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Abstract

After the global extinction event at the end of the Cambrian Epoch 2, widely spread oolitic bank dominated the North China
Carbonate Platform during the Cambrian Miaolingian Epoch. To better understand the influence of paleogeographic and
paleoenvironmental factors on microbial carbonate particles during this period, carbonate oncoids of the Cambrian Miaolin-
gian Series were selected to reconstruct the paleogeography and paleoenvironment. The study samples were collected from
four different sections: Wuhai, Diaoquan, Xiawidian and Sandaogou (from west to east in the North China Platform). Strati-
graphic, sedimentological, petrological and geochemical studies including analysis of trace and rare earth elements were
carried out to define the stratigraphic location, and morphological and geochemical characteristics of oncoids. Geochemical
analysis of oncoids reveals that Er/Nd and Y/Ho values are relatively low, signifying that the formation of oncoids was influ-
enced by terrestrial inputs. Meanwhile, St/Cu, St/Ba, V/Sc and V/Cr values indicate that the oncoids were developed in a
shallow marine environment under oxidizing conditions. The low content of total rare earth elements, low LREE/HREE ratios
and LREEs, negative anomalies of Ce/Ce* and Eu/Eu* as well as (La/Sm)y suggest that the oncoids were less influenced by
late diagenetic processes. More importantly, morphological differentiations of oncoids in the study area coincide with the
changing trend of Y/Ho and Sr/Ba. The results of this study show that oncoids with regular morphology mainly formed at
offshore area, while those with irregular shape and preserving rough laminae mostly occurred at nearshore area. From the
comparison made between the paleogeographic locations of the study sections, it is proposed that the paleosalinity of marine
depositional environment and the transportation distance are the prime controls for morphological differentiation of oncoids.
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1 Introduction

“Oncoids” as a non-genetic term was firstly introduced by
Heim [1] to describe the micrite particles found in the Juras-
sic shelf limestone in Switzerland [2]. Researchers report
them as typical carbonate particles and independent calcare-
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nucleus, concentric laminae and morphological character-
istics of cortex [19]. The process of oncoids development
is governed by paleogeographic and paleoenvironmental
factors (more specifically water and atmospheric chemical
conditions) that are governed by the sea level changes [20,
21]. Furthermore, the variance of morphological character-
istics of the oncoids is primarily dependent on the stability
of sedimentary environment [22]. Therefore, oncoids are not
only used as an indicator of regional stratigraphic division
and correlation, but also as an essential marker for paleo-
geographic reconstructions [15-18, 20, 21, 23]. Therefore,
the study of morphology and origin of oncoids can provide
notable implications to explore their paleogeography and
paleoenvironment [15, 24, 25].

The oncoids from Cambrian strata of the North China
platform have been reported for genetic discussions and
growth models [6, 7, 16, 17, 25-27]. However, the com-
prehensive morphological characteristics and large-scale
comparative study of the oncoids exposed in different areas
of the North China Platform are still lacking. Furthermore,
the trace element geochemistry of these oncoids to delineate
the paleoenvironmental conditions is yet unexplored. There-
fore, we integrated the lithological, morphological, sedimen-
tological and geochemical (trace elements and rare earth
elements) features of great varieties of oncoids in a wide
range. This study is aimed at systematically demonstrating
the intrinsic relationship between the morphological varia-
tions of oncoids and paleoenvironmental factors through the
geochemical clues.

2 Geological Setting and Sequence
Stratigraphic Framework

2.1 Geological Background

The study area is located in the northern part of the North
China Platform (ca. 1000 km north—-south, 1500 km
east—west; [28]) (Fig. 1). From the Cambrian Epoch 2
through the middle of Ordovician, the sediments of the
North China Platform were dominated by epicontinental
sea sediments [29]. Samples of the present study were col-
lected systematically from the Cambrian strata in four differ-
ent locations, which can be categorized in sequential orders
including: A—Wubhai (Inner Mongolia Province), B—Diao-
quan (Shanxi Province), C—Xiaweidian (Beijing), and D—
Sandaogou, Huludao (Liaoning Province). The locations
of these exposed sections of the North China Platform are
illustrated in Fig. 1. All oncolitic samples were taken from
the Xuzhuang and Zhangxia formations of the Miaolingian
Series.

Within the new chronostratigraphic framework [32, 33],
the Miaolingian Series strata of Cambrian (509-497 Ma)
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contain the Maozhuang, Xuzhuang, Zhangxia and Gushan
formations [34-38], which are characterized by massive
oolitic—grain bank facies (Fig. 2). The basic sedimentary
characteristics of the Xuzhuang Formation are evaporative
red beds in the lower part and dark calcareous mudstone
in the middle part. From the middle to the top, deposition
occurred in a shallowing upward environment, and the for-
mation is dominated by banded and massive limestone to
oolitic limestone (Fig. 2). The Zhangxia Formation as a
whole is believed to have deposited in a third-order depo-
sitional sequence [34-38]. According to its lithological
characteristics and cyclicity of sedimentary facies at dif-
ferent levels, Zhangxia Formation can be subdivided into
three fourth-order sequences, and all of them are marked
by shelf facies calcareous mudstone in the lower parts. The
middle parts are composed of banded mudstone interbedded
with thin beds of oolitic limestone, and the upper parts are
composed of massive oolitic limestone. The variation in the
internal lithologic characteristics of the Zhangxia Forma-
tion reveals a cyclicity change from non-grain bank to grain
bank facies and deep water to shallow water environments,
as well as a shallowing upward trend in the deposited sedi-
ments. The Gushan Formation in the studied section exhibits
one third-order sequence that is marked by mudstone at the
bottom, alternating marl and banded limestone in the lower-
middle part and alternating massive limestone and oolitic
limestone in the upper part [34, 35].

Stacked patterns of the formations, vertical variations of
sedimentary facies and characteristics of the inner cycle,
suggesting three or four third-order sequences, were devel-
oped in these sections (Fig. 2). In the description of the
Cambrian paleogeography of the North China Platform by
previous researchers, the entire terrain of western margin
of the Yimeng and Lvliang regions remained steeper than
the eastern margin during the Cambrian [28, 29]. Hence,
the Cambrian sedimentary sequence of the Wuhai section
reflects deeper water environment in comparison with the
three eastern sections. The strata in Wuhai section are thin-
ner with decreased thickness of limestone, while increased
thickness of mudstone (Fig. 2).

2.2 Sequence Stratigraphic Framework
of the Cambrian Miaolingian in the North China
Platform

According to the new framework of the Cambrian strata,
vertical variations in the trends of sedimentary facies
within a cycle and deposition in three or four third-order
sequences (controlled by third-order sea level changes,
with a cycle frequency of 0.5-3 Myr) [34, 35, 39] can
be interpreted for these specific sections (Fig. 2). The
oncoid-bearing intervals in Wuhai and Xiaweidian sec-
tions are all located in the Xuzhuang Formation, while
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Fig. 1 a Global location of the Cambrian Miaolingian Series in the
North China Platform; b geological setting of Cambrian outcrops in
the North China Platform and the study area locations (Red Stars:
A—Wuhai section, B—Diaoquan section, C—Xiaweidian section,

D—Sandaogou section); ¢ Cambrian stratigraphic successions in
the North China Platform and their correlation with the international

chronostratigraphic subdivisions [30-32]

@ Springer



Arabian Journal for Science and Engineering

a
Wuhai Section

b

Diaoquan Section

C
Xiaweidian Section

d

Sandaogou Section

Gushan FM

PO
preTy

Angular unconformity
with PreCambrian

First-order
SB1 sequence boundary

Third-order
sequence boundary

SB3

Fourth-order
SB4 sequence boundary

Third-order
sea level change
(leftup and right down)
<" Fourth-order
sea level change
(left up and right down)

MZF Maozhuang

Formation
FM Formation
— Lens of
limestone
L) Oncoid
(V) Burrow
vy~ Desication crack
Edgewise
EEEEE  alcirudit

Furongian Series strata of Cambrian
SB3

sushan FM

*rieneny,,

Xuzhuang F

Angular unconformity
with PreCambrian

Furongian Series strata of Cambrian
R e i et s

Series 2 strata of Cambrian

Zhangxia FM

Xuzhuang I

Series 2 strata of Cambrian

40m
—
Sea
level
rise
0

wg=x> Scouring surface

‘ Bioherm
K Cross bedding

Oolitic
limestone

Massive
limestone

Banded
limestone

Dolomite

1 |
Marl C D
mudstone mudstone

Green bed of
muddy-sandy shale

Aubergine
mudstone

Fig.2 Sequence stratigraphic framework of the Cambrian Miaolingian Series strata from A to D section [34, 35], third- and fourth-order sea
level changes and locations of oncoids occurrences

@ Springer



Arabian Journal for Science and Engineering

those in the Diaoquan and Sandaogou sections are all
located in the Zhangxia Formation. According to the
vertical variation of sedimentary facies and the cyclic
characteristics of lithology in each section, the Xuzhuang
Formation displays a third-order depositional sequence
in the stratigraphic framework. The prevailing litholo-
gies of the Xuzhuang Formation are evaporative red beds
in the lower part and dark calcareous mudstone in the
middle part. From middle to upper part, the depositional
settings of the formation are characterized by shallow
marine environment, featured by the widespread banded
and massive carbonates to oolitic limestones (Figs. 2, 3).
In contrast, the Zhangxia Formation as a whole forms an
individual third-order depositional sequence. It can be
further subdivided into three fourth-order sequence. The
middle parts of these subsequences are characterized by
interbedded banded mudstone and thin beds of oolitic
limestone. Massive oolitic limestones were observed in
the upper parts. In addition, the top and bottom peripher-
ies of these subsequences denote typical sequence bound-
ary of drowning unconformity type and rapid sea level
rise [34-38].

3 Materials and Methods

The current study is based on field observations, field
measurements and laboratory tests on 442 oncolitic—oolitic
limestone samples collected from the Miaolingian strata
exposed along the four sections (Figs. 2, 3). Lithological
column for the exposed strata of the Miaolingian Series was
reconstructed on the basis of field and laboratory studies.
Fresh, representative samples of oncoids were systemati-
cally collected from the Xuzhuang and Zhangxia formations
which were examined at mega-, macro-, meso-, micro- and
ultramicro-scales. Microfacies observation (XPL and PPL)
was accomplished on polished samples and thin sections
to observe the key lithological and paleontological compo-
nents. Scanning electron microscopy (SEM) analyses were
performed on polished sections and freshly broken surfaces
at the micron scale.

In addition, inductively coupled plasma—mass spectrom-
etry (ICP-MS) analysis was performed on micro-drilled
samples. Fresh samples were collected from areas with-
out noticeable weathering. These particular samples were
also observed under microscope to avoid calcite veins and
neomorphic processes. Observations revealed a complete
absence of secondary features. The samples of oncolitic

Fig.3 Macroscopic characteristics of oncoids from various sections
of Cambrian Miaolingian Series. a Oncoids from Wuhai, Xuzhuang
Formation; b oncoids from Diaoquan, Zhangxia Formation; ¢ oncoids

from Xiaweidian, Xuzhuang Formation; d oncoids from Sandaogou,
Zhangxia Formation (yellow arrows show the oncoids from outcrop
in the field)
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limestone were cleaned off the weathered surficial layer,
and the part without fractures and alteration was chosen
for the analyses. Sample chips of 1 cm cube without diage-
netic and weathering features were selected for geochemi-
cal analyses. Trace elements in rock samples were analyzed
by ICP-MS. The detection limits of rare earth elements
and other trace elements are 0.01 X 107°-0.5x 107® and
0.5 107-10 x 1075, respectively. The accuracy of analysis
meets or surpasses the national standard, and the results are
presented in Table 1. All geochemical analyses of oncolitic
samples were performed in the State Key Laboratory of Oil
and Gas Geology and Exploitation, Chengdu University of
Technology.

4 Results
4.1 Sedimentary Features of Oncoids
4.1.1 Macro- and Micro-characteristics of Oncoids

The thickness of oolitic limestone with oncoids is measured
in the range of 0.3-5 m and documented as layered, inter-
bedded with thinly layered micritic limestone. The oncoids
exhibit ellipse or strip shape with a major axis length of
approximately 0.3-2.1 cm (Fig. 3). In context of sequence
stratigraphy, all varieties of oncoids occur at the top of
third-order sequence. Some differences in these oncoids
can be witnessed macroscopically. For example, volume
and diameter of oncoids in the Wuhai section (section A)
are prominently smaller in comparison with other sections.
Likewise in this section, the oolitic limestone layer with
oncoids growth in the Xuzhuang Formation is fairly thinner
in contrast to beds of oncoids in the Xuzhuang Formation in
sections B, C and D. The oncolite layer in the Zhangxia For-
mation of Diaoquan section is typically smaller compared
with those of the Sandaogou section.

The microscopic observations of oncoids from the four
sections depict development of oncoids together with ooids.
The individual size of oncoids varies, and their shapes are
circular to sub-circular. Most of the oncoids display the pres-
ence of nucleus, that is featured by inclusion of dark micrite,
trilobite bone or echinoderm bioclast. Moreover, most of the
oncoids are defined by alternating traits of light and dark
laminae, which can be specified as spherical stromatolites
[2]. The light laminae are composed of sparite or microspar,
and the dark laminae consist of micrite. Besides this, fila-
mentous cyanobacteria fossils, mainly Girvanella, can be
identified in the interlaced layer or inside the interior and
core of the oncoids laminae (Fig. 4).

Based on petrographic observations regarding the devel-
opment of nucleus and lamina, location of nucleus and mor-
phological attributes, the oncoids can be subdivided into
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eight groups including concentric fine laminar, concentric
rough laminar, lateral growth, micritic, multicore, complex
basement, flaggy and thin-cortex oncoids (Fig. 4). Moreover,
typical filamentous cyanobacterial fossils, especially Girva-
nella [40—42], are abundant in addition to microbial-related
precipitates (pyrite) [43] (Fig. 4).

4.1.2 Ultramicroscopic Characteristics of Oncoids
and Mineral Composition of Lamina

As obvious from morphological characteristics of oncoids
from Miaolingian Series, the oncolites can be classified into
eight types. According to SEM observation of oncoids, a
common characteristic of bimineralic structure exists in
oncoids containing microspar and micrite laminae. The
ultrastructure image of dark laminae composited by micrite
reveals distinct mineralogical structure (Fig. 5a, b).

The micrite structure is associated with carbonate mud of
microbial origin which is consistent with the findings of pre-
vious studies [2]. Moreover, pyrite grains (Fig. 5c) are also
witnessed in dark micrite. The present study documents two
types of pyrite, one is ordinary massive pyrite and the other
is framboidal pyrite (Fig. 5c). The occurrence of framboidal
pyrite represents one of the microbial genetic evidences of
the oncoids, which is associated with sulfate-reducing bac-
teria and stimulates the microbial metabolism of carbonate
precipitation [42, 43].

Besides this, the most noticeable phenomenon from the
observation of dark micrite under SEM involves large num-
bers of exquisitely preserved microbial fossils and some
microbial-related structures, such as EPS calcification rem-
nants and nanospheres (Fig. 5). In particular, the types of
microbial fossils include spherical calcified (Fig. 5d—g), fila-
mentous (Fig. 5h, i) and rod-like microbial fossils (Fig. 5j,
k). This implies that the dark laminae of oncoids can be
reflected as calcification products of microbial community
(microbial mat or biofilm) [7].

4.2 Geochemical Characteristics of Oncoids
4.2.1 Trace Elements

Variations in the oxidation-reduction conditions of deposi-
tional environment can lead to loss or enrichment of redox-
sensitive trace elements in the sediments [44]. Hence, the
redox conditions of depositional settings can be recon-
structed using a variety of trace elements present in carbon-
ates of the North China Platform. The varieties of rare earth
elements and other trace elements of oncoids are displayed
in Figs. 6, 7 and Table 1.

V, V/Sc, V/Cr and V/(V +Ni) are significant to deter-
mine the redox characteristics of sedimentary environ-
ment [45-47]. Low V/Cr ratio (<2) is indicative of
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Table 1 Trace elements composition and rare earth element (REE) (ppm) of Cambrian oncoids limestone from North China Platform

Element WHXZ-1 WHXZ-2 WHXZ-3 DQZX-1 DQZX-2 DQZX-3
Li 1.022 1.463 0.887 0.925 1.063 1.151
Be 0.113 0.077 0.054 0.126 0.032 0.061
Sc 1.124 1.013 0.892 0.925 0.844 0.782
\Y 3.214 3.729 2.923 3.241 3.164 2.776
Cr 1.692 2.37 2413 1.699 1.722 1.214
Co 1911 0.767 1.032 1.228 1.453 1.393
Ni 8.231 7.629 8.654 8.618 8.146 7.88
Cu 2.926 2.943 2.868 2.447 2.571 2.415
Zn 8.547 8.262 9.301 9.469 8.897 7.324
Rb 0.171 0.114 0.152 0.139 0.14 0.143
Sr 124.022 149.87 131.073 132.135 131.674 132.383
Y 0.798 0.905 0.957 0.922 1.039 1.104
Zr 6.961 7.132 7.126 6.712 6.303 6.57
Nb 0.403 0.379 0.652 0.142 0.089 0.162
Mo 0.512 0.347 0.498 0.493 0.409 0.389
Sb 1.483 1.355 1.226 1.022 0.947 1.119
Ba 1.637 1.902 1.643 2.329 2.415 2.331
La 1.038 1.025 1.007 0.926 0.985 1.013
Ce 1.906 1.825 2.031 2.267 2.338 2.825
Pr 0.437 0.328 0.384 0.221 0.189 0.246
Nd 0.513 0.591 0.369 0.276 0.425 0.385
Sm 0.428 0.344 0.274 0.392 0.301 0.356
Eu 0.062 0.049 0.026 0.041 0.027 0.034
Gd 0.301 0.29 0.192 0.224 0.313 0.294
Tb 0.03 0.044 0.011 0.056 0.019 0.025
Dy 0.071 0.094 0.088 0.076 0.064 0.055
Ho 0.026 0.03 0.031 0.029 0.032 0.033
Er 0.063 0.051 0.036 0.049 0.048 0.054
Tm 0.016 0.019 0.013 0.018 0.012 0.017
Yb 0.127 0.124 0.118 0.078 0.065 0.082
Lu 0.0121 0.013 0.018 0.022 0.015 0.014
Hf 0.054 0.041 0.057 0.045 0.042 0.065
Ta 0.023 0.037 0.018 0.009 0.012 0.025
Pb 1.981 1.842 1.983 1.104 1.302 1.228
Th 0.394 0.458 0.411 0.392 0.385 0.407
8] 0.211 0.314 0.238 0.252 0.199 0.241
V/Sc 2.86 3.68 3.28 3.50 3.75 3.55
V/Cr 1.90 1.57 1.21 1.91 1.84 2.29
Sr/Ba 75.76 78.80 79.78 56.73 54.52 56.79
Sr/Cu 42.39 50.92 45.70 53.99 51.21 54.82
V/V+Ni 0.28 0.33 0.25 0.27 0.28 0.26
Th/U 1.87 1.46 1.73 1.56 1.93 1.69
Cu/Zn 0.34 0.36 0.31 0.26 0.29 0.33
REE 7.69 7.52 7.31 6.48 6.77 7.39
LREE 4.38 4.16 4.09 4.12 4.27 4.86
HREE 1.44 1.57 1.46 1.47 1.61 1.68
LREE/HREE 3.04 2.65 2.79 2.79 2.65 2.89
(La/Yb)y 0.77 0.78 0.80 1.12 1.43 1.17
(La/Sm)y 243 2.98 3.68 2.36 3.27 2.85
(Gd/Yb)y 1.41 1.39 0.97 1.71 2.87 2.14
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Table 1 (continued)

Element WHXZ-1 WHXZ-2 WHXZ-3 DQZX-1 DQZX-2 DQZX-3
Er/Nd 0.12 0.09 0.10 0.17 0.11 0.14
Y/Dy 11.24 9.63 10.88 12.13 16.23 20.07
Y/Ho 30.7 30.17 30.87 31.79 32.47 33.45
Ce/Ce* 0.51 0.64 0.61 1.17 1.41 1.32
Pr/Pr* 0.23 0.17 0.22 0.13 0.09 0.11
Eu/Eu* 0.60 0.57 0.39 0.45 0.34 0.38
Gd/Gd* 0.78 0.71 1.25 0.51 1.57 1.15
Element XWDXZ-1 XWDXZ-2 XWDXZ-3 SDGZX-1 SDGZX-2 SDGZX-3
Li 0.826 0.772 0.964 0.688 0.721 0.736
Be 0.109 0.078 0.052 0.091 0.103 0.115
Sc 0.873 0.921 0.782 0.926 0.771 0.917
v 3.215 2.872 2.964 3.422 2.941 3.218
Cr 1.417 1.524 1.736 2.375 2.141 2.288
Co 1.13 0.889 0.925 0.747 1.028 0.857
Ni 7.282 7.648 8.125 9.361 9.243 8.736
Cu 2.523 2.631 2422 2.492 2.545 2.381
Zn 8.225 9.374 7.209 9.062 8.452 8.209
Rb 0.151 0.143 0.168 0.117 0.122 0.105
Sr 123.01 121.101 128.645 113.002 120.801 117.925
Y 0.984 0.831 0.935 1.01 1.142 0.831
Zr 4.948 5.122 5.251 4.036 4.425 4.001
Nb 0.556 0.579 0.404 0.075 0.105 0.069
Mo 0.431 0.318 0.425 0.385 0.479 0.392
Sb 0.438 0.526 0.371 0.175 0.214 0.238
Ba 1.997 2.14 2.329 2.842 3.431 2.925
La 0.909 0.973 0.902 0.964 0.982 0.951
Ce 1.792 1.604 1.737 1.342 1.479 1.53
Pr 0.346 0.391 0.286 0.192 0.207 0.233
Nd 0.328 0.264 0.343 0.205 0.232 0.218
Sm 0.217 0.192 0.208 0.264 0.298 0.285
Eu 0.038 0.059 0.071 0.039 0.037 0.051
Gd 0.33 0.295 0.248 0.32 0.286 0.341
Tb 0.053 0.032 0.048 0.021 0.039 0.051
Dy 0.063 0.056 0.049 0.044 0.052 0.047
Ho 0.029 0.023 0.026 0.024 0.028 0.023
Er 0.062 0.053 0.064 0.042 0.049 0.051
Tm 0.018 0.014 0.012 0.023 0.011 0.011
Yb 0.133 0.142 0.11 0.081 0.073 0.095
Lu 0.019 0.018 0.017 0.024 0.018 0.013
Hf 0.059 0.042 0.058 0.031 0.033 0.029
Ta 0.017 0.029 0.016 0.013 0.011 0.012
Pb 1.617 1.536 1.429 1.632 1.307 1.453
Th 0.548 0.419 0.371 0.397 0.374 0.382
8] 0.302 0.259 0.361 0.202 0.194 0.236
V/Sc 3.68 3.12 3.79 3.70 3.81 3.51
V/Cr 2.27 1.88 1.71 1.44 1.37 1.41
Sr/Ba 61.60 56.59 55.24 39.76 35.21 40.32
St/Cu 48.76 46.03 53.12 45.35 47.47 49.53
V/V +Ni 0.31 0.27 0.27 0.27 0.24 0.27
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Table 1 (continued)

Element XWDXZ-1 XWDXZ-2 XWDXZ-3 SDGZX-1 SDGZX-2 SDGZX-3
Th/U 1.81 1.62 1.03 1.97 1.93 1.62
Cu/Zn 0.31 0.28 0.34 0.27 0.30 0.29
REE 6.88 6.40 6.36 5.86 5.71 6.01
LREE 3.63 3.48 3.55 3.01 3.24 3.27
HREE 1.69 1.46 1.51 1.59 1.70 1.46
LREE/HREE 2.15 2.38 2.35 1.89 1.91 2.23
(La/Yb)y 0.64 0.65 0.77 1.12 1.27 0.94
(La/Sm)y 4.19 5.07 4.34 3.65 3.30 3.34
(Gd/Yb)y 1.48 1.24 1.34 2.36 2.34 2.14
Er/Nd 0.19 0.20 0.19 0.20 0.21 0.23
Y/Dy 15.62 14.84 19.082 22.95 21.961 17.68
Y/Ho 33.93 36.13 35.96 42.08 40.79 36.13
Ce/Ce* 0.60 0.48 0.70 0.80 0.82 0.75
Pr/Pr* 0.22 0.29 0.18 0.18 0.17 0.19
Eu/Eu* 0.59 1.03 1.24 0.54 0.48 0.65
Gd/Gd* 0.79 0.77 0.48 1.26 0.84 0.75

All concentrations are in ppm

oxygen-enriched environment [46], and V/(V +Ni) <0.6
denotes the oxidizing environment [47]. The value of V/
Sc is 2.86 to 3.81 in oncoids indicating weak V enrich-
ment [45]. Likewise, V/Cr of oncoids averages 1.73 and V/
(V +Ni) ratio ranges from 0.24 to 0.33, which suggests that
the marine carbonate oncoids of the North China Platform
were developed in an oxic environment (Table 1).

The trace element contents of carbonates and their ratios,
particularly Sr/Ba and Sr/Cu, are important proxies for pale-
osalinity and paleoclimate of the sedimentary environment
[48]. If Sr/Ba is > 1, it is indicative of marine environment,
whereas Sr/Ba <1 is suggestive of terrestrial deposit [49].
The regional Sr/Ba values of oncoids averaged 57.59, with
a small variation range (35.21-79.78), representing typical
marine deposition and reflecting the characteristics of high
salinity of early Cambrian seawater on the North China Plat-
form. Furthermore, the range of Sr/Cu value (1.3 to 5.0)
indicates humid climate, while the value greater than 5.0
shows arid climate [50]. The Sr/Cu value of the oncolitic
samples ranges from 42.39 to 54.82, with an average of
49.11, suggesting arid climatic conditions (Table 1).

Fe,0,/FeO has been used to delineate oxygen fugacity in
depositional settings. However, this ratio is prone to changes
by later geological processes and, thus, difficult to be used
as a proxy for the redox conditions of original sedimentary
paleoenvironment [51]. Instead, the values of Cu/Zn together
with Th/U can be indicative to the redox conditions of
marine environment [52]. Previous studies demonstrated that
if the value of Cu/Zn is less than 0.21, it implies reducing
environment, whereas a range value of 0.21-0.35 suggests
hypoxia and 0.35-0.50 oxic [51, 53]. On the other hand, if

Th/U ratio is less than 2, it exhibits the marine environment
[54]. The results of the present study display Cu/Zn ranges
from 0.26 to 0.36 and Th/U ratios 1.02—-1.97 which implies
that oncoids of the North China Platform developed in a
hypoxic marine environment.

4.2.2 Rare Earth Elements

Rare earth elements in carbonate rocks are principally inher-
ited from ancient seawater. However, in most cases, the con-
tents of rare earth elements in ancient carbonates were also
influenced by terrigenous clastic input in addition to diagen-
esis. Therefore, rare earth elements of oncoids can reflect
the external and endogenic environmental conditions [55].
2REE of oncolitic samples from the North China Plat-
form reveals that the mean value is 6.70 x 10~° and ranges
from 5.71x 107 to 7.69 x 1076, which is much lower than
NASC 173.2x 107° [56] and in accordance with the char-
acteristics of ZREE in carbonate rocks being lower than
100 % 107 [57]. Moreover, the LREE/HREE of these sam-
ples ranges from 1.89 to 3.04 with a mean value of 2.48 that
is lower than NASC, 6.95, and denotes the weak enrich-
ment characteristics of light rare earth elements. Besides,
(La/Yb)y, (La/Sm)y and (Gd/Yb)y signify slope of distri-
bution curve of rare earth elements, normalized by NASC
[58], and also define enrichment degree. (La/Yb)y and (La/
Sm)y reflect the fractionation degree of LREEs; however,
(Gd/Yb)y exhibits the fractionation degree of HREEs [59,
60]. The (La/Yb)y and (La/Sm)y values of oncoid samples
from the North China Platform show that (La/Yb)y ranges
from 0.64 to 1.43 and (La/Sm)y ranges from 2.36 to 5.07,
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Microscopic
photographies of oncoids

Local magnification

Morphological characteristics

Type 1
yp! la

{ Zo0um

Nucleus: clear;

Laminae: clear and well developed:
Shape: regular:

Cortex: smooth;

Size: 0.6-1.4cm;

Fossils and Minerals:

Girvanella and pyrite;

Possible origin:

Spherical stromatolites;

Envelope growth of algae adhering to
granules; Biodegradation of
heterotrophic bacteria and algae
residues in microbial mats
(Mesozoic reports related to diatoms),

Concentric rough-
laminar oncoids

Nucleus: clear:
Laminae: clear but less numbers
and rough developed;

Shape: irregular;

Cortex: unsmooth;

Size: 0.2-0.8cm:

Fossils and Minerals:

Girvanella and pyrite:

Possible origin:

Cyanobacteria calcification and EPS
degradation cooperate weak
hydrodynamic force .

Lateral growth oncoids

Nucleus: clear but not in the middle:
Laminae: clear and well developed:
Shape: regular;

Cortex: smooth;

Size: 0.8-2.2¢m:

Fossils and Minerals:

Girvanella and pyrite;

Possible origin:

Cyanobacteria calcification and EPS
degradation focusing on weight nucleus
cooperate weak hydrodynamic force.

Nucleus: some are clear but some not

Typed4 Micritic oncoids

s

clear;

Laminae: unclear, less numbers and
rough developed:

Shape: irregular;

Cortex: unsmooth;

Size: 0.2-0.6cm:

Fossils and Minerals:

Girvanella and pyrite;

Possible origin:

Reworked microbialites intraclasts and
clacimicrobe fragments; calcified
microbial mat remnants encapsulated
by spherical biofilm

Oncoids|
types

Microscopic
photographies of oncoids

Local magnification

Morphological characteristics

Type7 Flaggy oncoids

Type S Multicore oncoids

‘e

Nucleus: clear and more than one:
Laminae: some are clear and well
developed but some are less numbers
and rough growth:

Shape: irregular;

Cortex: some are smooth and

some are not;

Size: 0.9-2.3cm;

Fossils and Minerals:

Girvanella and pyrite;

Possible origin:

Bonding of microbial community on the
surface of oncoids: Encapsulation of
biofilm

Type 6 Complex basement oncoids

>

Nucleus: clear;

Laminae: clear and well developed;
Shape: regular;

Cortex: smooth;

Size: 0.7-1.4cm:

Fossils and Minerals:

Girvanella, pyrite and dolomite:
Possible origin:

Calcium carbonate precipitation
dominated by oxygen-generating
photosynthetic microbial mat, calcite
grains inside oncoids represent oxygen
produced by photosynthesis contorting
cyanobacterial filaments around
growing bubbles

Nucleus: clear;

Laminae: mostly got no obvious
laminae:

Shape: irregular;

Cortex: unsmooth;

Size: 0.2-0.8cm;

Fossils and Minerals:
Girvanella and pyrite:

Possible origin:

Close association with organic films
formed by mucus and produced by

calcification inside microbial mat

filamentous cyanobacteria and diatoms:
Production of filamentous cyanobacterig

Type 8 Thin-crotex oncoids

; | 200um |

Nucleus: unclear or no nucleus:
Laminae: mostly got no obvious
laminae:

Shape: irregular;

Cortex: unsmooth:

Size: 1.2-2.4cm;

Fossils and Minerals:

Girvanella, Bacinella and pyrite;
Possible origin:

Degradation of EPS and calcification of
filamentous microorganisms; Chaotic
microbial aggregates and bioturbated:
Biofilm calcification inside microbial mat
and bioturbated

ioh

Fig.4 Morphological classifications of oncoids from the Cambrian Miaolingian Series strata in North China Platform. The basic morphological
characteristics of different types of oncoids, occurrences of microbial fossils and pyrite particles

which suggests that the fractionation degree of light rare
earth elements in the study area is low. The (Gd/Yb)y of
the Cambrian oncolitic samples ranges from 0.97 to 2.87,
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demonstrating that the heavy rare earth elements in study

area are more augmented.
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Fig.5 Ultramicro-fabric of micrite inside oncoids from Cambrian
Miaolingian Series strata. a The main structure of dark micrite, amor-
phous calcium carbonate mineral carbonate mud; b the local magni-
fication of a, green arrows show nanospheres, and area reveals the
community of nanospheres, N-nanospheres; ¢ two kinds of pyrite
particles observed inside micrite, yellow arrows indicate framboidal
pyrite, pink arrows exhibit normal pyrite grains; d spherical calci-
fied microorganism fossils (blue arrows) inside dark micrite; f the
local magnification of a shows the nanospheres (blue arrow) growth

Y, Dy, Ho, Er and Nd in carbonate rocks are effective
indicators to distinguish the marine and non-marine sedi-
mentary environments [51, 61-63]. The Y/Ho ratio of

62.19nm| ;

around spherical calcified microorganism fossils; f and g depict the
diameter of spherical calcified microorganism fossils; h filamentous
microbial fossils inside dark micrite; i the local magnification of
h shows that the nanospheres (green arrow) grow on the surface of
filamentous microbial fossil; j rod-like microbial fossils community
inside dark micrite; k the local magnification of j indicates the diam-
eter of rod-like microbial fossil; 1 echinoderm debris or honeycomb-
like microbial fossils, calcification EPS

modern seawater ranges from 44 to 74 [64], and that of nor-
mal limestone is around 44 [65]. The average Y/Ho ratio of
oncolitic samples is 34.54, which is similar to the values
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Fig.6 NASC-normalized trace 5
elements patterns of oncolitic
samples from Cambrian
Miaolingian Series, North
China Platform 0.5
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preserved by the normal limestone and higher than that of
NASC (25.96; [58]). These ratios signify that the formation
of oncoids was evidently influenced by terrigenous clasts
[66]. Moreover, Y and Ho have close ionic radius and rep-
resent consistent geochemical behavior in geological envi-
ronment [67]. Y/Ho in minerals or siliceous clastic rocks
typically remains constant (27), for instance, the average
value of North American shale and post-Archaean shale
[68]. In addition, Y/Ho values in freshwater are very close
to the average values of post-Archaean shales, but higher in
seawater. The Y/Ho ratio in limestone is commonly around
44 [65], much higher than the terrigenous rocks. This ratio
also conflicts with the ratio in marine carbonate sediments.
For example, the Y/Ho ratio in the South Pacific Ocean is
about 57 [64], while the Coral Sea in the West Pacific Ocean
has Y/Ho as high as almost 80 [69]. Therefore, Y/Ho ratio
has been often used as a marker for documentation of marine

REE/NASC

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
~@~WHXZ-1 —@-~WHXZ-2 -—=~WHXZ-3 DQZX-1 —4—DQZX-2  —4—DQZX-3
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Fig.7 NASC-normalized REE patterns of oncolitic samples from
Cambrian Miaolingian Series, North China Platform

Springer

and continental sediments. The Y/Ho and Y/Dy ratios of
oncoid samples from the North China Platform exhibit
good linear relationship with correlation coefficient 0.7672
(Fig. 8), reflecting characteristics of rare earth elements in
ancient seawater.

On the other hand, content of Zr in terrigenous clastic
rocks is relatively high. When influenced by terrigenous
materials, marine limestone is often characterized by enrich-
ment zircon with good correlation between Zr and ZREE
[70]. Results of oncolitic samples depict a positive correla-
tion, demonstrating that the rare earth elements in the sam-
ples are contaminated by terrestrial sources (Fig. 7). Besides
this, Er/Nd values in normal seawater are about 0.27, which
may decrease even lower than 0.1 under contamination of
terrestrial materials or diagenesis [71]. The Er/Nd ratios
of the Cambrian oncolitic samples range from 0.09 to 0.23
(mean value is 0.16), indicating the influx of terrestrial
materials.

In diverse diagenetic environments, Eu and Ce can change
their valence states and display anomalies, therefore provid-
ing invaluable information on diagenetic environment [72].
Ce has valence states of +3 and +4, and Ce** is simply oxi-
dized to Ce*" in marine environment and hydrolyzed, which
is adsorbed and precipitated by iron and manganese oxide
colloids. Under reduction conditions, oxides, for instance
iron and manganese, dissolve, and Ce** is reduced to Ce**
and the relative enrichment of Ce may occur locally [72].
Therefore, Ce anomalies (Ce/Ce*) of carbonate rocks can be
effectively used to discriminate the change of redox condi-
tions in paleo-ocean. It was proposed that when Ce/Ce* < 1,
Ce is relatively deficient and signifies oxidation condition;
however, Ce/Ce* ~ 1 represents neither enrichment nor
depletion and exhibits reducing conditions. If Ce/Ce* > 1,
it suggests enrichment of Ce and shows oxidation conditions
[73-75]. The variation range of Ce/Ce* of Cambrian oncoid
samples is 0.48—-1.41, with an average value of 0.82.
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gian Series, North China Platform

Shields and Stlle [59] pointed out that diagenesis can
change Ce anomaly values, which leads to a good cor-
relation between Ce and Eu and REE. The relationship
between Ce/Ce*, Eu/Eu* and REE of carbonate samples
in the study area is presented in Fig. 8. There is no obvi-
ous correlation between these parameters, which suggests
that the influence of diagenesis on oncoids of study area
is limited. Moreover, Eu has two valence states includ-
ing Eu*™ and Eu** in modern seawater. In strong acidic
reducing environment, Eu is reduced to Eu?* which dif-
ferentiates it from adjacent elements, making it easier
for Eu?* to replace Eu into carbonate lattice and produce
positive anomaly of Eu [60]. In the study area, the Eu/Eu*
of oncoid samples is 0.34—1.03, with an average of 0.60,
which represents no positive abnormality [76—79]. Besides

this, the Gd/Gd* ratios of oncolitic samples range from
0.48 to 1.57 (average value is 0.90) and indicate slight
negative anomalies, close to the modern seawater [65].

5 Discussion

5.1 Cambrian Oncoids Origin and Environment
of Formation

5.1.1 Origin of Oncoids
In this study, the oncoids reveal considerable morpho-

logical differences and can be therefore classified into
several groups (Fig. 4). Nevertheless, some similarities
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were noticed in the microscopic structure of these oncoids,
specifically emergence of large number of Girvanella fos-
sils and pyrite grains (Fig. 4). Based on these evidences,
it is reasonable to suggest that the formation of oncoids
in study area was closely associated with the participa-
tion of microorganisms [2, 6, 7, 12, 15-17, 19, 80, 81].
Moreover, in some well-developed oncoids with regular
morphology, the directional arrangements of Girvanella
fossils contain parallel bright and dark laminae, implying
that these oncoids are formed by cyanobacteria-dominated
calcification [40-42]. In addition, a large number of pyrite
particles were found in the oncoids, pointing out toward
the contribution of sulfate-reducing bacteria [43, 82—84] in
the degradation of organic matter during the formation of
oncoids. These features evidently suggest that the oncoids
of the present study are associated with microorganisms.
The origin of these oncoids is believed to be related to the
productions of cyanobacteria-dominated microbial mats
calcification and the degradation by heterotrophic bacteria
(pyrite particles produced by sulfate reduction reaction
dominated by SRB—sulfate-reducing bacteria) [43].

5.1.2 Environmental Conditions for Oncoid Formation

The global ocean evolved into an oxidizing environment
from 1000 to 540 Ma and remained in oxidizing state to
present, although several intermittent global anoxic events
took place [85-87]. Elemental cycling between seawater and
sediments is influenced by redox conditions, and the solubil-
ity of variable valence elements such as Mn, Mo, Cr, V and
U varies greatly with the change of redox conditions, which
leads to the elemental differentiation in sediments. For
example, Ni, Co, Cu and Zn promote sulfide precipitation
under reductive conditions, which leads to the correspond-
ing depletion or enrichment of elements in sediments [88,
89]. Therefore, the geochemical behaviors of these elements
are sensitive indicators for the change of redox conditions
in the paleo-ocean. Table 1, Figs. 8 and 9 show that: (1) V/
Cr ratio of oncoids averages in 1.73, which is lower than 2

[46]; (2) V/Sc ratio ranges from 2.86 to 3.81 and averages
in 2.53 indicating V enrichment relative to Sc [45]; (3) V/
(V +Ni) ranges from 0.24 to 0.33, which is lower than 0.6
[47]; (4) Cu/Zn ranges from 0.26 to 0.36, averages in 0.31,
which is higher than 0.21 [51, 53]. Based on these findings
and abundance of pyrite inside oncoids, it is confirmed that
the oncoids formed in oxidizing environment.
Paleosalinity is an important indicator for examining the
characteristics of geological and historical sedimentary envi-
ronment. In natural waters, Sr is stronger than Ba in migra-
tion capability. When salinity of water medium is very low,
Sr and Ba appear in the form of bicarbonate. Additionally,
when salinity of environment increases gradually, Ba precip-
itates prior in the form of BaSO,, which makes Sr/Ba ratios
tend to augment. Likewise, salinity of water body increases
to a certain extent, and Sr also precipitates in the form of
SrSO,. Therefore, Sr abundance and Sr/Ba ratio recorded
in sediments are positively correlated with paleosalinity. It
is commonly reflected that if Sr/Ba> 1, it is indicative of
marine deposit and Sr/Ba< 1 is suggestive of continental
deposit, and the greater the values, the higher will be the
salinity [90]. Besides this, St/Cu is also important to indicate
the drought and humidity of paleoenvironment [50]. The
result of these oncolitic samples reveals that: (1) St/Ba in the
study area ranges from 39.76 to 79.78 (mean value=57.59)
which is higher than 1; (2) Sr/Cu value ranges from 42.39
to 54.82, with an average of 49.11; (3) Th/U ranges from
1.03 to 1.97 (mean value = 1.68). These findings suggest that
these oncoids, which developed in shallow marine environ-
ment, are affected by higher paleosalinity and drought.

5.1.3 Influences of Terrestrial Factors and Diagenesis

The characteristics of elements in sediments are primar-
ily governed by provenance; however, carbonate rocks are
the products of endogenous sedimentation, and their ele-
ments are generally inherited from paleoseawater, but can
be susceptible to terrestrial minerals and late diagenesis
[59]. Therefore, trace and rare earth elemental analysis of
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Fig.9 (La/Sm)y—Ce/Ce* and Ce/Ce*—Pr/Pr* of oncolitic limestone from Cambrian Miaolingian Series, North China Platform
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carbonate rocks can reflect their environment of formation,
terrestrial weathering processes and diagenesis influenced
[51]. Zr, Th, Er/Nd and Y/Ho are important to understand
the terrestrial influence [61-63, 66, 78]. The results of trace
elements and REEs analysis of these oncolitic samples
reveal that: (1) average of Y/Ho is 34.5 which is lower than
the normal carbonate rocks, i.e., 44 [65]; (2) Zr and Th occur
with an average of 5.72 ppm and 0.41 ppm, and in obvi-
ous correlation in Fig. 7; (3) Zr has good linear correlation
with rare earth elements (Fig. 7); (4) average of Er/Nd is
0.16 which is lower than normal marine environment (i.e.,
0.27) [71]; (5) moreover, Pr/Pr* is calculated as lower than
1. These results evidently show that the formation processes
of oncoids experienced terrestrial influences.

Moreover, the results of Ce/Ce*, Eu/Eu*, (La/Yb)y and
(La/Sm)y signify that: (1) no significant correlation is found
between Ce/Ce* with Euw/Eu* (Fig. 7); (2) no correlation is
observed between Ce/Ce* with ZREE (Fig. 7); (3) average
of (La/Sm) y is 3.45, which is more than 1 and indicates no
obvious correlation with Ce/Ce* (Fig. 9); (4) Ce/Ce* ratio
portrays obvious correlation with Pr/Pr* with correlation
coefficient 0.8429 (Fig. 9). These results strongly support
the idea that LREEs from oncolitic samples were principally
inherited from paleomarine environment, whereas HREEs
predominantly were derived from land-based factors, and the
formation processes are less affected by diagenesis.
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Fig. 10 a The types and proportions of different oncoids in each sec-
tion as observed under microscope, 200 randomly selected samples
of oncoids from each section. According to the classification of mor-
phological characteristics (part 4.2), the proportions of each type of

oncoids in different sections are counted; b variation trend of Y/Ho
and Sr/Ba of four sections; ¢ the paleogeographic location of the four
sections reported in this study and the division of paleogeographic
facies zones are modified from Feng [29] and Ma et al. [91]
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5.2 Effects of Paleogeographic Factors on Oncoid
Morphology

The Miaolingian oncoids from four different sections in the
North China Platform (Fig. 1) are classified according to
morphology by investigating their petrographic character-
istics (Fig. 4). The results depict that the morphologically
different oncoids are distributed non-proportionally among
various sections. Two hundred individual oncoid samples
were randomly selected from each section and were statisti-
cally analyzed for different oncoid populations (Fig. 10a).

The statistical results reveal that the fraction of oncoid
species in the four sections illustrates an obvious polariza-
tion trend. Type 7 and Type 8 oncoids represent 93% and
61% of total oncoids population in the Wuhai and Diao-
quan sections (the western sections), respectively. However,
the Type 1 oncoids indicate a fraction of 52.5% and 69% in
Xiawidian and Sandaogou sections (the eastern sections),
respectively (Fig. 10a). Based on the morphological clas-
sification of these oncoids (Fig. 4), the more regular and
exquisitely developed oncoids are expected to be found in
the eastern sections (Xiaweidian and Sandaogou sections),
while the rough, irregular and uneven oncoids are more
likely found in the two sections toward the west (Wuhai and
Diaoquan sections) (Fig. 10b).

The geochemical data from different sections of oncolitic
samples were examined to explain the morphological differ-
entiation of oncoids in regional correlation. Y/Ho reflects the
impact of terrigenous debris on sedimentary environment
[65], while Sr/Ba reflects the salinity of marine environment
during the formation of the oncoids [90]. The variation trend
of Y/Ho and Sr/Ba indicates that the paleosalinity and terrig-
enous influences are higher in the western sections and lower
in the eastern sections. This variation trend can be explained
in terms of paleogeographic location. In the Miaolingian
epoch, the Yimeng and Lvliang regions were located in the
western part of the North China Platform (Fig. 10c), while
Wuhai and Diaoquan sections were closer to paleocontinent.
Shorter distance between the sedimentary areas and the pale-
ocontinent led to an increased salinity in the paleo-oceanic
environment. Moreover, the difference in paleogeographic
location led to the varying influence of land-derived fac-
tors on the formation of oncoids. Additionally, the micro-
bial mat sedimentation dominated by cyanobacteria might
be fully influential, where the marine environment having
more suitable salinity in offshore was less influenced from
terrigenous debris, resulting in regular shape and develop-
ment of oncoids in addition to well-developed laminae. On
the other hand, in the nearshore areas with higher salinity
and more terrigenous debris impact, oncoids have irregular
shape with poor lamina development.
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6 Conclusions

1. A large number of filamentous microbial fossils have
been documented in the Miaolingian carbonate oncoids
from the Wuhai, Diaoquan, Xiawidian and Sandaogou
sections along the North China Platform. The morpho-
logical characteristics of these fossils typically resemble
the filamentous cyanobacteria fossils Girvanella. From
the SEM observations of the oncoid microstructure and
the framboidal pyrite particles observed in the oncoids, a
microbial carbonate is concluded for the marine oncoids
from the North China Platform.

2. Geochemical analysis of these oncoids shows the pres-
ence of rare earth and trace elements. The geochemi-
cal statistical measurements indicate that these oncoids
were formed in a lagoonal setting and were affected by
oxidation, evaporative drought, higher salinity and ter-
rigenous debris.

3. The ratios of Y/Ho and St/Ba are interpreted to know the
morphological differences among these shallow marine
sediments and the influence of paleogeographic factors
on their morphological characteristics. Influence of ter-
rigenous debris increases near the continent, i.e., Wuhai
and Diaoquan sections, characterized by high paleosa-
linity that results in irregular growth of oncoids with
poor development of laminae and non-smooth cortexes.
In contrast, the terrigenous debris was less influential
when the sedimentary area was away from the conti-
nent, i.e., Xiaweidian and Sandaogou sections. Likewise,
lower paleosalinity resulted in regular morphology of the
oncoids developing perfect laminae and smooth cortexes.
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