
Formation. ¢ Drowning
unconformity separates the
Miaolingian strata. d Rounded
oncolite in the Xuzhunag
Formation. e The contact between
Zhangxia and Gushan formations.
f Elongated oncolite in the
Zhangxia Formation. g Division
of entire Cambrian Miaolingian
strata. h Elliptical to spheroidal
oncolite with dominant core in the
Zhangxia Formation
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to the petrographic microscope. CorelDraw graphic software
was used to construct different figures and collage of different
photomicrographs used in the current study.

Additionally, geochemical data, i.c., inductively coupled
plasma—mass spectrometry (ICP-MS), was adopted from
Xiao et al. (2020a) to determine the exact sources of REEs
and paleoenvironmental conditions of Girvanella oncoids.
The results of the geochemical data are presented in
Supplementary Table 1.

Petrography of oncoids

Oncoids are mostly elliptical to spheroidal in shape under the
microscope. The shape of oncoids is controlled by the shape
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of core and concentric laminae. These oncoids were classified
into three varieties: Girvanella-core oncoids, Girvanella-cor-
tex oncoids, and Girvanella-full oncoids based on texture and
outline of the cortex. The detail descriptions of these oncoids
are given below.

Girvanella-core oncoids

Description These oncoids are typically > 1.5 mm in diameter
and surrounded by sparite cement (Fig. 3a—). These oncoids
have a well-developed core of Girvanella and cortex of dolo-
mite (Fig. 3a—c). These oncoids (Fig. 3a, b) are similar to
superficial ooids that have a thick core and thin cortex. The
cortices of the oncoids are associated with crystals of dolomite
that range in size from 100 to 150 um (Fig. 3a—c). Moreover,
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pyrite grains are observed within and the surrounding areas of
the oncoids. Further observation shows the minor amount of
bioclasts (brachiopods and/or trilobites) and patches of micrite
(possibly Girvanella) in the surrounding region of the oncoids
(Fig. 3a).

Interpretation Sparite cement and presence of brachiopods
and/or trilobites indicate the high-energy setting of these
oncoids (Fliigel 2004). The superficial shape of oncoids indi-
cates its migration from low- to high-energy conditions (Riaz
etal. 2019b). The cortices of these oncoids are thick indicating
more life span in a high-energy environment (Riaz 2019).
Furthermore, the cortex is associated with crystals of dolomite
that possibly formed by capillary condensation due to fluctu-
ation of relative sea-level (Guo et al. 2020). The dolomite is
genetically associated with extracellular polymeric substance
(EPS) degradation that forms cyanobacteria-dominated micro-
bial mat (Decho and Gutierrez 2017). In the process, the elim-
ination of EPSs occurred through both active and passive
mineralization that produces Mg?* ions, which is captured
by in vivo EPSs. Further pyrite crystals in the surrounding area
of the oncoids represent the metabolize products of sulfate-
reducing bacteria in cyanobacterial microbial mat
(Baumgartner et al. 20006).

Girvanella-cortex oncoids

Description These oncoids ranges in size from 1 to 1.5 mm in
diameter, with uneven, irregular, and nonsmooth cortices (Fig.
4a—c). The cortices of the oncoids associated with preserved
fossils of Girvanella with either core of bioclasts (trilobite
and/or brachiopods) (Fig. 4a—a’) or microbial envelop/
bacterial biofilm (Fig. 4b—c). Further, observation shows the
various shapes of oncoids that linked with the typical structure
of cortex such as ellipsoidal in shape with rough and irregular
laminations (Fig. 4a—a’), irregular shape with unevenly

Fig. 3 Photomicrographs depict
the Cambrian Miaolingian
Girvanella-core oncoids in the
NCP. a Oncoids showing
rounded shapes that are
associated with Girvanella in the
core and crystals of dolomite in
the cortex. The yellow arrows
show the pyrite crystals. Red and
green arrows indicate the
bioclasts and patches of micrite,
respectively. b Elliptical to the
spheroidal shape of oncoids
having an elliptical arrangement
of Girvanella in the core. ¢
Rounded shape of oncoid is due
to the rounded shape of
Girvanella core

distribution of Girvanella in the cortex (Fig. 4b-b’), and
rounded shape with an abundance of Girvanella in the outer-
most part of the cortex (Fig. 4c—'). In addition, pyrite crystals
are also observed in all these oncoids (Fig. 4a’, b’, ¢'). These
oncoids are surrounded by sparite cement (Fig. 4a—c) that is
relatively different from cementing material that observed in
Girvanella-core oncoids (Fig. 3a—c).

Interpretation The Girvanella in the cortex of oncoid depicts
the characteristics of laminated stromatolite (i.e., Riding
2011a, b). The oncoids with the core of bacterial biofilm
(cyanobacteria and sulfate-reducing bacteria) show the similar
features of the high-energy modern Bahamian coated grains
that nucleus formed by the combination of cyanobacteria,
sulfate-reducing bacteria, and diatoms (Brehm et al. 2003,
2006). These microorganisms excrete EPS in the microbial
mat to form multiple biofilms (Decho 2010). Further EPS
provides a substrate for precipitation of calcite in the
Cambrian calcite sea (Stanley 2006; Dupraz et al. 2009; Mei
et al. 2019¢, 2020a, b). The oncoids with cores of bioclasts
also depict the relatively high-energy setting of these deposits
(Hanken et al. 2015; Riaz 2019). Moreover, the cementing
material of these oncoids indicates the relatively low-energy
setting as compared with the Girvanella-core oncoids that
flourished in relatively high-energy setting above the normal
wave base (Wang and Xiao 2018; Riaz 2019; Xiao et al.
2020a, b).

Girvanella-full oncoids

Description The petrographic observation shows the same
composition from center to outermost cortices of the oncoids
that mostly range in size from 1.5 to 2 mm in diameter (Fig.
5a—c). These oncoids are associated in variable shape, i.e.,
elliptical (Fig. 5a—a’), sub-angular (Fig. 5b-b’), and asymmet-
ric (Fig. 5c—') that show the abundance of Girvanella in their
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Fig. 4 Photomicrographs
showing Girvanella-cortex
oncoids surrounded by sparite
cement. a An ellipsoidal oncoid
with a core of trilobite/
brachiopods/other bioclasts and a
clotted cortex. a’ Under cross-
polarized light depicts the pyrite
grains. b Irregular oncoid with a
clotted and roughly laminated
texture, comprised Girvanella
fossils. b’ Under cross-polarized
light showing the irregular-
shaped oncoids and pyrite grains.
¢ Rounded oncoid grain, having
roughly laminated cortices, with
laminae thick upward and thin
downward. ¢’ Under cross-
polarized light portray pyrite
crystals.

cores and cortices (Fig. 5a—c). Further observations reveal the
pyrite crystals in these oncoids (Fig. 5a’, b’). These oncoids are
surrounded by sparite cement (Fig. S5a—c) similar to the cement
observed in Girvanella-cortex oncoids (Fig. 4a—c).

Interpretation These oncoids are associated with the cortex of
variable shape indicate the high-energy turbulence condition
(i.e., Chow and James 1987; Heller et al. 1990). Further core
and cortex predominantly comprise Girvanella fossils that in-
dicate the involvement of filamentous cyanobacteria in the for-
mation of Cambrian oncoids (i.e., Elliott 1975; Rees et al. 1989;
Riding 1991; Mei et al. 2019a, b). Furthermore, pyrite crystals
indicate a close connection with the sulfate reduction and may
show the complex microbial precipitation inside the microbial
mat during the formation of the oncoids (e.g., Dupraz et al.
2009; Riding 2011b). The cementing material of these oncoids
is similar to Girvanella-cortex oncoids that indicate a relatively
low-energy setting for their formation (Riaz 2019).

@ Springer
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Geochemistry of oncoids
Trace elements

Table 1 lists the contents of the trace elements of the studied
oncoids samples. Within the large ion lithophile elements
(LILESs), Ba and Rb represent depletion (Table 1). In compar-
ison, Rb is extremely depleted in studied oncoids of the NCP.
Among LILEs, the Sr concentration within the oncoids is
relatively higher (Table 1). In the case of Pb concentration,
most of the oncoid samples reveal slight enrichment (Table 1).
Among the ferromagnesian trace elements, Ni and Co indicate
concentrations of 7.2-9.3 ppm and 0.74-1.91 ppm while Cr
and V show contents of 1.2-2.4 ppm and 2.7-3.7 ppm respec-
tively (Table 1). Within all of the high field strength elements
(HFSEs) (Nb, Hf, Zr, Y, Th, and U), Nb, as well as Hf, is
extremely depleted (Table 1).
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Fig. 5 Photomicrographs show
Girvanella-full oncoids. a—¢
Girvanella growth in all stages of
oncoids development. a Elliptical
shape of oncoid without a nucleus
is surrounded by sparite cement. a
" Under cross-polarized light
showing the pyrite crystals. b
Sub-angular shape of oncoid
associated with the same
composition from center to
outermost cortex. b’ Under cross-
polarized light filamentous
Girvanella along with pyrite
minerals. ¢ Asymmetric shape of
oncoid without a nucleus. ¢’
Under cross-polarized light same
feature observed and close view
of Girvanella also shown

The studied oncoids indicate lower values of Mo/U ratios
(1.10-2.46; average 1.76; Table 1). Most of the V/Cr ratios of
oncoids are < 2, and V/(V + Ni) ratios vary from 0.24 to 0.33.
Moreover, the variation of Sr/Cu between 42 and 54 and Sr/Ba
(35-79) is presented in Table 1.

REEs

Table 1 presents the rare earth element contents (REEs) of the
studied oncoids. On NASC-normalized REE pattern, these
oncoids are observed with slightly weak negative Eu anoma-
lies and indicates the weak enrichment of LREEs (Fig. 6). The
Eu/Eu* ratios reveal a range of 0.34-1.03 (Table 1).
Meanwhile, the variation of Ce/Ce* ratios in Cambrian
oncoids ranges from 0.48 to 1.41 along with the absence of
Ce anomaly (Table 1; Fig. 6). The oncoids are represented by
higher Er/Nd and La/YDb ratios while most of the Gd/Gd*

ratios of the Cambrian oncoids are < 1. The Y/Ho ratios of
the Cambrian studied oncoids indicate a range of 30.17 and
42.08 (Table 1). The REE contents within the studied oncoids
indicate a narrow range of 5.71 to 7.69 ppm with an average of
6.69 ppm (Table 1).

Discussion
Forming mechanism

Girvanella oncoids deposited in the Miaolingian strata of the
NCP. These oncoids indicate high-energy depositional envi-
ronment formed during FRST (forced regressive systems
tract) of the third-order levels that represents a typical example
of drowning unconformity (Schlager 1989, 1998, 1999).
These oncoids are depicting dual characteristics, i.e.,

@ Springer



858 Page 8 of 15 Arab J Geosci (2020) 13:858

Table 1 Trace elements and rare earth element composition of Cambrian oncoids exposed in North China Platform (Data from Xiao et al. 2020)

Sample no. Sc \4 Cr Ni Co Zn Cu Rb Sr Y Zr Nb Mo Mo/U Sb
WH-XZ-1  1.124 3214 1.692 8.231 1911 8547 2926 0.171 124.022 0.798 6.961 0.403 0.512 2.42654 1.483
WH-XZ-2 1013 3.729 237 7.629 0.767 8262 2943 0.114 149.87  0.905 7.132 0379 0.347 1.1051 1.355
WH-XZ-3  0.892 2923 2413 8.654 1.032 9.301 2.868 0.152  131.073 0.957 7.126  0.652 0.498 2.09244 1.226
DQ-ZX-1 0.925 3241 1.699 8.618 1228 9.469 2447 0.139 132.135 0.922 6.712  0.142 0.493 1.95635 1.022
DQ-ZX-2  0.844 3.164 1.722 8.146 1453 8897 2571 0.14  131.674 1.039 6.303  0.089 0.409 2.05528 0.947
DQ-ZX-3  0.782 2.776 1214 7.88 1393 7324 2415 0.143 132.383 1.104 6.57 0.162 0.389 1.61411 1.119
XWD-XZ-1 0873 3215 1417 7.282 1.13 8225 2523 0.151 123.01 0.984 4948 0556 0.431 1.42715 0.438
XWD-XZ-2 0921 2872 1524 7.648 0889 9374  2.631 0.143 121.101 0.831 5122 0.579 0318 1.2278 0.526
XWD-XZ-3 0.782 2964 1.736 8.125 0925 7209 2422 0.168 128.645 0.935 5251 0.404 0425 1.17729 0.371
SDG-ZX-1 0.926 3.422 2375 9361 0.747 9.062  2.492 0.117 113.002 1.01 4.036  0.075 0.385 1.90594 0.175
SDG-ZX-2 0.771 2941 2.141 9.243  1.028 8452  2.545 0.122  120.801 1.142 4425 0.105 0.479 2.46907 0.214
SDG-ZX-3 0917 3218 2288 8736 0.857 8209 2381 0.105 117.925 0.831 4.001 0.069 0392 1.66102 0.238
Sample no. Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf
WH-XZ-1  1.637 1.038 1906 0.437 0513 0428  0.062 0.301 0.03 0.071 0.026  0.063 0.016 0.127 0.0121 0.054
WH-XZ-2 1902 1.025 1.825 0328 0591 0344  0.049 029  0.044 0.094 0.03 0.051 0.019 0.124  0.013 0.041
WH-XZ-3  1.643 1.007 2.031 0.384 0369 0274  0.026 0.192  0.011 0.088 0.031  0.036 0.013 0.118 0.018  0.057
DQ-ZX-1 2329 0926 2267 0221 0276 0392  0.041 0.224 0.056 0.076 0.029 0.049 0.018 0.078 0.022  0.045
DQ-ZX-2 2415 0985 2338 0.189 0425 0.301 0.027 0313  0.019 0.064 0.032  0.048 0.012 0.065 0.015  0.042
DQ-ZX-3 2331 1.013 2825 0.246 0385 0356  0.034 0294 0.025 0.055 0.033  0.054 0.017 0.082 0.014  0.065
XWD-XZ-1 1997 0909 1.792 0.346 0328 0.217  0.038 033 0.053 0.063 0.029 0.062 0.018 0.133 0.019  0.059
XWD-XZ-2 2.14 0973 1.604 0391 0264 0.192  0.059 0295 0.032 0.056 0.023  0.053 0.014 0.142 0.018  0.042
XWD-XZ-3 2329 0902 1.737 0286 0343 0208  0.071 0.248 0.048 0.049 0.026  0.064 0.012 0.11 0.017  0.058
SDG-ZX-1 2.842 0964 1342 0.192 0205 0264  0.039 032 0.021 0.044 0.024  0.042 0.023 0.081 0.024  0.031
SDG-ZX-2 3431 0982 1479 0207 0232 0298  0.037 0286 0.039 0.052 0.028 0.049 0.011 0.073 0.018 0.033
SDG-ZX-3 2925 0951 153 0233 0218 0285  0.051 0.341 0.051 0.047 0.023  0.051 0.011 0.095 0.013  0.029

Sample no. Ta Pb Th U V/Se  VICr Sr/Ba Sr/Cu V/V+ Th/U Cu/Zn
Ni

WH-XZ-1  0.023 1981 0394 0.211 2.86 1.9 75.76 4239 0.28 1.87 0.34
WH-XZ-2  0.037 1.842 0458 0314 3.68 1.57 78.8 50.92 0.33 1.46 0.36
WH-XZ-3  0.018 1.983 0411 0.238 328 1.21 79.78 457 0.25 1.73 0.31
DQ-ZX-1  0.009 1.104 0.392 0252 35 191 56.73 53.99 0.27 1.56 0.26
DQ-ZX-2  0.012 1302 0.385 0.199 3.75 1.84 54.52 5121 0.28 1.93 0.29
DQ-ZX-3  0.025 1.228 0407 0.241 3.55 2.29 56.79 54.82  0.26 1.69 0.33
XWD-XZ-1 0.017 1.617 0.548 0.302  3.68 227 61.6 48.76  0.31 1.81 0.31
XWD-XZ-2 0.029 1.536 0419 0259 3.12 1.88 56.59 46.03 0.27 1.62 0.28
XWD-XZ-3 0.016 1429 0371 0361 3.79 1.71 55.24 53.12  0.27 1.03 0.34
SDG-ZX-1 0.013 1.632 0397 0202 3.7 1.44 39.76 4535 0.27 1.97 0.27
SDG-ZX-2 0.011 1307 0374 0.194 3.81 1.37 3521 4747 0.24 1.93 0.3
SDG-ZX-3 0.012 1453 0382 0236 3.5l 1.41 40.32 49.53 0.27 1.62 0.29
Sample no. REE Er/Nd Y/Ho Ce/Ce* Pr/Pr* EuwEu* Gd/Gd* Ndy Yby (Nd/Yb)x La/Yb
WH-XZ-1 7.69 0.12 307 0.51 0.23 0.6 0.78 086  0.61 1.40984  8.17

WH-XZ-2 752 0.09 30.17 0.64 0.17 0.57 0.71 098  0.59 1.66102  8.26
WH-XZ-3 731 0.1 30.87 0.61 0.22 0.39 1.25 0.62  0.56 1.10714  8.53
DQ-ZX-1 648 0.17 3179 1.17 0.13 0.45 0.51 046  0.37 1.24324  11.87
DQ-ZX-2  6.77 0.11 3247 141 0.09 0.34 1.57 071  0.31 229032 15.15
DQ-zX-3 739 0.14 3345 1.32 0.11 0.38 1.15 0.64  0.39 1.64103  12.35
XWD-XZ-1 688 0.19 3393 0.6 0.22 0.59 0.79 055  0.64 0.85938  6.83
XWD-XZ-2 64 02 36.13 0.48 0.29 1.03 0.77 0.44  0.68 0.64706  6.85
XWD-XZ-3 636 0.19 3596 0.7 0.18 1.24 0.48 0.57 0.53 1.07547  8.20
SDG-ZX-1 5.86 0.2 42.08 0.8 0.18 0.54 1.26 034 0.39 0.87179  11.90
SDG-ZX-2 571 021  40.79 0.82 0.17 0.48 0.84 039 0.35 1.11429  13.45
SDG-ZX-3 6.01 023  36.13 0.75 0.19 0.65 0.75 036  0.45 0.8 10.01

WH= Wubhai Section-Inner Mongolia Province
DQ= Diaoquan Section-Shanxi Province
XWD= Xiaweidian Section-Beijing

SDG= Sandaogou Section-Liaoning Province
XZ= Xuzhuang Formation

ZX= Zhangxia Formation

laminated stromatolites and mobile coated grains that repre-  preserved Girvanella in these oncoids shows its involvement

sent a spectacular sedimentary phenomenon (Bosak et al.  at different growth stages that significantly alter the micro-
2013; Pederson etal. 2015; Peters etal. 2017). The abundantly ~ structure and consequently, different types of Girvanella

@ Springer



Arab J Geosci (2020) 13:858

Page 9 of 15 858

10

REE/NASC

0.001

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 6 NASC-normalized REE patterns of oncoids indicating slightly
weak negative Eu anomalies and weak enrichment of LREEs

oncoids are developed (Fig. 7). In Girvanella-core oncoids,
Girvanella along with few heterotrophic organisms make a
dark micrite in the center of the oncoids (Figs. 3a— and 7).
These microorganisms particularly cyanobacteria excrete gel-
like material called extracellular polymeric substance (EPS)
that provides the substrate for endorsing precipitation of
CaCO;3; (Dupraz et al. 2009; Bosak 2011; Decho and

Fig. 7 Schematic illustrations of Girvanella-core oncoids

the Cambrian oncoids in the NCP.
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Gutierrez 2017). In the Girvanella-cortex oncoids,
Girvanella filaments were involved in the development of
the cortices. Consequent calcification caused the development
of Girvanella-rich laminae, which served as textural elements
of these oncoids. Similarly, Girvanella-full oncoids experi-
enced all stages of Girvanella growth as compared with the
first two forms of Girvanella oncoids (Fig. 7). The presence of
Girvanella in all stages of oncoids demonstrates credible con-
firmation regarding the contribution of Girvanella in the de-
velopment of these carbonate grains. Furthermore, petro-
graphic observations clarify that Girvanella-core oncoids
flourished under high-energy conditions above the normal
wave base, whereas Girvanella-cortex and Girvanella-full
oncoids deposited in both high and relatively low-energy set-
tings above and below the normal wave base.

The cores and cortices of these oncoids are composed of
Girvanella and sulfate-reducing bacteria (Figs. 3, 4, 5, and 7)
that are a possible demonstration of the microbial origin of the
Cambrian oncoids of the NCP. These Girvanella fossils are
equivalent to either the modern Plectonema (Riding 1991) or
the modern Tychonema (De los Rios et al. 2015). The evenly
outlined walls of the Girvanella fossil can be interpreted as a
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residue of in vivo calcification that represents an ecophysio-
logical mechanism, which is genetically related to the atmo-
spheric carbon dioxide concentration mechanisms (CCMs;
Riding 2000; Kah and Riding 2007). Moreover, the in vivo
calcification may coordinate with calcification of EPSs con-
taining extracellular sunscreen scytonemin (Soule et al. 2009;
Mei et al. 2020a), which is different from the calcification of
common EPSs forming microbial mats. The interior parts of
filaments are filled by microspars that may be the residues of
cyanobacterial cells. Further, the filamentous fossils in the
cores (Fig. 3) and cortices of oncoids (Figs. 4 and 5) strongly
reflect the sophisticated calcification of photosynthetic
biofilms that occurred after the in vivo calcification of
cyanobacterial sheaths (Riding 2000; Reitner 2011a, b).
These credible pieces of evidence provide certain clues of
the microbial origin of Cambrian oncoids of the NCP.
However, it is difficult to reach certain conclusions whether
Girvanella fossils are directly involved in the formation of
oncoids or not; nevertheless, these fossils provide certain ev-
idences for the microbial origin of oncoids.

Furthermore, the presence of pyrite crystal in the Cambrian
oncoids indicates microbial precipitation which is related to
sulfate reduction (Riding 2000; Baumgartner et al. 2006).
Moreover, pyrite crystals describe two important factors, i.e.,
alkalinity engine (Kempe and Kazmierczak 1994; Gallagher
etal. 2012) and EPS (Tourney and Ngwenya 2014; Decho and
Gutierrez 2017), which actively participate in carbonate pre-
cipitation in the cortex and core of these oncoids. In other
words, cyanobacteria (Girvanella) abundantly and succes-
sively excrete a mess of EPSs to form biofilm in the microbial
mat, and its degradation via heterotrophic organisms like
sulfate-reducing bacteria caused the precipitation. The exact
mechanism of precipitation in microbial mats dominated by
Girvanella is still an important subject that needs to be inves-
tigated in the future.

Geochemical characteristics and source of REEs in
Cambrian oncoids

Rare earth elements (REEs) in carbonate bodies are mainly
inherited from ancient seawater. But, in several cases, the
concentrations of REEs in ancient carbonates such as oncoids
were also affected by detrital involvement as well as diagen-
esis. Thus, REEs of oncoids can be significant to reveal the
participation of terrigenous input in addition to diagenetic in-
fluence. The rare earth elements (REEs) ratios such as Eu/Eu*
can be valuable to infer the involvement of terrigenous mate-
rial during the carbonates formation. The Eu/Eu* ratios of the
Cambrian oncoid samples indicate a range of 0.34-1.03
(Table 1). In general, the slightly positive Eu anomalies in
REE patterns which are rare in seawater possibly caused by
the diagenetic variations in the carbonates (Abiding and
Calagari 2015) and enhanced through processes of

@ Springer

hydrothermal activities (Madhavaraju and Lee 2009). On the
contrary, the slightly negative anomalies of Eu are indicative
of'the terrigenous input in carbonate samples (Dai et al. 2016).
The slightly negative Eu anomalies in the studied oncoids
suggest that these oncoids have been subjected to terrigenous
participation during their formation (Fig. 6). Therefore, based
on these findings, we propose that the slightly negative Eu
anomalies in oncoids are indicative of terrigenous
involvement.

Several research works have been conducted on the varia-
tions of Ce in the marine settings for defining
paleoenvironments (e.g., Nath et al. 1997). Also, it is docu-
mented that the scarcity of Ce in oceanic water is due to redox
variations of Ce (Elderfield 1988). The variation of Ce/Ce*
ratios in Cambrian oncoids ranges between 0.48 and 1.41
(Table 1). Both Ce contents and the lack of Ce anomaly in
studied oncoids can be governed by lithological input, and
diagenesis may impart an important character in the incorpo-
ration of REEs (particularly Ce). According to Armstrong-
Altrin et al. (2001), the diagenesis can indicate a worthy char-
acter in removing Ce anomaly in the samples of oncoids.
Considering these views, it is suggested that the absence of
Ce anomaly in Cambrian oncoids can be attributed to diage-
netic activities. Further, the impact of diagenetic conditions is
most likely defined by Er/Nd ratios (Abiding and Calagari
2015). Their higher ratios in carbonates show the seawater
signature conserved by the sediments. It is widely reported
that the ratio (Er/Nd) is nearly 0.27 in normal seawater (De
Baar et al. 1988). Both diagenetic processes and terrigenous
materials can be responsible for discretional amounts of Nd
comparative to Er and may decrease the Er/Nd values to < 0.1
(Abiding and Calagari 2015). However, these ratios in the
oncoids vary between 0.09 and 0.23. Fairly higher values of
Er/Nd (Table 1) point out that the impact of terrigenous ma-
terials and diagenetic activities was insignificant. Relatively
greater values of Er/Nd in oncoids of the NCP indicate sea-
water signature conserved by the marine sediments.

The Gd/Gd* ratios of the carbonates of modern shallow
seawater range from 1.05 to 1.30, as indicated by De Baar
et al. (1985). However, most of the Gd/Gd* ratios of the
Cambrian oncoids are < 1 (Table 1), suggesting the influence
of diagenetic processes on the oncoids of the NCP. The super
chondritic Y/Ho ratios of the studied oncoids are less than the
values of seawater (~ 44-74) as defined by Bau (1996).
Relatively lesser values of oncoids in comparison to sea water
suggest the impact of diagenetic activities on the carbonates of
the studied area. Meanwhile, the higher La/Yb values
(Table 1) of oncoids (6.8-15.1) suggest the involvement of
limited detrital material during the genesis of Cambrian
oncoids (Sholkovitz 1990; Condie 1991). Considering these
views, it can be concluded that the oncoids of the NCP have
been influenced by diagenetic activities and limited terrige-
nous input during their formation.
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The REE patterns in carbonates are frequently significant
to typify source rocks (Tobia 2018). NASC-normalized REEs
values of the studied oncoids are mostly depleted and this
points out the contribution of detrital material within the
Cambrian oncoids (Fig. 6; Sen and Mishra 2015). The studied
samples reflect a narrow range of discrepancy in >REE con-
tents (5.71 to 7.69, average 6.69; Table 1). These narrow
ranges in contents of >REE are also a consequence of varia-
tion in detrital materials within the Cambrian oncoids (Chen
et al. 2014).

The (Nd/YDb)y ratios of the oncoids differ from 0.64 to 2.29
(Table 1) and are not comparable to the seawater-like REE
patterns. Therefore, oncoids with higher (Nd/Yb)y ratios con-
firm that the source of these REE ratios is from terrigenous
input within the Cambrian oncoids. Meanwhile, it is also
widely accepted that higher ratios of Er/Nd indicate that they
are sourced and preserved by marine carbonates (De Baar
etal. 1988). On the contrary, the ratios of Er/Nd having values
less than 0.1 are suggestive of terrigenous input and diagenetic
activities within the oncoids (Tobia 2018). Therefore, the ra-
tios Er/Nd, (Nd/Yb)y, La/Yb, and depletion and variation of
REEs point out the occurrence of a detrital fraction which is
the most credible source of REEs within the oncoids. The Er/
Nd ratios of the oncoids are within the range of 0.09 to 0.23
(Table 1), indicating that these higher rare earth elemental
ratios are sourced and preserved by marine carbonates (De
Baar et al. 1988).

Implications on paleoenvironments of Cambrian
oncoids

Several researches have reported that the positive Eu anom-
alies are owing to hydrothermal activities (Armstrong-
Altrin et al. 2003) or because of diagenetic alteration
(Tobia 2018). The studied oncoids are flourished in shallow
carbonate platform (Xiao et al. 2020a); thus, local enhance-
ment of feldspar as well as diagenetic variations can pro-
duce positive Eu anomaly. However, on the REE pattern,
the observed oncoids of the NCP show weak negative Eu
anomalies (Fig. 6). These observed negative anomalies
point out the preservation of the original marine water sig-
natures within the oncoids.

Y/Ho ratio is reflected as one of the consistent tool for the
marine environment (Xiao et al. 2020a). In modern marine
settings, this ratio differs between 40 and 90 (Bau 1999).
The Y/Ho ratios of the Cambrian studied oncoids indicate a
range of 30.17 and 42.08 (Table 1) with an average value of
34.53. This implies that the oncoids have thrived in a marine
setting; however owing to the detrital input or because of the
diagenesis, the average Y/Ho ratio of the oncoids is declined
(Tobia 2018). Further, this ratio is analogous to other
Mesoproterozoic carbonates such as Rohtas carbonates
(Banerjee and Jeevankumar 2007). The observed larger

variations in the Y/Ho ratios of the oncoids exhibit that the
studied oncoids are contaminated by the impact of detrital
materials. The lower values of the Y/Ho ratio such as 30.17
to 33.93 in the studied oncoids also propose freshwater par-
ticipation from the rivers in the seawater during precipitation
of these Cambrian oncoids.

Modern studies report that the geochemical ratios such as
Mo/U are significant pointers of redox conditions of carbon-
ates (McManus et al. 2006). Therefore, these conditions of
oncoids can be rebuilt by trace elemental ratios present in
the studied oncoids. Algeo and Tribovillard (2009) confirmed
that Mo/U ratios higher than 7.9 are considered as a pointer of
anoxic/sulfidic conditions and can provide significant infor-
mation by studying sediments from modern marine settings.
Howeyver, the studied oncoids indicate lower values of Mo/U
ratios (1.10-2.46; average 1.76; Table 1). Lower values of
Mo/U ratios of studied oncoids suggest that oncoids thrived
in oxic environments.

Several researches reported the application of Ce anomaly
in the marine environments for highlighting the paleo condi-
tions (Hua et al. 2013; Khelen et al. 2017). To decide the
redox condition, Ce anomalies are consistent and more reli-
able since Ce valences and solubility differ in redox condition.
Under the oxidized environment, a negative or lack of Ce
anomaly promotes (Hua et al. 2013). However, under anoxic
condition, positive Ce anomaly results. In this study, the
oncoids are displaying a deficiency of Ce anomaly (Fig. 6),
which suggests deposition of oncoids under the oxic
environment.

In addition, V/(V + Ni) and V/Cr are important to define
the paleoenvironmental conditions of carbonates (Xiao et al.
2020a). Low V/Cr ratio (< 2) is suggestive of oxic conditions,
and V/(V + Ni) < 0.6 also represents the oxidizing condition
(Rimmer 2004; Xiao et al. 2020a). Similarly, most of the V/Cr
ratios of oncoids are < 2, and V/(V + Ni) ratios vary from 0.24
to 0.33 (Table 1), suggesting the flourishment of Cambrian
oncoids under oxic conditions.

The Sr/Cu and Sr/Ba ratios are measured as significant
proxies to delineate paleoclimatic conditions of carbonates
(Fouke et al. 2005). It is widely reported that the range of
St/Cu (1.3 to 5.0) shows humid climate, whereas higher than
5.0 displays arid climate (Ni et al. 2010). The oncoids of this
study represent a variation of Sr/Cu between 42 and 54
(Table 1), signifying arid climatic environments. Moreover,
if the Sr/Ba value is < 1, it is representative of terrestrial con-
dition; nonetheless, greater than 1 value of St/Ba is suggestive
of marine condition (Tripati et al. 2009). The studied oncoids
reveal the variation of St/Ba (35-79), signifying classic ma-
rine conditions.

Considering the above discussion regarding
paleoenvironmental analyses of Cambrian oncoids, it can be
concluded that the oncoids of the North China Platform (NCP)
flourished under oxic, arid, and classic marine conditions.

@ Springer



858 Page 12 of 15

Arab J Geosci (2020) 13:858

Conclusions

1) Girvanella oncoids of the North China Platform (NCP)
were distinguished into Girvanella-core, Girvanella-cor-
tex, and Girvanella-full oncoids based on the morphology
of the cortices. Girvanella-core oncoids indicate both
high and relatively low-energy depositional settings
based on the cementing material and the thickness of the
cortex, while Girvanella-cortex oncoids and Girvanella-
full oncoids are formed under relatively low-energy set-
tings. These oncoids are associated with EPSs, which
form a number of biofilms in a relatively thick microbial
mat dominated by cyanobacteria, where they grow and
roll over it. Moreover, abundantly preserved filamentous
fossils, i.e., Girvanella in the cortex and nuclei of
oncoids, strongly suggest the independent growth of these
oncoids over microbial mats. The presence of pyrite
grains and dolomite crystals in these oncoids also clarifies
the calcification and decomposition of EPSs in
cyanobacteria-dominated microbial mats.

2) The slightly negative Eu anomalies, higher La/Yb values,
and the observed larger Y/Ho variations in the Cambrian
oncoids of NCP suggest that these oncoids have been
subjected to terrigenous participation during their forma-
tion. Considering the absence of Ce anomaly, Gd/Gd*
ratios (< 1) and lesser values of Y/Ho, it can be concluded
that the oncoids of the NCP have been influenced by
diagenetic activities. Relatively greater values of Er/Nd
suggest seawater signature preserved by the marine sedi-
ments. In addition, observed weak negative Eu anomalies
within the oncoids point out the retention of the original
marine water characteristics while lower values of the
Y/Ho propose freshwater participation from the rivers in
the seawater during precipitation of oncoids.

3) Based on the ratios Er/Nd, (Nd/Yb)y, La/Yb, and deple-
tion and variation of REEs, it can be confirmed that the
source of these REEs within the oncoids is mainly from
terrigenous input, which is the most credible source of
REEs. However, the higher Er/Nd ratios are sourced and
preserved by marine carbonates.

4) Lower values of Mo/U, V/Cr, and V/(V + Ni) ratios and
deficiency of Ce anomaly in the studied oncoids suggest
that these oncoids were flourished under oxic environ-
ments. These oncoids represent a variation of St/Cu be-
tween 42 and 54 and Sr/Ba (35-79), suggesting their de-
velopment under arid climatic conditions and classic ma-
rine settings.
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