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The current study presents results on depositional and diagenetic environments of the glauconite-bearing
oolitic carbonates of the upper part of the basal third-order depositional sequence (DS6) of the Cambrian
Fengshan Formation at Kelan in the North China Platform. The Fengshan Formation comprises cal-
careous mudstone and shale of shelf environment followed by calcareous mudstone, micritic limestone of
deep ramp to oolitic limestones of shallow ramp environments. The glauconite-bearing oolitic carbonates
are restricted in the upper part of the sequence which was deposited during the forced regressive event.
Petrographic study revealed that the sediments comprised of both carbonate and non-carbonate frame-
work constituents. These constituents are mostly comprised of rounded to elliptical, radial-concentric
ooids, dolomitized ooids, bioclasts (trilobites, brachiopod, and echinoderms), glauconitic pellets with
Bbro-radiating rims, and pyrite crystals. The radial-concentric structure of ooids suggests high-energy
shallow water deposition conditions. Also, the presence of glauconite along with oolitic grainstone in the
restricted upper portion of the Fengshan Formation provides credible evidence of its deposition under
high-energy conditions during relative sea-level fall. It is therefore inferred that the glauconite was
precipitated on or in close proximity to the Cambrian calcite seaCoor during the forced regressive event
prior to calcite cementation.

Keywords. Sequence stratigraphy; depositional environment; glauconite; ooids; Cambrian Fengshan
Formation; North China platform.
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1. Introduction

Cambrian carbonate platforms are widespread low
gradient ramps or rimmed shelves that formed
during warm climate periods within typical calcite
seas (Balthasar and Cusack 2015) during sea-level
highstand (Miller et al. 2005; Haq and Schutter
2008). The shallowing upward cycles are the basic
building blocks of shallow carbonate platform
successions (F€ursich et al. 2005; Tucker and Gar-
land 2010; Xiao et al. 2021a). The analysis of the
cyclic stacking pattern is accordingly crucial for
the identiBcation of depositional sequences, com-
ponent systems tracts, and sequence boundaries on
the broad carbonate platform (Schlager 2005).
The late Cambrian is an important geological

period that can be categorized on the basis of
speciBc stratigraphic and sedimentological features
such as: (1) the highest position of sea-level (Haq
and Schutter 2008); (2) lack of reef-framework
metazoan builders (Rowland and Shapiro 2002;
Kiessling 2009; Cordiea et al. 2019); (3) dominance
of trilobites (Peng et al. 2012; Babcock et al. 2016);
(4) skeleton-poor sea dominated by storms (Pratt
and Bordonar 2007; Pruss et al. 2010); (5) period of
an increase of atmospheric O2 (Husson and Peters
2017; Laakso and Schrag 2017) as well as a wide-
spread euxinia (Gill et al. 2011) or persistent
oceanic anoxia (Saltzman et al. 2015). Under these
conditions, a special pattern of late Cambrian
carbonates developed around the globe which
comprises of the following features: (1) carbonate
platform dominated by lime muds which are
genetically related to microbial activities (Pratt
et al. 2012); (2) high abundance of microbial car-
bonates especially for thrombolite and dendrolite
(Riding 2000, 2011a, b); and (3) microbial car-
bonates dominated by an abundance of fossils of
calciBed sheaths of cyanobacteria (Lee and Riding
2018; Xiao et al. 2018, 2020a; Latif et al. 2019; Mei
et al. 2020a, b, 2021).
The Cambrian platforms developed under these

conditions include those of North America, Aus-
tralia, Europe, Asia, Middle East, and Siberia
(Riaz et al. 2019a and references therein). North
China Platform (NCP) is one of such examples
which provides an excellent case history of how
carbonate deposition responded to long-term
changes in the relative sea-level and the environ-
ment, largely brought about by changes in the
regional geotectonic regime and tectonic eustasy
(Meng et al. 1997; Myrow et al. 2015). The late
Cambrian (Furongian) strata at Kelan Section,

Shanxi Province of the NCP comprises of the
Changshan and the Fengshan formations, which
are coeval with the Chaomidian Formation (see
Chen et al. 2014; Lee et al. 2014; Riaz et al. 2019b).
These formations comprise three third-order
depositional sequences which are bounded by
drowning unconformities similar to other sections
of the NCP as described by Latif et al. (2018) and
Riaz et al. (2019a, b). Contrary to other sections of
the NCP, the Furongian strata at the studied sec-
tion contain glauconite-bearing oolitic limestone,
mostly lime mud which makes this section unique
from the other sections of the NCP. Recently, Riaz
et al. (2019a) comprehensively described the
sequence stratigraphy of the entire Cambrian
strata of the same section but did not highlight the
non-carbonate constituent (glauconite) in the
Furongian strata. Globally, several researchers
have ascribed the depositional environment of
glauconite formation to condensed section (CS),
transgressive systems tract (TST), highstand sys-
tems tract (HST), and lowstand systems tract
(LST) (e.g., Chen 1994; Amorosi 1995, 1997, 2012;
Morad et al. 2000; Banerjee et al. 2008). However,
the presence of glauconite along with ooids in the
restricted portion of the formation during relative
sea-level fall, i.e., forced regressive systems tract
(FRST) is hitherto unknown. The present work
provides shreds of evidence regarding the deposi-
tion of glauconite bearing ooids during relative sea-
level fall and Bts well with the Schlager (2005)
model of sequence stratigraphy and negates the
standard model of sequence stratigraphy (Catu-
neanu et al. 2011) wherein an erosional unconfor-
mity is postulated to develop during relative sea-
level fall.

2. Study area

The ‘Kelan Section’ is located in the west of Luya
Mountain, northwest of Shanxi Province, and
middle of Cambro-Ordovician North China Plat-
form (Bgure 1a–b; Riaz et al. 2019a). The North
China Platform is a vast epeiric platform that
extends over an area of 1000 km from north to
south, and 1500 km from east to west (Bgure 1a)
(Myrow et al. 2015; Riaz et al. 2019b). The
palaeogeographic reconstruction shows this plat-
form as a part of the Sino-Korean plate, which was
situated in the northern Gondwana continent
adjacent to Australia (Wotte et al. 2007). After the
break-up of the supercontinent Rodinia, the North

   17 Page 2 of 20 J. Earth Syst. Sci.          (2022) 131:17 



China Platform started to subside (Meng et al.
1997) and received sediment inCux during mid-late
lower Cambrian (middle Terreneuvian) trans-
gression which was restricted to the eastern,
western, and southern margins of the platform
(Latif et al. 2018). During the long-term sea-level
rise, approximately 700 m thick strata of Cambrian
sediments were deposited in this epeiric basin
(Kwon et al. 2006) comprising of dolostone and
limestone in the lower Cambrian; oolitic grainstone
in the middle Cambrian and carbonate mud in the
upper Cambrian (Mei et al. 2020a; Riaz et al.
2020). The outcrops of the current study occur
about 15 km away from the Kelan city (at
38�4404100N, 111�3404500E) and extend from south-
east to southwest (Bgure 1b) (Riaz et al. 2019a).

3. Materials and methods

We studied and measured a 106-m thick section of
Fengshan Formation at Kelan andmarked its upper
and lower boundaries. Here, the Fengshan Forma-
tion overlies the Furongian carbonates of Chang-
shan Formation and underlies the Yeli Formation of
the lower Ordovician age. The sedimentary struc-
tures including edgewise conglomerates were
observed in the lower part of the formation and the
glauconite-bearing oolitic carbonates were observed

in its upper part. The 31 random samples were col-
lected from the Fengshan Formation. Out of them,
10 samples were taken from a targeted portion of
glauconite-bearing oolitic limestone. One sample
was taken from the upper part of the Cambrian
Changshan Formation and one from the lower part
of the Ordovician Yeli Formation. Details of the
section measurements and other Beld observations
including lithofacies, sedimentary structures meter-
scale sedimentary cycles, etc., are presented in
Bgure 2. The oriented thin sections were prepared
from the collected samples and were studied under
a high magniBcation microscope at the China
University of Geosciences, Beijing. Detailed petro-
graphic analyses were carried out under Zeiss Axio
Scope A1 microscope to study the fabric, structure,
and composition of the ooids and glauconite along
with other carbonate and non-carbonate con-
stituents to decipher their depositional and dia-
genetic history. Photomicrographs were taken at
different magniBcations for documentation of the
characteristics of carbonate and non-carbonate
components in the thin sections. The X-ray
diAraction (XRD) analysis was carried out on six
powder samples (table 1) from the targeted beds
(Bgure 2) to determine the mineralogy of these
rocks. The XRD analysis was performed by using
the Bruker D2 PHASER instrument. Calcite was
taken as the reference standard mineral to

Figure 1. (a) Geological framework of the North China Platform (modiBed after Myrow et al. 2015; Riaz et al. 2019a). Gray areas
comprise Cambrian–Ordovician outcrops. The text ‘Land’ in circles reveals late Cambrian exposed areas on the western side of
the North China Platform. The rectangle shows the study area. (b) The red star represents the location of the Kelan Section.
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determine the entiremineral composition of the rock
samples. Its value was set as (RIPreference: Ireference/
ICalcite: 1). The volume percentage of each mineral
was calculated by using the determinedXRDweight
percentage and density (Al-Jaroudi et al. 2007):

Vi ¼
100ðWi=qiÞ

ðWa=qaÞ þ ðWc=qcÞ þ ðWd=qdÞ þ ðWq=qqÞ

where Vi is the vol.% of anhydrite, calcite, dolo-
mite, and quartz; Wi and qi are their corresponding

Figure 2. Sequence stratigraphic column of the Cambrian (Furongian) Fengshan Formation (DS6–DS7) revealing a general
shallowing upwards pattern of sedimentary facies. FRST: forced-regressive systems tract; HST: highstand systems tract; CS:
condensed section; DS: depositional sequence.

Table 1. XRD analysis portraying the percentage of minerals in the samples of the upper part of the
basal third-order sequence (DS6).

Sl. no. Sample no.

Mineral Composition Content (%) of XRD quantitative

Calcite Dolomite Quartz K-Feldspar Pyrite Clay mineral

1 FS-13 82 10 3 2 1 2

2 FS-14 89 5 2 0 1 3

3 FS-16 81 9 3 2 2 3

4 FS-17 86 7 5 0 0 2

5 FS-18 92 3 2 0 2 1

6 FS-19 79 12 3 1 1 4
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wt.% and grain densities, respectively. The sub-
scripts a, c, d, and q refer to the phases anhydrite,
calcite, dolomite, and quartz, respectively.
Furthermore, a scanning electron microscope

(SEM) study was carried out on Bve representative
polished thin sections to determine the elemental
composition of the pellets. These thin sections were
studied under an FEI Quanta 200F scanning elec-
tronmicroscope. The thin sections were gold-coated
for secondary electron imaging. Semi-quantitative
element analyses of sub-micron-sized spots during
SEM observations were obtained using energy-dis-
persive X-ray spectroscopy (EDX) under a high
voltage of 10.0 kV. The current pulse ranged from
19.83 to 42.58 kcps. Also, energy-dispersive X-ray
detection (EDX) analysis was performed to identify
glauconite, whereas the calcitic composition of ooids
was cross-checked by XRD analysis. The geochem-
ical analyses were performed in the State Key Lab-
oratory of Oil and Gas Geology and Exploitation,
Chengdu University of Technology, China.

4. Lithofacies of the Fengshan Formation

Sedimentary facies of the Fengshan Formation
based on Beld observations were categorized into:
(1) dolomitic limestone facies; (2) oolitic lime-
stone–micritic limestone heterolithic facies; (3)
micritic limestone–fossiliferous limestone hetero-
lithic facies; (4) calcareous mudstone–thick bedded
micritic limestone heterolithic facies; (5) calcareous
mudstone–thin bedded micritic limestone hetero-
lithic facies; and (6) calcareous mudstone–shale
heterolithic facies. The detailed account of each
facies and their stacking pattern is presented as
depositional facies here.

4.1 Back ramp facies

4.1.1 Dolomitic limestone facies (L-1)

Description: This facies is 10 m thick and comprises
medium to thick-bedded light gray dolomitic lime-
stone (Bgure3a)which formsaperitidal typeM-cycle.
Dolomitic limestone contains few small cavities and
gives aweak reaction todilute acid. It forms theupper
part of the formation where it marks upper contact
with the lower Ordovician Yeli Formation.

Interpretation: Few cavities in dolomitic limestone
indicate the shrinkage that occurred during the con-
version of calcite into dolomite (Abdulghania et al.

2020). The weak reaction with dilute acid indicates
some contents of calcite (Jafarian et al. 2018;
Abdulghania et al. 2020). Dolomitic limestone is the
tidal Cat facies that are deposited above the fair
weather wave base (Jafarian et al. 2017, 2018). This
facies was deposited during relative sea-level fall and
formed a forced regressive system tract (FRST).

4.2 Shallow ramp facies

4.2.1 Oolitic limestone–thin micritic limestone
heterolithic facies (L-2)

Description: This lithofacies is 25 m thick and
comprises light yellow oolitic limestone and light
gray micritic limestone (Bgure 3b). This hetero-
lithic facies Bzzes with acid. Micritic limestone is
Bne-grained, whereas oolitic limestone is medium
sand size (Bgure 3c). Oolitic limestone is well
compacted and cemented by calcite. Small hair-
line white veins run through this rock. A few bio-
genic fragments are also observed. Field observa-
tions show an interbedding of medium- to thick-
bedded oolitic limestone and thick- to thin-bedded
micritic limestone (Bgure 3b). Subtidal meter-scale
cycles are also observed in this lithofacies.

Interpretation: This heterolithic facies formed sub-
tidal meter-scale cycles that indicate the deposition
of thin-bedded micritic limestone during the rise of
sea-level at a very small scale (e.g., Mei et al. 2005;
Latif et al. 2018). Whereas thick-bedded oolitic
limestone depicts the sedimentation during sea-level
fall within a small cycle (Mei et al. 2005; Riaz et al.
2019a).Oolitic limestone is deposited inmoderate to
high-energy marine environments (Fl€ugel 2004).
Micritic limestone with oolitic limestone depicts the
high energy environment with intervals of quies-
cence (Riaz et al. 2019a, 2021; Xiao et al.
2020b, 2021a). This heterolithic facies is interpreted
to have formed in high-energy environment during
the late highstand systems tract (LHST) of the
third-order depositional sequence similar to the
Miaolingian strata of the North China Platform
(Riaz et al. 2019a).

4.3 Middle to deep ramp transitional facies

4.3.1 Micritic limestone–fossiliferous limestone
heterolithic facies (L-3)

Description: This facies comprises thick to thin-
bedded micritic limestone and thin to thick-bedded
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fossiliferous limestone. This facies is 25 m thick and
formed tide type M-cycle. The fossiliferous lime-
stone has weathered to a pale yellow-gray. The

bedding thickness of micritic limestone decreases
upward, whereas it increases in the case of fossil-
iferous limestone. No fossils were observed in the

Figure 3. Meso- and macroscopic photographs of the heterolithic facies of the Fengshan Formation at Kelan Section.
(a) Dolomitic limestone forms tidal Cat facies, (b) oolitic limestone–thin micritic limestone heterolithic form shallow ramp facies,
(c) oolitic limestone in shallow ramp facies, (d) fossiliferous limestone, (e) medium to thick micritic limestone and thin-bedded
calcareous mudstone in middle ramp facies, (f) medium to thick micritic limestone in middle ramp facies, (g) heterolithic
calcareous mudstone and shale of the shelf facies form the lower part of the Fengshan Formation, (h) heterolithic facies ‘thick
calcareous mudstone–medium to thin micritic limestone’ formed deep ramp facies, and (i) edgewise conglomerate within
calcareous mudstone in deep ramp facies.
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micritic limestone in contrast to the fossiliferous
limestones (Bgure 3d).

Interpretation: Thick to thin bedding of Bne-
grained micritic limestone shows the transition
from deep to middle ramp setting (Meng et al.
1997). Whereas thin to thick beds of the fossilifer-
ous limestones depict relatively high energy set-
tings as compared to the micritic limestones (Riaz
et al. 2019a). However, fossiliferous limestone also
shows the transition from middle to shallow ramp
setting. This entire heterolithic facies reCects
deposition in the middle ramp setting.

4.3.2 Calcareous mudstone–thick bedded micritic
limestone heterolithic facies (L-4)

Description: This heterolithic facies is 15 m thick
and comprises yellowish-gray calcareous mudstone
and dark gray micritic limestone (Bgure 3e). The
calcareous mudstone is thin-bedded, while micritic
limestone is thick-bedded. The dark gray micritic
limestone is brittle and breaks with a conchoidal
structure (Bgure 3f). This facies forms subtidal
meter-scale cycles (Bgure 3e).

Interpretation: The calcareous mudstone is
thin-bedded, whereas micritic limestone is thick-
bedded. It indicates the deposition of calcareous
mudstone and micritic limestone in relatively dee-
per than L-3 facies. This heterolithic facies (L-4)
reCects the transition from deep to middle ramp
setting and formed middle highstand systems tract
(MHST) of the third-order depositional sequence.

4.4 Deep ramp facies

4.4.1 Calcareous mudstone–shale heterolithic
facies (L-5)

Description: This heterolithic facies is 5 m thick
and comprises calcareous mudstone and shale
(Bgure 3g). The calcareous mudstone is yellowish-
gray, whereas the shale is dark gray. The calcare-
ous mudstone is Bne-grained and comprises Bne-
scale laminations (Bgure 3g). The shale is Bne-
grained and distinguishes it from calcareous mud-
stones due to its laminations (Bgure 3g). This facies
occurs in the lower part of the formation and makes
conformable lower contact with the oolitic lime-
stone in the upper part of the Changshan
Formation.

Interpretation: The Bne-grained calcareous mud-
stone and shale indicate the low energy environ-
ment (Fl€ugel 2010; Riaz et al. 2019b). Calcareous
mudstone–shale heterolithic facies belong to deep
ramp setting and formed condensed section of the
basal third-order depositional sequence (see Mei
et al. 1997; Xiao et al. 2021a).

4.4.2 Calcareous mudstone–thin bedded micritic
limestone heterolithic facies (L-6)

Description: The lithofacies is 10 m thick and
consists of yellowish-gray calcareous mudstone and
yellow to gray micritic limestone. Micritic lime-
stone is dense, uniform, Bne-grained, and breaks
with a conchoidal fracture. The bedding thickness
of this facies gradually changes from the lower to
the upper part of the formation (Bgure 3h). The
facies form L-M type meter-scale cycles (Bgure 3h).
The yellowish-cream edgewise conglomerates are
also observed within calcareous mudstone
(Bgure 3i). These conglomerates are poorly sorted,
and possess iron encrustation around them.

Interpretation: Calcareous mudstone indicates a
low-energy environment (Fl€ugel 2010). Micritic
limestone with calcareous mudstone also depicts
the low-energy environment (Fl€ugel 2010; Jafarian
et al. 2017). This heterolithic facies was deposited
in a deep ramp setting during early highstand
systems tract (EHST). Edgewise conglomerates are
similar to the intraclastic Cat-pebble conglomer-
ates of Whisonant (1987) from the upper Cambrian
strata in Virginia. These conglomerates indicate a
severe storm event. Moreover, L-M cycle indicates
the Cuctuation of relative sea-level on small scale.

5. Sequence stratigraphy

The sequence boundaries of the Furongian strata
at the studied section are marked by facies change
from shallow to deep ramp facies (oolitic limestone
to calcareous mudstone) (Bgure 4). The Fengshan
Formation comprises two third-order depositional
sequences (DS6 and DS7) (Bgure 2). The basal part
of the depositional sequence DS6 (Bgures 2, 4a) of
the Fengshan Formation comprises 5 m thick het-
erolithic deep ramp facies of calcareous mudstone
and shale (Bgure 3g). This facies was deposited
during relative sea-level rise i.e., transgressive
systems tract (TST), and makes condensed section
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(CS) of the Brst depositional sequence DS6
(Bgures 2, 3g, 4a, 5). The HST of DS6 is also
comprised of massive calcareous mudstone and
thick micritic limestone of deep ramp facies
(Bgures 3h, 5). This deep ramp facies form L-M
type meter-scale cycles (Bgures 4b, 5). The deep to
middle ramp facies is also the result of HST that
deposited calcareous mudstone and thick beds of
micritic limestone in the middle part of the depo-
sitional sequence (DS6) (Bgures 2, 3e, 4c). The
shallow ramp facies are composed of thin-bedded
micritic limestone interbedded with thick oolitic
limestone along with patches of glauconite and
form the upper part of the depositional sequence
DS6 (Bgures 2, 3b–c). The oolitic limestone of
shallow ramp facies was deposited during the rel-
ative sea-level fall during forced regressive wedge
systems tract (FRWST) as proposed by Hunt and
Tucker (1992), Mei and Yang (2000), Mei (2010),
and Samanta et al. (2016) elsewhere, which is
equivalent to the falling-stage systems tract

(FSST) of Nummedal et al. (1995), and Schlager
and Warrlich (2009), and the late-highstand sys-
tems tract (LHST) of Mei (2015) (Bgures 4d, 5).
The middle to shallow ramp sequences are com-
prised of subtidal meter-scale cycles (Bgures 4c, 5).
After that, second third-order depositional
sequence (DS7) of the Fengshan Formation was
deposited in which deep ramp facies comprised of
calcareous mudstone and micritic limestone form-
ing the condensed section (CS) of the depositional
sequence DS7 (Bgures 2, 4d, 5). This sequence
overlies the oolitic limestone of shallow ramp facies
of the depositional sequence DS6 (Bgure 4d). The
middle and shallow ramp facies formed a 25-m
thick sequence during HST which is composed of
thinly bedded micritic limestone and thin to thick-
bedded fossiliferous limestone forming tidal type
M-cycle pattern (Bgure 2). The shallow ramp to
tidal Cat 25-m thick sequence of dolomitic lime-
stone is formed during the relative sea-level fall,
i.e., forced regressive systems tract (FRST)

Figure 4. (a) The boundary between oolitic limestone of the Changshan Formation and calcareous mudstone of the basal third-
order depositional sequence of the Fengshan Formation show the drowning unconformity, (b) L-M meter cycle deposited during
deep ramp setting in the basal third-order depositional sequence, (c) subtidal type M-cycle deposited in middle ramp setting,
(d) the boundary between glauconite bearing oolitic limestone of shallow ramp facies in the upper part of the basal third-order
depositional sequence of the Fengshan Formation and calcareous mudstone of shelf facies in the lower part of the upper third-
order depositional sequence of the Furongian Formation indicate the Type-3 drowning unconformity.
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(Bgures 2, 3a). Dolomitic limestone makes con-
formable upper contact with the lower Ordovician
Yeli Formation (Bgure 2).

6. Mineralogy and geochemistry

6.1 XRD analysis

Calcite in all the six analyzed samples is a domi-
nant component (table 1) of the upper part of the
basal third-order sequence which comprises oolitic
limestone. These samples contain 79, 92, 86, 81, 89
and 82% calcite with a mean of 85% (table 1). The
second abundant mineral found in these samples is
dolomite with a maximum in FS-19 (i.e., 12%) and
minimum in FS-18 (i.e., 3%). The content of
dolomite in these six samples is 12, 3, 7, 9, 5 and
10% with a mean of 7.5% (table 1). Quartz is the
third major mineral observed in these samples with
a range of 2–5% (mean value 3%) (table 1). The
other minerals, i.e., kaolinite, potash feldspar, and

pyrite were observed in minor amounts. Clay
minerals are maximum in FS-19, i.e., 4%, and
minimum in FS-18, i.e., 1%, and found the same
proportions in the remaining samples but pyrite
mineral is less in proportion and has no observable
consistency. Potash feldspar is only observed in
three samples, i.e., FS-19, FS-16, and FS-13 with 1,
2, and 2%, respectively (table 1).

6.2 SEM and EDX analysis

SEM and EDX were used to determine the non-
carbonate constituents particularly glauconite
pellets in the samples from the DS6 sequence. SEM
photographs show the presence of oolitic grain-
stone where the individual sizes of ooids range from
0.5 to 1 mm (Bgure 6a). Further, observation shows
the cross-section view of the ooids that consist of
tiny crystals of calcite which ranges in size from
0.02 to 0.04 mm (Bgure 6a, b). Moreover, mould
structures in the surrounding area of the ooids are

Figure 5. Schematic diagram of ramp-type setting (modiBed after Meng et al. 1997) showing the sedimentary facies recognized
within the Fengshan Formation, Kelan Section.
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also observed in the SEM analysis (Bgure 6a). Some
of the samples were also scanned in SEM to study
the morphology of major minerals present in pellets
(Bgure 6c–c0 and d–d0). From this SEM photomi-
crograph, it is evident that the mineral glauconite
is present in irregularly shaped patches (spots
marked as EDX001 and EDX002). These spots
were analyzed by EDX to ascertain the presence of
glauconite. The EDX analyses of the marked pat-
ches are shown in Bgure 6(c–c0). The EDX analysis
of the marked patches shows the presence of Si, K,
Al, Mg, O, and Fe, all the essential constituents of
glauconite (Bgure 6d–d0).

7. Petrographic types

The restricted upper portion of the Fengshan
Formation (DS6) is mainly composed of ooids,
glauconite pellets, and pyrite minerals, along
with minor amounts of bioclasts including frag-
ments of trilobites and brachiopods (Bgure 7a–c).
Among the carbonate framework constituents,
ooids are most common while the most common
non-carbonate constituents include glauconite
pellets and a minor amount of pyrite
(Bgure 7a–c). A detailed description of each
constituent is given below.

7.1 Carbonate components

Ooids and bioclasts are the major carbonate con-
stituents observed in thin sections of the DS6
depositional sequence (Bgures 7a, 8). Ooids are
mostly rounded with diameters ranging from 0.25
to 2.00 mm and categorized into radial-concentric
ooids, and dolomitized ooids, which are dominating
constituents in the upper part of the DS6 sequence
(Bgures 2, 3b–c, 8a–e). Among the ooid-bearing
grainstones, radial-concentric ooids are rounded in
shape and their nuclei mostly comprise detrital
grains or skeletal fragments enveloped either by
one or more concentric layers or by composite
concentric-radial ring structure (Bgure 8a–c).
Microboring is also observed particularly in the
cortex of radial-concentric ooids (Bgure 8a–c). The
dolomitized ooids are associated with tiny crystals
of dolomite (Bgure 8a, b, d, e). Moreover, these
dolomitized ooids are classiBed into partially
dolomitized ooids (Bgure 8d) and completely
dolomitized (Bgure 8e). Further observation shows
the bioclasts include either broken pieces of

trilobite or brachiopods (Bgures 7a, 8f) as their
nuclei. An echinoderm fossil is also observed in the
thin section (Bgure 8f). These ooids are mainly
cemented by sparite (Bgure 8a–e), however, micrite
is also observed in few ooids (Bgure 8a, f).

7.2 Non-carbonate components

Glauconite and pyrite minerals are the major non-
carbonate constituents found in the DS6 deposi-
tional sequence (Bgure 9a–i). Glauconite is
cemented by sparite and found in the surrounding
area of ooids (Bgure 9a–g). Glauconites mainly
occur as pellets (Bgure 9a–e) and Bbro-radiated
rims (Bgure 9f). These pellets of glauconite are
green and range in size from Bne sand to Bne silt
(150–400 lm). These pellets have relatively larger
sizes than micritic patches, with a smooth to
wrinkled surface texture (Bgure 9a). The substrates
of the pellets are thoroughly altered and there is no
evidence to correlate it to any precursor (Bgure 9a).
Such types of glauconitic pellets are called Type 1
(Banerjee et al. 2015). The Bbro-radiated rims
either partially or completely covered the grains
(Bgures 7b–c, 9f). Glauconite is also observed in
fractures in the form of bands (Bgure 9g). The
dolomitized ooids and glauconitic pellets are
bounded by Bbro-radiating rims of micrite
(Bgures 7b, 9b–f). Pyrite is the second major non-
carbonate constituent of the analyzed samples
found in ooid-bearing grainstones (Bgure 9c–d,
h–i). The size of these pyrite crystals varies from
0.04 to 0.2 mm (Bgure 9h–i).

8. Discussion

The Furongian Fengshan Formation at Kelan
Section of the North China Platform comprises two
third-order sequences (Bgure 2). The depositional
style of the basal third-order depositional sequence
(DS6) which grades upward from calcareous mud-
stone of deep ramp facies to the oolitic limestone
facies of shallow ramp displays shallowing upward
sequence (Bgures 2, 3). The lower contact of DS6 is
an abrupt transition from the oolitic-grain bank of
the Changshan Formation to the calcareous mud-
stone of the basal third-order depositional sequence
(DS6) (Bgure 4a). Its upper contact with the cal-
careous mudstone of the deep ramp facies in the
lower part of the upper third-order depositional
sequence (DS7) of the Fengshan Formation is
gradational (Bgure 4d). Both these boundaries

   17 Page 10 of 20 J. Earth Syst. Sci.          (2022) 131:17 



represent typical drowning events (Bgure 4a, d)
that developed during the rapid rise of relative sea-
level (e.g., Schlager 1999). The upper third-order
depositional sequence DS7 shows facies variation
from deep ramp facies (calcareous mudstone) to
tidal Cat facies (dolomitic limestone) (Bgures 2, 5).
The facies lower boundary of the upper third-order
depositional sequence possibly represents the
drowning unconformity type sequence boundary,
whereas its upper contact with Ordovician sedi-
ments (Yeli Formation) is a typical exposure dis-
continuity, which represents the Type 1 sequence
boundary of the Exxon model (i.e., Vail et al.
1977).

Macroscopic characteristics show the calcare-
ous mudstone (Bgures 2, 3g), and heterolithic
thin micritic limestone and thick calcareous
mudstone of deep ramp facies (Bgures 2, 3h)
exhibit the relative sea-level rise. Whereas
glauconite-bearing oolitic limestone of the shal-
low ramp facies depicts the relative sea-level fall
(Bgures 2, 3b–c). These regressive deposits were
covered by calcareous mudstone and micritic
limestone of deep ramp facies which also indi-
cate the relative sea-level rise (Bgure 2). Grad-
ually, tidal-Cat dolomitic limestone formed with
relative sea-level fall (Bgure 3a). Consequently,
Furongian Fengshan Formation formed two

Figure 6. SEM and EDX analysis of the carbonate and non-carbonate constituents in the upper part of the basal Fengshan
Formation (DS6). (a) Displays the presence of oolitic grainstone (red arrow) and crystals of calcite (yellow arrowhead). Rectangle
shows the enlarged part of calcite crystals in photo b, (b) SEM photograph indicates the crystals of calcite, (c–c0) show the pellets
of the glauconite with the point of EDX analysis marked, and (d–d0) EDX results conBrm the composition of glauconite.
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third-order depositional sequences at the studied
section similar to the other sections of the North
China Platform (Xiao et al. 2017a, b; Latif et al.
2018, 2019; Riaz et al. 2019a, b). The top parts
of each subsequence in other sections of the
North China Platform are associated with bio-
hermal limestone and dolomitic limestone,
respectively, such as the Qijiayu Section (Hebei)
(Xiao et al. 2017a, 2020a), Cangerhui Sec-
tion (Shanxi) (Xiao et al. 2017b), Kouquan
Section (Shanxi) (Latif et al. 2018), fossiliferous
limestone and dolomitic limestone, respectively

at Wuhai Section (Inner Mongolia) (Riaz et al.
2019b), and oolitic limestone and dolomitic
limestone accordingly at Kelan Section (Shanxi)
(Riaz et al. 2019a). The deep ramp to middle
ramp facies of the mentioned sections have the
same lithofacies that are mainly associated with
calcareous mudstone and micritic limestone
(see Latif et al. 2018; Riaz et al. 2019a, b)
(Bgure 10). The depositional trend of the upper
part of the basal third-order sequence associated
with glauconite-bearing ooids makes this section
unique among other sections of the North China

Figure 7. Photomicrographs show the carbonate and non-carbonate constituents in the upper part of the basal Fengshan
Formation. (a) Glauconite (pink arrows), radial concentric ooids (red arrows), dolomitized ooids (yellow arrows), brachiopods
and trilobites (blue arrows), (b–c) radial-concentric ooids without core (red arrows), dolomitized ooids (yellow arrows), and
pellets of glauconite mineral (pink arrows) are cemented by sparite.
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Platform (Bgure 10) where ooids were only
observed in the Miaolingian strata (Ma et al.
2017). Moreover, these restricted deposits in the
upper part of the depositional sequence do not

conBrm the standard model of sequence stratig-
raphy of Catuneanu et al. (2011) where deposi-
tion usually occurs during the relative sea-level
rise and erosional unconformity form during

Figure 8. Photomicrographs show the carbonate constituents in the upper part of the basal Fengshan Formation. (a) Photograph
shows the radial-concentric ooids (red arrows), and partially and completely dolomitized ooids (yellow arrows). Both types of
ooids are surrounded by sparite cement, (b) show the radial-concentric ooids dominated with trilobites and/or brachiopods
fragments in their cores (red arrows) and partially dolomitized ooids (yellow arrow), (c, d, e) reveal the various stages of
dolomitization. The photomicrograph (c) exhibits the initial stage of dolomitization in which the cortex and core of ooids
comprises calcite gradually converted into tiny crystals of dolomite. The photomicrograph (d) portrays the conversion of half
portion into crystals of dolomite, whereas photomicrograph (e) clearly shows the complete conversion of calcite into dolomite,
(f) photomicrograph displays an echinoderm fossil (large piece) and fossils of brachiopods.
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relative sea-level fall. However, these deposits
follow the Schlager model (2005) of sequence
stratigraphy which represents forced regressive
wedge systems tract (FRWST) of Hunt and
Tucker (1992), Schlager and Warrlich (2009),
and Samanta et al. (2016) where deposition
occurs during relative sea-level fall. The shallow
ramp deposits associated with glauconite-bearing
ooids formed during progradation instead of
aggradation due to change of accommodation
space and low magnitude base-level fall (i.e.,
shut down of carbonate factory) which cause
rapid regression as described by Schlager and

Warrlich (2009). Therefore, the lower and upper
boundaries of the basal third-order sequence
(DS6) of the Fengshan Formation are bounded
by an abrupt transition from oolitic limestone in
the upper part of the Changshan Formation to
calcareous mudstone of the basal Fengshan
Formation. Also, glauconite-bearing oolitic
limestone in the upper part of the basal Feng-
shan Formation transit to the calcareous mud-
stone of the upper Fengshan Formation (DS7)
possibly represents the drowning type uncon-
formity (Schlager 1999). This Type-3 unconfor-
mity is different from Type-1 and Type-2

Figure 9. Photomicrographs show the non-carbonate constituents in the upper part of the basal Fengshan Formation. (a) Pellets
of glauconite (red arrow) and patches of dark micrite (yellow arrow) surrounded by sparite cement, (b) pellet of glauconite and
dolomitized ooids, (c–d) glauconitic pellets and pyrite minerals (red arrow heads) in the sparite cement, (e) distorted pellets of
glauconite possibly due to high energy condition, (f) photomicrograph shows the Bbro-radial rims in sparite cement partially
covering the glauconitic pellets, (g) a band of glauconite, (h) pyrite mineral (dashed line) in the center of the radial-concentric
ooids and a pellet of glauconite (red arrow) in the boundary of the ooids, and (i) a band of pyrite mineral and crystals of dolomite.
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unconformity where deposition occurs during
relative sea-level rise (Vail et al. 1977).
The XRD analysis conBrms that the composition

of the samples of the upper part of the basal third-
order sequence of the Fengshan Formation is
dominated by calcite (table 1). The observed
crystals of dolomite are characteristic of an evap-
oritic setting during regression. Several researchers
(e.g., Wang et al. 2018) mentioned the inCuence
of microbe through sulfate reduction, methane-
producing action, organic molecular hydrolysis in
the formation of Cambrian dolomite. Moreover,
the presence of quartz, potash feldspar, and
kaolinite in these samples depict contributions
from the terrigenous source during the limestone
deposition. Also, the XRD analysis reveals Bne-
grained crystals of calcite with cubic morphology
examined under SEM further clariBes the calcitic
composition of the oolitic limestone (Bgure 6a,
b). EDX spectrum shows the peaks of Si, K, Al,
Mg, O, and Fe that conBrm the presence of glau-
conite in the surrounding area of the ooids
(Bgure 6d–d0).

Carbonate constituents in the DS6 depositional
sequence in the Cambrian (Furongian) Fengshan
Formation at Kelan are mainly composed of radial-
concentric ooids (Bgures 7a–c, 8a–c), and dolomi-
tized ooids (Bgures 7a–b, 8a–b, d–e). The radial-
concentric ooids have the same structure from the
center to the outermost layers (Bgures 7b–c, 8c).
There is no clear difference between the core and
cortex. Brehm et al. (2003, 2006) suggested that
such types of ooids are associated with nuclei of
bacterial bioBlm, which formed through the action
of microorganisms such as cyanobacteria and sul-
fate-reducing bacteria. These microorganisms
excrete gel-type material which makes a ring-type
structure where deposition started and gradually
the entire ring is replaced by the grains. There is
also a possibility that these microorganisms were
involved in microboring that gradually spalling
and/or destroying the outer cortical layers of
radial-concentric ooids (Bgure 8a–c) as observed in
Cambrian Furongian strata of Qingshuihe Section,
Inner Mongolia, China (Riaz et al. 2021), and
Kuldhar and Keera dome carbonates of Western

Figure 10. The comparative lithology of the Furongian Fengshan Formation exposed in various sections of the North China
Platform showing the coarsening upward sequence. These lithologs also indicate the drowning events in the basal third-order
sequence of the Fengshan Formation which are bounded from the lower side with fossiliferous limestone or oolitic limestone of the
Changshan Formation formed during relative sea-level fall and calcareous mudstone of deep ramp facies of the basal third-order
sequence of the Fengshan Formation formed during early transgression. Whereas the upper contact of the basal sequence is
bounded between fossiliferous limestone or oolitic limestone of the basal third-order sequence and calcareous mudstone of deep
ramp facies of the upper third-order sequence of the Fengshan Formation.
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India (Ahmad et al. 2006). The entire process
occurred in shallow water rich in high nutrient
supply. Moreover, these ooids are dominated by
concentric ring structures and cemented by sparite
indicating high-energy depositional settings
(Bgures 7b–c, 8c). The radial-concentric ooids with
the core of quartz grains or fossils of trilobite or
brachiopods have a thin cortex (Bgures 7a, 8a–b) as
compared to the radial-concentric ooids with the
core of bacterial bioBlm (Bgures 7b–c, 8c). The
concentric structures of these ooids indicate their
life span in a high-energy setting (Fl€ugel 2004; Riaz
et al. 2019a). The dolomitized ooids are cemented
by sparite and are associated either with partially
or completely dolomitized ooids (Bgures 7a–b,
8a–b, d–e). Partial dolomitization has occurred in
radial-concentric ooids (Bgure 8c) where crystals of
calcite have been gradually converted into crystals
of dolomite (Bgure 8d). The crystals of partially
dolomitized ooids show mosaic structure (variable
size and shape) with defused dolomite rims around
the ooids (Bgure 8d). The complete dolomitized
ooids show a similar structure of mosaic crystals
with inter-ooid high Mg-calcite cement (Bgures 7a,
8e). Besides ooids, bioclasts are also cemented by
sparite (Bgures 7a, 8f) which portrays shallow shelf
settings (Scholle and Ulmer-Scholle 2003). Fur-
thermore, the presence of echinoderm fossils
(Bgure 8f) also provides evidence of shallow, high-
energy environments (Scholle and Ulmer-Scholle
2003; Riaz et al. 2021). Consequently, the occur-
rence of radial-concentric ooids (Bgures 7a–c, 8a–c)
and dolomitized ooids (Bgures 7a–b, 8a–b, d–e)
along with brachiopods, trilobites, and echinoderm
fragments, indicate the deposition of the upper
part of the DS6 sequence of the Furongian Feng-
shan Formation at Kelan Section in the relatively
high-energy setting.
The non-carbonate constituents such as glau-

conite occur in the form of pellets and Bbro-radi-
ating rims along with ooids in the upper part of
the DS6 sequence (Bgures 7a–c, 8a–d). The Bbro-
radiating rims occur around both the glauconite
pellets (Bgure 9d) and ooids (Bgure 7b–c; red
arrows), which represent the Brst post-deposi-
tional process that aAected these rocks. The cal-
cite Bbro-radiating rims reCect the Brst stage of
cementation of the carbonate grains and pellets.
The Bbro-radiating rims formed around a few
grains suggest that the formation of rims took
place before compaction. Moreover, patches of
carbonate cement are covered by glauconite rims
suggesting later diagenesis of the sediments. The

outward growth of glauconitic rims has not dis-
turbed the calcite cement patches which are cov-
ered by displaced Bbro-radiating rims. It means
that calcite cementation of the carbonate grains
post-dates deformation of the exfoliated rims.
Pyrites (Bgure 9e–f) are possibly formed during
the syn-depositional stage or eogenetic stage (i.e.,
Marynowski et al. 2008). Prior studies demon-
strate close relation of pyrite formation with
microbial activity particularly with sulfate-reduc-
ing bacteria (see Schieber 2002; Baumgartner
et al. 2006; Mei et al. 2008; Wang et al. 2018;
Mayayo et al. 2019; Xiao et al. 2020a). Wilkin and
Barnes (1997) suggested that pyrite formation
undergo four continuous processes: (1) the for-
mation of microcrystalline nuclei of ferrous sul-
Bde; (2) nucleate formation of pyrite (Fe3S4); (3)
pyrite micro-crystals aggregate to form framboidal
cemented texture, and (4) framboidal cemented
texture transform into framboidal pyrite. The
source of sulfur (S) and iron (Fe) is the most
important factor in the entire process of pyrite
formation (Berner and Raiswell 1983). The oxic
waters comprise Fe in the form of ferric which
cannot freely enter into calcite lattice (Evamy
1969); however, ferrous occurs in reducing envi-
ronments and can easily enter into calcite lattice.
Shallow marine water is oxic which gradually
shifts into reducing conditions by percolating few
centimeters below the sediment–water interface.
Consequently, the non-ferroan calcite crystals
mostly precipitate in the oxidizing environment at
or close to the sediment–water interface. Balder-
mann et al. (2012) believe that the glauconite
forming process comes to halt under anoxic con-
ditions and when the Eh value in fecal pellets falls
below the micromilieu, it results in pyrite forma-
tion. In our study, iron-sulBde precipitation was
thus a limiting factor for glauconite by seques-
tration of Fe2+ comparable to many other glau-
conite-bearing facies. Dolomitization is the next
step that occurred after glauconitization, as
described by total replacement of some glauconitic
pellets by dolomite and partial replacement by
individual crystals of dolomite. The change of
crystals from calcite to dolomite in the ooidal
cortex is an obvious example of dolomite pseu-
domorphism. It appears neomorphism in ooids
occurred earlier to dolomitization. In addition,
transgression favours burial and reduction in O2

levels and sulBdic conditions during early diage-
nesis. This process allows enough production of
S2� in pore waters from marine SO4

2�, which
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favours the removal of Fe2+ for iron-bearing
mineral precipitation. The favourable physico-
chemical conditions for glauconitization occur in
the open marine, shelf-slope transition under sub-
oxic moderately reducing conditions triggered by
low sedimentation rates near the sediment–water
interface. Sub-oxygenation conditions may have
been provided by high energy bottom currents
stirring the sediments providing appropriate con-
ditions for glauconite authigenesis at the base of
the forced regressive sequence.
Consequently, carbonate and non-carbonate

constituents (Bgure 7a–c) in the upper part of the
basal third-order depositional sequence of the
Furongian Fengshan Formation (Bgures 2, 3b–c) at
Kelan Section of the North China Platform reCect
the deposition in the shallow environment during
the relative sea-level fall, i.e., forced regressive
systems tract. The precipitation of glauconite was
closely followed by precipitation of carbonate
cement as well as dissolution of aragonite con-
stituents. The combined sedimentology and
sequence stratigraphic evidences clarify that the
glauconite was the earliest diagenetic event to
aAect these sediments and occurred essentially at
the sediment–water interface within these rela-
tively high-energy, shallow marine deposits.
Therefore, deposition of glauconite in the high-en-
ergy shallow marine environment during forced
regression is an alternate interpretation to the
views of several researchers who suggested that
glauconite is an indicator of the condensed section
(CS) and HST that are deposited during relative
sea-level rise (e.g., Chen 1994; Amorosi
1995, 1997, 2012; Akihisa 1998; Morad et al. 2000;
Banerjee et al. 2008).

9. Conclusions

• The basal third-order depositional sequence
(DS6) of the Fengshan Formation in the Kelan
Section not only shows its deposition during
Cuctuation of relative sea-level, but also an
escape from drowning unconformity.

• The carbonate (radial concentric ooids and
dolomitized ooids) and non-carbonate (glau-
conite and pyrite) grains in the restricted portion
of the basal third-order sequence (DS6) formed
during forced regression, indicate their deposi-
tion in the high energy ramp environments.

• The glauconitization occurred in the open
marine setting under sub-oxic, moderately

reducing conditions triggered by low sedimenta-
tion rates near the sediment–water interface
during the forced regression.

• Iron-sulBde precipitation was a limiting factor
for glauconite by sequestration of Fe2+, which is
comparable to many other glauconite-bearing
facies worldwide.

• The deposition of glauconite-bearing ooids took
place during relative sea-level fall. This inference
Bts well with the Schlager (2005) model of
sequence stratigraphy.

• Glauconitization occurred prior to dolomitiza-
tion, as indicated by partial or total replacement
of glauconitic pellets by dolomite crystal(s).
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