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ABSTRACT

Cambrian–Ordovician strata of the North 
China block, one of China’s main tectonic 
provinces, are a thick (up to 1800 m) suc-
cession of mixed carbonate and siliciclastic 
sedimentary rocks. Sedimentological, bio-
stratigraphic, and chemostratigraphic analy-
sis of strata that straddle the Cambrian-
Ordovician boundary at the Subaiyingou 
section in the present-day western part of 
Inner Mongolia (northwest China) indicate 
the presence of a significant unconformity 
between mixed carbonate–fine-siliciclastic 
strata of the Cambrian Series 3 Abuqiehai 
Formation, and dominantly carbonate strata 
of the early Middle Ordovician Sandaokan 
Formation. The latter is a transgressive sys-
tems tract with retrogradationally stacked 
parasequences that include lowstand shore-
line quartz sandstone deposits. The Abuqie-
hai strata have similar sedimentological 
characteristics to those of the Cambrian Lau-
rentian inner detrital belt, including slightly 
bioturbated lime mudstone and marlstone/
shale, grainstone, flat-pebble conglomerate, 
and microbialite. The lower part of the San-
daokan Formation records the rising limb of 
the middle Darriwilian positive isotopic ex-
cursion, recognized herein for the first time 
in the western North China block.

A Cambrian-Ordovician unconformity is 
developed in many successions globally, and 
our section in Inner Mongolia records a hia-
tus of similar timing and duration to a region-
ally extensive unconformity recorded along 
the ancient northern Indian continental mar-
gin. Other parts of the North China block 
record a hiatus of much shorter duration but 
show a similar record of input of siliciclastic 
sediment above the unconformity. We inter-
pret the western margin of the North China 
block to have been affected by a regionally 
significant tectonic event that occurred on 
the northern margin of east Gondwana, the 
Kurgiakh or Bhimphedian orogeny. The 
Inner  Mongolian region was, therefore, likely 
an along-strike continuation of the northern 
Indian margin, in contrast to most recent 
paleo geographic reconstructions.

INTRODUCTION

China’s tectonic framework includes three 
major continental-scale cratonic masses: the 
North China, South China, and Tarim blocks 
(Meyerhoff et al., 1991; Meng et al., 1997). The 
North China block, also known as the Sino-
Korean block, was a stable equatorial to sub-
equatorial craton during the Cambrian (Meng 
et al., 1997; Huang et al., 2000; Chough et al., 
2010). It covers an area ~1500 km east-west and 
1000 km north-south (Fig. 1; Meng et al., 1997). 
It is delineated to the north by a major fault and 
suture zone called the Northern tectonic belt 

of Junggar-Hinggan, which formed during the 
Permian collision of the North China block with 
the Mongolian plate (Meng et al., 1997; Lee and 
Chough, 2011). The southern and southwestern 
borders of the block are marked by the Middle 
tectonic belt of Kunlun-Qilian-Qinling (Meng 
et al., 1997), a set of Late Ordovician to Early 
Silurian structures that formed during accretion 
of microtectonic blocks onto the southern mar-
gin of the North China block (Bian et al., 2001). 
The eastern margin of the block is defined by the 
major strike-slip Tanlu fault (Meng et al., 1997), 
which formed as a result of collision with South 
China (Lee and Chough, 2011). Some paleogeo-
graphic reconstructions show an extension of 
the North China block in the Korean Peninsula 
(e.g., Chough et al., 2000). The western margin 
of the block is characterized by the northeast-
trending Helan aulacogen (Sun and Liu, 1983; 
Lin et al., 1991; Darby and Ritts, 2002).

The North China block was inundated dur-
ing the Early Cambrian global transgression, 
forming a vast epeiric platform on which a thick 
(up to 1800 m) Cambrian–Ordovician succes-
sion of mixed carbonate and siliciclastic depos-
its accumulated (Meng et al., 1997; Chough 
et al., 2010). Transgression was initiated from 
the southeast, but the vast, relatively flat pene-
plain of the craton was almost simultaneously 
submerged except for some scattered archi-
pelagoes (Meng et al., 1997; Lee and Chough, 
2011). Fine siliciclastic sediment was sourced 
from these highlands and distributed by tidal 
currents on the seafloor in the Early Cambrian 

GSA Bulletin; September/October 2015; v. 127; no. 9/10; p. 1174–1193; doi: 10.1130/B31228.1; 15 figures; 1 table; Data Repository item 2015106; 
published online 10 March 2015.

†E-mail: pmyrow@coloradocollege.edu
§E-mail: jtchen@nigpas.ac.cn

For permission to copy, contact editing@geosociety.org
© 2015 Geological Society of America



Cambrian-Ordovician boundary interval of Inner Mongolia

Geological Society of America Bulletin, v. 127, no. 9/10 1175

(Lee and Chough, 2011). During the Middle 
to Late Cambrian, the majority of the North 
China block was submerged except for two 
main small landmasses in the west (Fig. 1; 
Meng et al., 1997; Feng et al., 2002). Much is 
known about the strata in the eastern part of the 
North China block with respect to sedimentary 
processes, paleontology, stratigraphy, and tec-
tonic evolution (e.g., Kwon et al., 2006; Chough 
et al., 2010; Chen et al., 2011, 2012; Lee and 
Chough, 2011; Chen and Lee, 2013, 2014), but 
little is known of its western margin. There, a 
thick succession of strata was deposited in the 
Helan aulacogen, a tectonic feature that formed 
along this margin during the Mesoproterozoic, 
and then experienced uplift during the Neopro-
terozoic and renewed subsidence during the 
latest Neoproterozoic (Sun and Liu, 1983; Lin 
et al., 1991).

In the western part of the North China 
block, the highlands had important influences 
on regional sedimentological patterns and the 
nature of the lithofacies during the Middle to 
Late Cambrian and Ordovician. This is in con-
trast to other parts of the North China block, 
which had few or no exposed highlands. The 

eastern and northern parts of the North China 
block (e.g., the Shandong and Beijing regions) 
were entirely submerged during the Middle to 
Late Cambrian and Ordovician, resulting in 
deposition of a continuous carbonate succession 
(Meng et al., 1997; Chen et al., 2014). The dis-
parities in depositional history are due, in part, 
to both the initial transgression being directed 
from the southeast (e.g., Kwon et al., 2006) and 
the presence of topographic complexities at the 
time (Meng et al., 1997). The tectonic history 
of the western margin of the North China block 
is complex due to the presence of the Helan 
aulaco gen, which also affected sediment disper-
sal patterns. The stratigraphic record, including 
major unconformities, and the inferred tectonic 
history can be compared to that recorded in 
potentially adjacent tectonic blocks in vari-
ous paleogeographic reconstructions in order 
to evaluate the potential placement of blocks 
within various tectonic models.

The present study focuses on the Cambrian-
Ordovician boundary interval in western Inner 
Mongolia along the ancient northwest margin 
of the North China block in order to evaluate 
the early Paleozoic depositional history of this 

region. In this study, we present (1) a detailed 
sedimentary facies analysis of the Cambrian 
Series 3 Abuqiehai Formation and Middle 
Ordovician Sandaokan Formation, and (2) car-
bon isotope and detrital zircon geochronological 
data, which allow for regional and global strati-
graphic and paleogeographic correlation, as 
well as refinement of the tectonic history of this 
poorly known part of the North China block.

GEOLOGIC SETTING

Our study area in the Zhuozishan Mountain 
area of western Inner Mongolia (Fig. 1), close 
to the Ordos highlands, exposes part of the 
western Ordos fold-and-thrust belt. This belt 
formed between the Early-Middle Jurassic and 
the Late Jurassic, possibly as an inland exten-
sion of deformation associated with subduction 
of a paleo–Pacific plate (Darby and Ritts, 2002). 
The main structure of Zhuozishan Mountain 
is basically a large basement-cored anticline 
(Darby and Ritts, 2002). Archean metamorphic 
basement and Proterozoic through Mesozoic 
sedimentary strata are exposed in the range. The 
North China block’s metamorphic Archean–
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Figure 1. Simplified lithotectonic maps of mainland China (center inset) and location map of study area. (A) Location map showing lithotec-
tonic blocks, including North China Platform, and the location of the field area in the western Inner Mongolia region. Gray areas indicate 
Cambrian-Ordovician outcrop exposures. Diagonal shading indicates two unsubmerged landmasses during the Late Cambrian in the west-
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map showing location of the Subaiyingou (SBG) site in the vicinity of Haibowan.
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Paleoproterozoic basement consists of East-
ern and Western blocks, separated by the ca. 
1.85 Ga Trans–North-China orogenic belt (Bian 
et al., 2001). This crystalline basement complex, 
which contains rocks that range in age from 
3.85 to 1.6 Ga (Bian et al., 2001), underlies an 
~107-m-thick Proterozoic succession.

Our study site is located in the northern part 
of the Helan aulacogen, which was connected 
to the western margin of the North China block. 
The Helan aulacogen, ~300 km in NNE trend, 
formed as a failed rift relative to the Qinling 
and Qilian rifts during the Mesoproterozoic, 
resulting in a thick (100–3000 m) terrestrial 
and shallow-marine sedimentary succession 
of conglomerate, quartz sandstone, and partly 
chertified dolomite strata intercalated with 
several layers of dolerite (Fig. 2; Sun and Liu, 
1983). The succession nonconformably over-
lies Archean metamorphic rocks and generally 
thins toward the north. Regional uplift during 
the Neoproterozoic resulted in formation of an 
unconformity, and subsidence during the earli-
est Paleozoic led to deposition of Cambrian and 
Ordovician strata in shallow-marine to deep 
slope settings (Lin et al., 1991). The Helan aula-
cogen eventually closed in the Late Ordovician, 
and the subsequent uplift associated with a Cale-
donian orogenic event resulted in the absence of 
a Silurian through Mississippian record in this 
region and other parts of the North China block.

The Cambrian succession in the Zhuozishan 
area consists of a mixed siliciclastic and carbon-
ate succession (Taosigou, Hulusitai, Zhangxia, 
and Abuqiehai Formations in ascending order), 
which disconformably overlies the Meso protero-
zoic Wangquankou Formation. The Cambrian 
strata are underlain by an Ordovician succes-
sion (Sandaokan, Zhuozishan, Kelimoli, Wula-
like, Lashenzhong, Gongwusu, and Sheshan 
Formations in ascending order), which is in turn 
disconformably overlain by the Pennsylvanian 
Yanghugou Formation (Fig. 2).

METHODS

Detailed sedimentological data were collected 
at the Subaiyingou section (SBG) along a well-
exposed valley in Zhuozishan Mountain in west-
ern Inner Mongolia, China (Figs. 1, 3, and 4). 
Geochemical samples were collected for carbon-
isotope chemostratigraphic analysis every ~25 
cm throughout the sections. Samples were cut 
and microdrilled with a dental drill bit for pow-
ders, which were analyzed for carbon and oxy-
gen isotopes at Washington University, St. Louis, 
Missouri. Powders were reacted for 4 h at 72 °C 
with an excess of 100% H3PO4 in He-flushed, 
sealed tubes. Evolved CO2 was sampled with a 
Thermo Scientific Gas Bench II, and isotopic 

ratios were measured with a Thermo Scientific 
Delta V Plus mass spectrometer. Isotopic mea-
surements were calibrated against standards 
NBS-19, NBS-20, and two in-house standards, 
with analytical errors of <0.1‰ (1σ) for δ13Ccarb

and <0.2‰ (1σ) for δ18Ocarb. All isotopic values 
are expressed in per mil (‰) notation relative to 
Vienna Peedee belemnite (VPDB).

Additionally, we collected a detrital zircon 
sample, SBGM-1, from the base of the Ordo-
vician Sandaokan Formation at 19.72 m strati-

graphic height in the Subaiyingou section. This 
sample was analyzed at the Research School of 
Earth Sciences, Australia National University, 
using a sensitive high-resolution ion micro-
probe (SHRIMP) with procedures given in Wil-
liams (1998, and references therein). Reflected 
and transmitted light photomicrographs, and 
cathodo luminescence (CL) scanning electron 
microscope (SEM) images were prepared for 
all zircon grains. The internal structures of the 
sectioned grains were imaged using CL and used 
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to ensure that the ~20 µm SHRIMP spots were 
wholly within the youngest single age compo-
nent (i.e., the rims) within the sectioned grains. 
The data for 70 grains were processed using 
the SQUID Excel macro (Ludwig, 2001). U/Pb 
ratios were normalized relative to a value of 
0.0668 for the Temora reference zircon, equiva-
lent to an age of 417 Ma (Black et al., 2003). 
Uncertainties given for individual analyses 
(ratios and ages) are at the 1σ level (see GSA 
Data Repository1). Correction for common Pb 
was made using the measured 204Pb/206Pb ratio in 
the normal manner, and the calculated radiogenic 
207Pb/206Pb ages have been interpreted to con-
strain the individual spot dates. Two of the areas 
analyzed were significantly reversely discordant, 
and so the data for those grains are considered 
unreliable. Further, a number of other areas ana-
lyzed were discordant, and while in some cases 
this has resulted from radiogenic Pb loss at or 
near the present day, others clearly show older 
radiogenic Pb giving rise to the discordance. 
Analyses more than 10% discordant were not 
included in the relative probability plots.

Carbonate samples were processed for cono-
dont microfossils using the buffered formic acid 
digestion method described by Jeppsson and 
Anehus (1995). Insoluble residues were pro-
cessed using the cryogenic density separation 
technique described by Morrow and Webster 
(1989) with 2.85 SG LST (specific gravity lith-
ium polytungstate) heavy liquid substituted for 
sodium polytungstate (SPT). Heavy fractions of 
the density separations were examined under a 
stereomicroscope, and conodont elements were 
picked from the residue, identified, and imaged 
using a Leo 1430VP SEM.

LITHOFACIES

Nine lithofacies are classified based mainly 
on lithology, grain size, and sedimentary struc-
tures, as well as texture, bed geometry, and fos-
sil content (Fig. 3).

Interbedded Lime Mudstone and 
Marlstone Facies (L-M)

This facies consists of very thin to thin, 
0.2–5-cm-thick, beds of lime mudstone and 
interbeds of dolomitic marlstone or calcare-
ous shale (Fig. 5A). Lime mudstone layers are 
highly variable in character with tabular, undu-
latory, nodular, and irregular geometries, and 
both diffuse and distinct boundaries. The facies 

95

100

80

85

90

C
over

M
G

P
st

W
st

M
arl

M
dst

Thr
FP

C

C
G

FG

115

120

105

110
C

over

M
G

P
st

W
st

M
arl

M
dst

Thr
FP

C

C
G

FG

100

135

138

120

125

130

C
over

M
G

P
st

W
st

M
arl

M
dst

Thr
FP

C

C
G

FG

St
ra

tig
ra

ph
ic

 H
ei

gh
t (

m
)

Figure 3 (continued).

1GSA Data Repository item 2015106, DR Item 1: 
detrital zircon geochronological data and associated 
plots; DR Item 2: carbon and oxygen isotopic data, is 
available at http://www.geosociety.org/pubs/ft2015
.htm or by request to editing@geosociety.org.
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varies from lime mudstone with thin marlstone 
or shale drapes, to marlstone with thin mudstone 
interbeds. Ball-and-pillow structures are locally 
present, and some beds are mildly bioturbated. 
This facies is commonly associated with flat-
pebble conglomerate and microbialite facies 
(Figs. 5 and 6).

Interpretation
Exclusively clay-sized particles lacking lami-

nation are indicative of deposition from suspen-
sion in a low-energy setting (Calvet and Tucker, 
1988; Keller, 1997). The presence of both 

carbonate and siliciclastic material in varying 
proportions suggests that sediment was being 
supplied from both terrestrial and in situ marine 
sources, with varying influence from one or 
both sources. The presence of bioturbation most 
likely indicates a marine depositional setting, 
and the local and sporadic stratigraphic distri-
bution suggests that environmental conditions 
were unsuitable for extensive colonization and 
generally inhospitable to marine organisms. The 
nodular weathering pattern and pinch-and-swell 
structures in many beds of this facies are likely 
diagenetic features (Chen et al., 2009, 2010).

Flat-Pebble Limestone Conglomerate 
Facies (LCfp)

Flat-pebble conglomerate consists of oligo-
micitic to polymictic limestone clasts and bio-
clastic grainstone matrix (Figs. 5B–5E). Beds 
of this facies exhibit both clast-supported and 
matrix-supported textures. Clasts are mostly flat 
lying and locally imbricated (Fig. 5B); in a few 
cases, they are vertically oriented. Flat-pebble 
conglomerate beds are tabular to lenticular and 
range from 4 to 47 cm thick. Amalgamated con-
glomerate beds range up to 48 cm thick. Flat-
pebble conglomerate beds are commonly inter-
calated within thin-bedded limestone beds, and 
in cases comprise small gutter casts (Fig. 5C) or 
mounds (Fig. 5D), which range from 4 cm thick 
and 17 cm wide to 9 cm thick and 33 cm wide. 
Flat-pebble conglomerate is also often present 
around and between microbialite mounds (Fig. 
5E). Most flat-pebble conglomerate beds show 
sharp, irregular, and locally channelized bases. 
Normal grading is rarely present in the flat-
pebble  conglomerate.

Interpretation
Flat-pebble conglomerate is thought to result 

from storms in shallow-marine environments 
(Mount and Kidder, 1993; Myrow et al., 2004, 
2012; Chen, 2014). Clasts produced by erosion 
and rip-up of early-cemented carbonate sedi-
ment during storms were transported by storm-
generated waves and associated currents, and in 
instances by gravity forces (Myrow et al., 2004, 
2012; Chen, 2014). Mostly flat-lying clasts 
indicate constant reworking of waves, whereas 
imbricated clasts indicate reworking by currents. 
The rare examples with vertical imbrication 
are attributed to clast interactions under storm 
waves. The clasts were deposited along with 
winnowed bioclastic grains, which is typical of 
ancient flat-pebble conglomerate facies (Myrow 
et al., 2004). The lack of evidence for subaerial 
exposure (e.g., mud cracks) in associated facies 
suggests deposition in subtidal regions. The 
presence of flat-pebbles in gutter casts sug-
gests initial erosion by powerful bottom currents 
(Myrow, 1992) and subsequent filling with intra-
clasts eroded during the storm event.

Maceriate Microbialite Facies (Mm)

The microbialite facies is characterized by 
digitate or maceriate (maze-like) vaguely stro-
matolitic and thrombolitic structures (Figs. 6A 
and 6B), and this facies is composed of micro-
stromatolites with associated patches of sponge 
spicules (Figs. 6C and 6D). They commonly 
show mounded or highly irregular morphologies 
and are laterally adjacent to detrital carbonate  

Ordovician

Cambrian

Figure 4. Full view of a wall of the Subaiyingou valley, showing well-exposed outcrop of the 
Cambrian and Ordovician strata. Cliff face is approximately 100 m tall.
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sedimentary deposits. Most microbialite mounds 
are 15–40 cm thick, although some range in 
size up to 1.2 m thick and >1 m wide. In sev-
eral places, the microbialites either form com-
plexes with, or occur within, beds of intraclast 
conglomerate. Between 4.53 and 5.43 m in the 
Subaiyingou section, microbialite mounds form 
a thick complex with dark-gray/brown, fine 
to medium grainstone. In general, the micro-
bialite weathers brown to orange, and the inter-
microbialite fill is white or gray. Between 10.81 
and 11.83 m in the Subaiyingou section, thick 
microbialite mounds rest on a conspicuous ero-
sional surface that gradually cuts out ~94 cm of 
underlying strata (Fig. 6E). These microbialite 

mounds are surrounded by flat-pebble conglom-
erate at the base, and by ribbon mudstone and 
calcareous shale at the top.

Interpretation
These microbialites resemble the recently 

studied maceriate microbialites from the eastern 
North China block (Shandong region) and Lau-
rentia (Shapiro and Awramik, 2006; Lee et al., 
2010, 2012, 2014; Chen et al., 2014; Chen and 
Lee, 2014). The well-preserved microbialite 
from the Shandong region is composed of abun-
dant sponge spicules and microbial components, 
for which it is also called “sponge-microbial 
reef” (Lee et al., 2014; Chen et al., 2014). The 

presence of patches of sponge spicules indicates 
that the microbialites from the Subaiyingou sec-
tion are similar to those in Shandong province, 
with respect to their micro- and macrostruc-
tures. The fine-grained texture of microbialites 
and associated limestone-shale alternations are 
indicative of relatively low-energy settings dur-
ing growth of microbialites. Brown to orange 
color of the microbialite is due to selective 
dolomitization. Overlying and lateral deposits 
of flat-pebble conglomerate, irregular morphol-
ogy of microbialite buildups by erosion, and 
irregular bases with locally high relief are col-
lectively suggestive of intermittent high-energy 
conditions.

Microb

FPC
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Clasts
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Figure 5. Representative photos of lithofacies. (A) Thinly interbedded lime mudstone and marlstone facies. Note lens of flat-pebble 
conglomerate below hammer (scale). (B) Close-up of fabric of flat-pebble conglomerate facies showing abundant brown grainstone 
matrix and subhorizontal orientations of lime mudstone clasts. (C) Gutter casts of flat-pebble conglomerate within mudstone and 
marl facies. (D) Mounded lens of flat-pebble conglomerate. (E) Mounded mass of flat-pebble conglomerate (FPC), large clasts of 
rotated, relatively intact-bedded lime mudstone, and masses of microbialite. (F) Symmetrical starved ripple of coarse grainstone. 
Most cross-laminae dip to right, but some dip to left on left flank. Hammer is 30 cm long, and pencil is 14 cm long, for scale.
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Fine to Medium Sandy Grainstone 
Facies (Gfm)

This facies is composed of massive, biotur-
bated, and parallel-laminated, well-sorted, fine 
and medium grainstone and dolograinstone. The 
grainstone contains up to 40% grains of quartz 
sand. Bed thickness ranges from 1 to 93 cm, 

with an average of ~25 cm. Burrows are pres-
ent in some beds. Beds are generally tabular and 
have uniform thickness. From 24.84 to 25.07 
m, there are amalgamated, hummocky cross-
stratified, thin sandy grainstone beds. The basal 
bed in this interval has a locally scoured base. 
One set of beds between 86–86.64 m is poorly 
sorted, with grains ranging from fine to coarse 

sand. Also, one set of beds between 72.19 and 
72.48 m exhibits ripple-scale cross-stratification 
and parallel lamination.

Interpretation
The presence of ripple cross-lamination, 

parallel lamination, and hummocky cross-
stratification indicates traction transport and 

A B

1 mm 2 mm

C D

E

Figure 6. Maceriate microbialite facies. (A) Vertical section of a maceriate microbialite, showing digitate, branch-
ing structures (i.e., maceriate structures of Shapiro and Awramik, 2006). (B) Bedding plane of a maceriate
micro bialite, showing rambling, maze-like structures. Coin is 25 mm in diameter. (C) Patch of sponge spicules 
in a maceriate microbialite. (D) Microstromatolite in a maceriate microbialite. (E) A maceriate, thrombolitic 
micro bialite and flat-pebble and grainstone complex, downcutting the underlying strata via an irregular surface. 
Hammer is 28 cm long, and pencil is ~12.5 cm long, for scale.
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deposition under the influence of unidirectional 
and oscillatory flows of variable intensity. Hum-
mocky cross-stratification in particular indicates 
deposition from powerful storm-generated 
waves (Myrow and Southard, 1991, 1996; 
Dumas et al., 2005). Fully bioturbated beds 
suggest periods of lower energy and coloniza-
tion by infaunal organisms in a shallow-marine 
depositional environment.

Coarse Grainstone Facies (CG)

This facies consists of beds up to 20 cm thick 
of massive and laminated, gray to dark-gray, 
coarse bioclastic grainstone. Bedding is gener-
ally tabular, although some beds are lenticular. 
Coarse grainstone is commonly intercalated 
with the L-M facies and sometimes forms an 
irregular complex with thrombolitic micro-
bialite mounds. It also forms cross-laminated 
form sets of generally symmetrical ripples up to 
8 cm in height (Fig. 5F). The cross-lamination 
tends to dip in one direction, even in ripples with 
nearly symmetrical profiles (Fig. 5F).

Interpretation
The coarse grain size of this facies represents 

deposition of winnowed sediment under high-
energy flows. It is possible that these deposits 
were either storm generated or reworked by 
storms, based on the presence of symmetrical 
ripples, although the grain size is too coarse to 
exhibit wave-diagnostic hummocky cross-strat-
ification. The massive texture of the facies may 
reflect diagenetic alteration that masks macro-
scopic lamination.

Sandstone Facies (SS)

This facies consists of white, tan, and brown, 
very fine to very coarse quartz sandstone 
(Fig. 7). Some units are massive or bioturbated 
(Figs. 7A and 7B), whereas others contain par-
allel lamination and trough cross-stratification 
(Fig. 7C). Bed thicknesses range from 3 to 
32 cm, and many are part of amalgamated bed 
sets that range from 0.30 to 2.97 m thick. The 
sandstone in most beds is relatively well sorted, 
but some beds are poorly sorted with grain sizes 
ranging either from fine to coarse or medium 
to very coarse sand. A few beds show normal 
grading and, in cases, contain granules to fine 
pebbles at their bases. Trough cross-stratified 
sets are 3–12 cm thick. Several beds contain 
small (1–2 mm thick) floating intraclasts of 
carbonate mudstone. The sandstone grains are 
generally subrounded. Many sandstone beds 
contain burrows, including, in some cases, 
Skolithos (Fig. 7A).

Interpretation
The presence of trough cross-bedding reflects 

deposition by migration of three-dimensional 
(3-D) dunes by unidirectional currents, whereas 
parallel lamination indicates deposition from 
upper plane bed conditions. The high variabil-
ity in grain size and degree of sorting indicates 
highly variable energy levels and constancy of 
energy. The close stratigraphic association with 
marine carbonate (e.g., bioturbated wackestone 
and grainstone), and the presence of bioturba-
tion and Skolithos trace fossils in some beds are 
consistent with this facies having been depos-
ited in a shallow-marine environment, most 
likely in a shoreline setting.

Calcareous Sandstone Facies (SSc)

This facies consists of poorly sorted to very 
poorly sorted, bioturbated, medium or fine/
medium quartz sandstone with 20%–50% car-
bonate grains. Bed thicknesses range from 11 
cm to 69 cm. Two beds, at 54.23 and 61.86 m, 
lack bioturbation. One bed, at 30.88 m in the 
Subaiyingou section, grades upward from 80% 
quartz sandstone at its base to fine grainstone 
with ~5% quartz grains at its top.

Interpretation
The finer grain size and better sorting of this 

facies, relative to the sandstone facies (SS), 
reflect deposition in a lower-energy environ-
ment, although likely in a nearshore to shoreline 
setting based on the abundance of quartz grains 
and the bioturbation. These features would be 
consistent with a lower shoreface setting where 
terrestrial-derived quartz sand mixed with off-
shore carbonate in the transition zone with the 
offshore. Compete bioturbation is common in 
lower shoreface to offshore transition zones, 
reflecting a transition from laminated sediment 
higher on the shoreface, which is frequently 
reworked by marine currents and waves, to sedi-
ment that is less frequently mobilized.

Bioturbated Wackestone Facies (Wb)

This facies consists of moderately to severely 
bioturbated lime mudstone to wackestone 
(ichno fabric index 3 and 4 of Droser and Bottjer, 
1986), with mottled texture due in part to selec-
tive dolomitization (Fig. 8A). The wackestone is 
composed dominantly of lime mud and various 
fossil fragments (trilobites, bivalves, and bra-
chiopods; Fig. 8B). Some disarticulated brachio-
pods are present in bioturbated wackestone. Bed 
thicknesses range from ~8 cm to 4.82 m. Some 
beds exhibit a nodular dolomitization pattern, 
with 30% to 100% of the facies dolowackestone, 
whereas other beds exhibit no dolomitization at 
all. The color of these beds is chocolate brown 

on weathered surfaces, whereas fresh surfaces 
of the nondolomitized limestone are light blue. 
An ~90-cm-deep paleokarst is present in biotur-
bated wackestone at 60.91 m in the Subaiyingou 
section and is overlain by a 1.28-m-thick unit of 
quartz sandstone (Fig. 9). The paleokarst consists 
of a network of irregular branching sand-filled 
cavities that cut the wackestone host rock. They 
have highly irregular, sharp, and scalloped mar-
gins and contain a fill of quartz grains ranging in 
size from medium to coarse sand up to granules 
(Fig. 9). Several 3–7-cm-thick coarse sandstone 
beds that overlie the paleokarst (described in 
the following) are deformed, with downwarp-
ing of the sandstone laminae into the underlying 
depression in the wackestone (Fig. 9C).

Interpretation
The extensive and pervasive bioturbation is 

suggestive of shallow subtidal environments 
with relatively low sedimentation rate (Rubin 
and Friedman, 1977; Overstreet et al., 2003). 
The abundance of lime mudstone is indicative of 
low-energy environments protected from waves 
or currents (e.g., lagoon or offshore; Sanders and 
Hofling, 2000). The common presence of fossil 
fragments of typical marine fauna suggests that 
deposition took place in shallow subtidal envi-
ronments with normal salinity (Heckel, 1972). 
The presence of disarticulated brachiopod fos-
sils suggests minor transport of larger fossils. 
Based on its association with quartz sandstone 
facies of likely shoreline origin, we interpret 
this facies as having been deposited below 
fair-weather wave base in a proximal offshore 
region. The presence of paleokarst in the bio-
turbated wackestone indicates that it was sub-
aerially exposed and chemically weathered after 
cementation. Deformation of sandstone above 
the paleokarst suggests partial collapse into the 
karst cavities after its deposition. The paleokarst 
developed at one stratigraphic level after signifi-
cant lowering of base level at that time to expose 
previously deposited subtidal marine strata.

Shale Facies (Sh)

This facies consists of greenish-gray and 
dark-gray, silty and marly shale. Bed thickness 
ranges from 1 to 24 cm.

Interpretation
Deposition of clay- and silt-sized particles 

requires deposition from suspension in a very 
low-energy setting, most likely below fair-
weather wave base (Chen et al., 2011). The 
dominantly siliciclastic facies suggests that it 
may have formed during times of high terrestrial 
input and/or depression of carbonate production 
(Chen et al., 2011; Myrow et al., 2012). The 
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dark color of shale reflects high organic carbon 
content and is indicative of relatively reducing 
conditions (Myrow, 1990).

FACIES ASSOCIATIONS

Based on the occurrence of facies and 
stratigraphic arrangement, the 10 lithofacies 
are generally grouped into two facies associa-
tions, i.e., Abuqiehai and Sandaokan Formation 

facies associations. The Abuqiehai facies asso-
ciation consists dominantly of lime mudstone 
and marlstone alternation (L-M), flat-pebble 
limestone conglomerate (LCfp), and maceriate 
microbialite (Mm) lithofacies, whereas the San-
daokan facies association dominantly contains 
bioturbated wackestone (Wb), fine to medium 
grainstone facies (Gfm), shale facies (Sh), 
coarse grainstone facies (CG), sandstone facies 
(SS), and calcareous sandstone facies (SSc).

Facies Association Interpretations: 
Cambrian Abuqiehai Formation

The Abuqiehai strata exhibit many features 
typical of storm-dominated offshore settings, 
including hummocky cross-stratification, flat-
pebble conglomerate, and gutter casts. The 
interbedding of various carbonate lithofacies and 
shale, combined with a low paleolatitude (Huang 
et al., 2000), indicate that the setting was a warm, 

A

CB

D

Skolithos

Figure 7. Sandstone facies in Ordovician strata. (A) White and brown weathering sandstone with bed containing 
abundant Skolithos trace fossils. Hammer is 28 cm long. (B) Bioturbated sandstone. Pencil tip in the lower left for 
scale. (C) Trough cross-stratified sandstone. Scale bar is in centimeters. (D) Contact between orange-weathering 
uppermost Cambrian dolostone and Ordovician sandstone and bioturbated mudstone. Hammer is 30 cm long.
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shallow-water setting in which the production of 
carbonate near the shoreline was interrupted epi-
sodically by fine-grained terrigenous input from 
the Ordos highlands. Thus, a proximal siliciclas-
tic mud-dominated detrital belt formed, with car-
bonate production likely distal to it.

The facies are identical to those of the Cam-
brian inner detrital belt of Laurentia, which 
was situated between a cratonic hinterland and 
a more distal carbonate belt (Lochman-Balk, 
1971; Li and Droser, 1997; Myrow et al., 2003, 
2004, 2012; Runkel et al., 2012). In this setting, 

there was interplay between in situ carbon-
ate sediment production and temporal changes 
in fine-grained detrital mud input linked to 
unsteady runoff and sediment transport (Myrow 
et al., 2012). These facies are also similar to 
those interpreted as storm-influenced middle-
outer ramp settings below fair-weather wave 
base where reworked carbonate sediment and 
suspended siliciclastic fines were deposited 
together (e.g., Markello and Read, 1981; Bur-
chette and Wright, 1992; Meng et al., 1997; 
Kwon et al., 2006).

In this study, the presence of such features as 
carbonate beds with micro-hummocky cross-
stratification and flat-pebble conglomerate sug-
gests episodic storm-generated transport of car-
bonate grains into an environment characterized 
by accumulation of terrestrial mud. Changes in 
the overall percentages of carbonate and silici-
clastic strata in such mixed lithofacies have been 
commonly linked to relative sea-level changes. 
In some ancient settings, such as the interface 
of a carbonate ramp and a deeper-water setting, 
rising sea level led to retreat of the carbonate 
belt and reduced input of carbonate sediment, 
and thus encroachment of a mud belt over the 
carbonate platform (Markello and Read, 1981; 
Calvet and Tucker, 1988; Chen et al., 2011, 
2012). Myrow et al. (2012) suggested that in 
inner detrital belt settings, the reverse may be 
the case, namely, that during lowstands, rejuve-
nated fluvial systems may have increased mud 
input and stifled carbonate production, whereas 
during transgression, landward migration of 
shorelines may have led to alluviation, reduced 
sediment input, and increased carbonate pro-
duction and deposition. It is possible that the 
flat-pebble conglomerate and thrombolite com-
plexes of the Cambrian Abuqiehai Formation 
of this study formed during maximum flooding 
intervals when the seawater was less turbid and 
probably warmer (cf. Myrow et al., 2012) than 
at other times. On the other hand, such intervals 
could also reflect long-term changes in storm 
intensity and associated sediment transport. In 
either case, the association of thrombolites rest-
ing on flat-pebble conglomerate beds reflects 
preferential colonization of microbes on hard 
substrates (e.g., Myrow et al., 2012).

Finally, the general paucity of shale, rela-
tive to marl, suggests an overall low amount 
of siliciclastic mud input, which is consistent 
with the fact that only a very small part of the 
North China block was above sea level during 
the Cambrian to act as a source of fine-grained 
siliciclastic sediment (e.g., Meng et al., 1997; 
Feng et al., 2002).

Facies Association Interpretations: 
Ordovician Sandaokan Formation

The basal Ordovician deposits of this study, 
the Middle Ordovician Sandaokan Formation, 
directly, unconformably overlie uppermost 
Cambrian Series 3 strata. The Sandaokan For-
mation consists dominantly of carbonate litho-
facies and widely spaced quartzose sandstone 
units. The nature of the sandstone lithofacies and 
the presence of marine trace fossils, in combina-
tion with sandstone-filled paleokarst in biotur-
bated wackestone at 60.91 m in the Subaiyingou 
section, clearly indicate shoreline deposition. 

B

A

Figure 8. Bioturbated wackestone facies. (A) Dolomite-replaced burrows within lime wacke-
stone. (B) Close-up showing dispersed bioclasts within the mudstone matrix. Pencil is 14 cm 
long, for scale.
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The close association of shoreline quartzose 
sandstone deposits and marine carbonate facies 
(mostly bioturbated wackestone) indicates that 
the general depositional environment during the 
Ordovician was the proximal part of a carbon-
ate shelf. The relatively sharp contacts between 
the sandstone facies and overlying bioturbated 
wackestone facies reflect a sharp paleoenvi-
ronmental transition from shoreline to a low-
energy carbonate shelf setting that was episodi-
cally influenced by transport and deposition of 
carbonate sand by storm waves. Alternation of 
sandstone and wackestone thus reflects relative 
sea-level changes. A few beds of calcareous 
sandstone and fine- to medium-grained sandy 
grainstone indicate mixing of carbonate and 
siliciclastic sediment at times.

On a larger scale, the upward stratigraphic 
decrease in abundance and increased spacing 

of quartzose sandstone beds likely reflect trans-
gression and retrogradational stacking of para-
sequences, for which lowstands are represented 
by the sandstone facies. The eventual strati-
graphic loss of sandstone in the lower Sandao-
kan Formation reflects a transgressive landward 
shift of shoreline environments. Although a full 
sequence stratigraphic analysis of this formation 
is beyond the scope of this study, the lower San-
daokan Formation records a transgressive sys-
tems tract with a series of relatively high-order 
parasequences.

DETRITAL ZIRCON 
GEOCHRONOLOGY

The spectrum for sample SBGM-1 from 
the Ordovician strata of the Subaiyingou sec-
tion contains grain ages from ca. 1400 Ma to 

ca. 3150 Ma (Fig. 10). It contains two signifi-
cant age populations: ca. 1700–2000 Ma and 
ca. 2400–2550 Ma, including large peaks at 
ca. 1820 Ma and ca. 2520 Ma. The concordia 
diagram indicates some radiogenic Pb loss has 
occurred in a few of the areas analyzed (DR Item 
1 [see footnote 1]). For the prominent Archean 
grouping, this appears to have occurred along a 
discordia toward a lower intercept at ca. 550 Ma. 
The upper intercept is at ca. 2520 Ma, while the 
age peak for the 207Pb/206Pb ages is at ca. 2515 
Ma. For the Paleoproterozoic grouping, some of 
the areas appear to have lost radiogenic Pb in 
the Triassic, although both these trends may be 
mixing lines, and so the lower intercepts are of 
doubtful geological significance. The dominant 
Paleoproterozoic age grouping has an upper 
intercept at ca. 1860 Ma, while the age peak for 
the 207Pb/206Pb ages is at ca. 1815 Ma.
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Figure 9. Examples of the paleokarst fills between meters 60 and 61 of the Subaiyingou section. (A) Bioturbated 
wackestone with sandstone-filled paleokarst. (B) Close-up of a sandstone-filled paleokarst in wackestone. (C) Bio-
turbated wackestone bed with sandstone-filled paleokarst, overlain by partly deformed sandstone. (D) Close-up of 
sandstone-filled paleokarst in wackestone. Pencil is 14 cm, and scale bar is in centimeters.
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Although there is a general paucity of geo-
chronological data on basement rocks in this 
area of Inner Mongolia (Darby and Gehrels, 
2006), there is good agreement between the 
SBGM-1 spectrum and the ages of some crys-
talline basement rocks of the western margin 
of the North China block. For instance, ca. 
2.5 Ga trondhjemite-tonalite-granodiorite 
(TTG) gneisses and supracrustal rocks exist in 
the Yinshan part of the western block, and zir-
con ages from the Khondalite belt range from 
2.3 to 1.85 Ga (Darby and Gehrels, 2006). 
This suggests that sediment was likely being 
supplied to the Subaiyingou area primarily 
from exposed parts of the North China block, 
and not other crustal blocks. The Subaiyin-
gou section is proximal to the ancient west-
ern North China block Ordos highlands of 
the Late Cambrian to Middle Ordovician, and 
thus the nearshore sandstone SBGM-1 sample 
may exclusively reflect local transport from 
those highlands, even if there were a tectonic 
connection between the North China block 
and another landmass at the time. Darby and 
Gehrels (2006) noted that Neoproterozoic and 
Cambrian strata in this area had slightly dif-
ferent detrital zircon age signatures from those 
of an Ordovician sample, and they speculated 
that there was a change in source between the 
Cambrian and Ordovician.

Various early Paleozoic paleogeographic 
reconstructions have been produced for the 
North China block, most of which involve a 
Cambrian connection with Gondwana. Paleo-
magnetic investigations indicate that the lati-
tude of the North China block during the Early 
Cambrian was ~17°S (Huang et al., 2000), 
which is consistent with the predominance of 
warm shallow-water carbonate lithofacies in 
the North China block’s Cambrian sedimentary 
units. Burrett and Richardson (1980) presented 
the North China block as an outboard terrane at 
a low northern latitude, proximal to Australia, 
during the Early Cambrian. Huang et al. (2000) 
depicted it as attached to the paleo-Pacific side 
of Antarctica during the Cambrian, until detach-
ment in the Early Ordovician and subsequent 
migration to reside outboard of Siberia. Li and 
Powell (2001) showed the North China block as 
outboard of, but proximal to, the paleo–Pacific 
margin of Gondwana throughout the Cambrian, 
and potentially into the Ordovician. Recently, 
McKenzie et al. (2011) placed the North China 
block connected to, and sharing a detrital belt 
with, the northern margin of India during the 
Cambrian.

McKenzie et al. (2011) presented detri-
tal zircon spectra of two samples taken from 
Cambrian strata of the North China block. A 
sample taken from the eastern North China 

block margin contains grains with peaks simi-
lar to those of SBGM-1 (ca. 1815 Ma and ca. 
2515 Ma), as well as a range of younger grains 
up to ca. 500 Ma. A North China block southern 
margin sample exhibits a spectral pattern that 
lacks ca. 1600 Ma and ca. 2500 Ma peaks but 
matches Cambrian–Ordovician spectra from 
northern India, again with a wide range of grain 
ages up to ca. 500 Ma. McKenzie et al. (2011) 
interpreted their spectra, in combination with 
paleobiogeographical relationships between 
the North China block and India, as represent-
ing a tectonic connection and a shared detrital 
belt with sediment input from both masses. The 
abundance of ca. 500 Ma zircon grains in north 
Indian detrital samples, as well as a period of 
metamorphism in northern India (Gehrels et al., 
2003) provide some support for the idea of a 
shared Cambrian tectonic event between India 
and the North China block.

Our spectra from the Subaiyingou section, 
which suggest local derivation from the Ordos 
highlands, stand in striking contrast to the exist-
ing Cambrian and Ordovician spectra from 
the North China block and from other sites in 
East Gondwana, including Antarctica (Goodge 
et al., 2004), Australia (Fergusson et al., 2007), 
and northern India (Myrow et al., 2010). Spe-
cifically, there is (1) a lack of grains younger 
than 1385 Ma, including a globally ubiquitous 
ca. 500 Ma peak associated with widespread 
granitic pluton emplacement due to the final 
assembly of Gondwana (e.g., Veevers, 2004; 
Blakey, 2008; Meert and Lieberman, 2008), and 
(2) abundant grains between ca. 1700 Ma and 
ca. 2000 Ma, which are relatively rare to absent 
in the spectra of Ordovician strata from Pakistan 
and India (Myrow et al., 2010). This difference 
does not support, but also does not rule out, a 
possible tectonic connection between the North 
China block and one or more of these continents 
during the early Paleozoic.

CARBON ISOTOPE 
CHEMOSTRATIGRAPHY

Carbon isotope (δ13C) data (DR Item 2 [see 
footnote 1]) for the Cambrian Abuqiehai Forma-
tion of the Subaiyingou section are characterized 
by short-period oscillations that are generally 
between 0.2‰ and 0.6‰ (Fig. 11). There is a 
–1.3‰ jump at 19.24 m across the unconformity  
at the Cambrian-Ordovician boundary (cf. 
Saltzman et al., 1998; Chen et al., 2011). Values 
in the overlying Ordovician strata are initially 
~–1.5‰, drift slightly more negative to ~–2‰, 
and then drift positively over the next 70+ m to 
~–0.6‰. The falling limb of this excursion shows 
a general shift of ~1.5‰ (Fig. 11). Superim-
posed over these trends, there is higher-frequency  
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Figure 10. Detrital zircon spectrum for sample SBGM-1, from the 
Middle Ordovician (Darriwilian) Sandaokan Formation. The rela-
tive age probability diagrams show ages and uncertainty (plotted as 
a normal distribution about the age).
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variability  of ~0.5‰–1‰. Strata above the Cam-
brian-Ordovician unconformity have a slight 
increase in both average δ18Ocarb and its strati-
graphic variability (–6.5‰ ± 2.3‰ [1σ]), rela-
tive to those below (–8.2‰ ± 1.0‰ [1σ]; see DR 
Item 2 [footnote 1]); however, no correlation is 

observed between δ13Ccarb and δ18Ocarb data (r2 = 
0.01) and there is no indication of diagenetic 
alteration to the stratigraphic δ13Ccarb signal.

The carbon isotopic data for the Cambrian 
Subaiyingou strata show similar values (~0‰ to 
–0.5‰) to those of the upper part of the Cam-

brian Series 3 strata (Fig. 12; e.g., Buggisch 
et al., 2003), which, in combination with the 
absence of the globally recognized Steptoean 
positive carbon isotope excursion of the lower 
Furongian, indicates that these rocks can be 
assigned to the latest part of Cambrian Series 3.

Isotopic values in the Ordovician strata show 
a slight fall and then rise (Fig. 12), similar to that 
of Edwards and Saltzman (2014) for the lower 
Darriwilian. More complete data sets for the 
Darriwilian Stage strata in Baltoscandia (Berg-
ström et al., 2009; Lehnert et al., 2014) and South 
China (Schmitz et al., 2010; Munnecke et al., 
2011) reveal the presence of an ~1.5‰ positive 
mid-Darriwilian carbon isotope excursion. Our 
data are likely somewhere on the rising limb 
of that excursion (Fig. 12). The absolute values 
of our Ordovician data are similar to those of 
the Argentinian Precordillera (Buggisch et al., 
2003); however, our values are offset higher 
by ~1‰ than data from western Laurentia for 
this interval (Edwards and Saltzman, 2014) and 
offset lower by ~1.5‰ from other areas of the 
globe (Lehnert et al., 2014), which have almost 
entirely positive values recorded in the full mid-
Darriwilian carbon isotope excursion (Fig. 12). 
The source of this regional variation in δ13Ccarb

remains poorly understood.

CAMBRIAN-ORDOVICIAN 
UNCONFORMITY AND IMPLICATIONS

Based on biostratigraphic data at the Subaiy-
ingou section, Upper Middle Ordovician strata 
of the Sandaokan Formation rest directly on 
Cambrian Series 3 strata of the Abuqiehai For-
mation at 23.04 m. A trilobite sample collected 
from 4.53 m in the Subaiyingou section specifi-
cally assigns the age of this part of the Abuqie-
hai Formation to the Blackwelderia trilobite 
zone (Fig. 13). Conodonts recovered from the 
Ordovician Sandaokan Formation assign it to 
the Darriwilian Stage (Upper Middle Ordo-
vician), equivalent to very youngest Arenig 
through Llanvirn of British stages.

Conodonts (Fig. 14) collected from the 
Subaiyingou section agree well with recently 
published Ordovician conodont biostratigra-
phy from Inner Mongolia (Wang et al., 2013a, 
2013b). Conodonts recovered from the lower 
part of the Sandaokan Formation include His-
tiodella holodentata Ethington and Clarke, 
1981, Rhipidognathus cf. R. laiwuensis Zhang 
in An et al., 1983, Rhipidognathus cf. R. mag-
golensis (Lee, 1976), Plectodina sp., Ansella 
jemtlandica (Löfgren, 1978), Panderodus sp., 
and Scolopodus cf. S. flexilis An, 1981, among 
other long-ranging taxa. We place the lower 
part of the Subaiyingou section in the His-
tiodella holodentata biozone, which is Middle 
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to Upper-Middle Darriwilian. This correlates 
with the upper part of the Dawangou Forma-
tion in the Tarim Basin (Zhen et al., 2011). This 
age for the lower part of the Sandaokan Forma-
tion may be slightly older than the age reported 
by Wang et al. (2013a) for the Zhuozishan and 
lower Kelimoli Formations. Wang et al. (2013a) 
placed the Zhuozishan and lower Kelimoli For-
mations in the Histiodella kristinae biozone. 
They defined the Histiodella kristinae biozone 
as containing H. kristinae Stouge, 1984 along 
with its probable ancestor, H. holodentata, for 
which the subjacent and globally correlated 
H. holodentata zone is named. No specimens 
of H. kristinae were recovered from samples in 
the Subaiyingou section, and it is difficult dis-
tinguish between the H. holodentata biozone 
and the overlying H. kristinae biozone with 
neither the occurrence of H. kristinae nor the 
presence of distinctive pectiniform species, such 
as Dzikodus tablepointensis (Stouge, 1984), 
Polonodus clivosus (Viira, 1974), or Polonodus 
newfoundlandensis (Stouge, 1984), which char-
acterize the H. kristinae zone in the Tarim Basin 
(Zhen et al., 2011).

This biostratigraphic data at our field sites 
provide tight chronostratigraphic constraint 
on the timing and duration (~30 m.y.) of the 
Cambrian-Ordovician unconformity for the 
western margin of the North China block for 
comparison to other parts of the North China 
block and other regions globally. A Cambrian-
Ordovician boundary unconformity exists in the 
northern margin (Daqingshan Mountain region, 
west of Hohhot, North China; Fig. 1A) of the 
North China block, where it is recorded by basal 
Ordovician conglomerate and arkose sandstone 
that rest on a highly irregular paleokarst sur-
face (Peng et al., 2002). On the eastern margin 
of the North China block (Taebaeksan Basin, 
South Korea; Fig. 1A), it is recorded by input 
of siliciclastic sand into a carbonate ramp sys-
tem (Kwon et al., 2006). The unconformity also 
exists in the northeast margin of the North China 
block (Dayangcha region, Jilin Province, North-
east China; Fig. 1A), which is recognized by 
both sedimentological and geochemical studies 
(Ripperdan et al., 1993; Zhang et al., 2000). A 
Cambrian-Ordovician unconformity also exists 
in other regions such as South China, Tarim, 

Australia, Laurentia, and Argentina (Ripperdan 
et al., 1992; Zhang et al., 2000; Buggisch et al., 
2003; Jing et al., 2008). The unconformities in 
these various localities, as well as in the North 
China block, may have resulted in part from 
well-known eustatic falls, including the Late 
Cambrian Lange Ranch eustatic event (Miller, 
1984) and an earliest Middle Ordovician event 
(e.g., Meng et al., 1997; Kwon et al., 2006; 
Haq and Schutter, 2008). The duration of these 
unconformities in these other parts of the North 
China block and elsewhere is generally brief 
relative to our sections, namely, latest Cambrian 
to earliest Ordovician, and in some cases, there 
may be as little as one part of a biozone missing 
(Table 1).

The one region from East Gondwana that 
records an unconformity of similar timing and 
magnitude to that of the western margin of the 
North China block is that found along the north-
ern Indian continental margin of the Himalaya. 
In the Tethyan zone of the western Himalaya, 
the youngest Cambrian faunas found below the 
Cambrian-Ordovician unconformity range from 
latest Middle Cambrian (e.g., Spiti and Zanskar  
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Valleys; Myrow et al., 2006a, 2006b, 2009; 
Peng et al., 2009) to earliest Upper Cambrian 
(Kashmir; Jell, 1986; Jell and Hughes, 1997). 
Beds overlying the unconformity in this region 
are no older than early Middle Ordovician in 
age (Myrow et al., 2006b). No Early Ordovician 
strata are described from the western Himalaya. 
Thus, the known hiatus in this region ranges 
from earliest Late Cambrian to early Middle 

Ordovician, which matches that from the west-
ern North China block, and it is distinct from 
those on the other margins of the North China 
block and other tectonostratigraphic units in 
adjacent areas.

The tectonic event responsible for uplift, 
intrusion, erosion, and deposition of coarse 
molasse along the northern Indian continental 
margin is known as the Kurgiakh (Srikantia, 

1981) or Bhimphedian (Cawood et al., 2007) 
orogeny. The event was characterized by vol-
canism (Garzanti et al., 1986; Valdiya, 1997), 
mild metamorphism (Gaetani et al., 1985), and 
granitic intrusions (LeFort et al., 1986). Several 
workers have related this event to development 
of a foreland basin associated with subduction, 
basin closure, and accretion of an unknown ter-
rane to the north (Garzanti et al., 1986; Gehrels 
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Figure 13. Representative trilobites from the Blackwelderia tenuilimbata zone in the upper part of the Abuqiehai Formation (Cambrian 
Series 3), Subaiyingou section. (A) Cyclolorenzella distincta Zhang, 1985, cranidium, NIGP62285. (B) Jiulongshania rotundata (Resser 
and Endo, 1937), cranidium, NIGP62278. (C) Pingluaspis decora (Wang and Lin, 1990), cranidium, NIGP62288. (D) Formosagnostus 
formosus Ergaliev, 1980, pygidium, NIGP62293. (E) Formosagnostus formosus Ergaliev, 1980, cranidium, NIGP62297. (F) Haibowania 
brevis  Yuan, sp. nov., cranidium, paratype, NIGP62985–885. (G) Haibowania brevis Yuan, sp. nov., pygidium, holotype, NIGP62985–884. 
(H) Chuangioides  subaiyinggouensis Zhang, 1985, pygidium, NIGP62411. (I) Monkaspis neimonggolensis Zhang, 1985, cranidium, 
NIGP62985–862. (J) Monkaspis neimonggolensis Zhang, 1985, pygidium, NIGP62985–869. (K) Haibowania zhuozishanensis Zhang, 1985, 
cranidium, NIGP62985–872. (L) Haibowania zhuozishanensis Zhang, 1985, pygidium, NIGP62985–876. (M) Blackwelderia tenuilimbata 
Zhou, in Zhou and Zheng, 1980, pygidium, NIGP62985–890. (N) Teinistion triangulus Yuan, sp. nov., pygidium, paratype, NIGP62985–900. 
(O) Teinistion triangulus Yuan, sp. nov., cranidium, holotype, NIGP62985–898. Scale bar is 2 mm long.
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et al., 2003), although Myrow et al. (2006b) 
questioned the nature and timing of the event. 
In any case, the event appears to have affected 
many areas across the northern Gondwana 
region (Argles et al., 1999; Gehrels et al., 2003; 
Kohn et al., 2004; Yin et al., 2010), including 
areas in Tibet (Zhu et al., 2012; Zhang et al., 
2012; Liu et al., 2002; Zhou et al., 2004), 
Myanmar (Mitchell et al., 2012), and the Kath-
mandu klippe in Nepal (Gehrels et al., 2003). 
Although the paleogeographic relationships 

and distribution of the effects of this orogenic 
event are not well constrained, similarities 
between the timing and duration of the Cam-
brian-Ordovician unconformity in our studied 
strata of the western margin of the North China 
block suggest a link to the northern Indian mar-
gin of east Gondwana (McKenzie et al., 2011). 
Such a reconstructions is at odds with the previ-
ous placement of the North China block as a 
terrane separated from Australia by a Chilean 
trench–style subduction zone (Li and Powell, 

2001), as an extension of the north Australian 
shelf (Veevers, 2000), or outboard of north 
Australia along with other terranes (Sibumasu, 
Indochina, and West Burma; Metcalfe, 2006). 
On the other hand, Huang et al. (2000) consid-
ered the North China block to have been an iso-
lated block to the southwest of Antarctica. Most 
of these reconstructions, except Veevers’ (2000) 
reconstruction, have the North China block as 
an isolated terrane, separated from the core of 
Gondwanaland.

A B C D E

F G H I J K

Figure 14. Selected conodonts from the Sandaokan Formation at Section SBG. Scale bar is 0.5 mm. Histiodella holodentata Ethington and 
Clarke, 1982 (A, B, and C) lateral views (NIGP161436, NIGP161437, NIGP16138). Ansella jemtlandica (Löfgren, 1978), (D and E) lateral 
views (NIGP161439, NIGP161440). Rhipidognathus cf. R. maggolensis (Lee, 1976), (F and G) posterior views (NIGP161441, NIGP161442). 
Rhipidognathus cf. R. laiwuensis Zhang in An et al. 1983, (H and I) posterior views. Plectodina sp., (J) posterior view (NIGP161443), 
(K) lateral view (NIGP161444).

TABLE 1. CAMBRIAN-ORDOVICIAN UNCONFORMITY REPORTED FROM NORTH CHINA BLOCK AND OTHER BLOCKS

serutaeflacimehcoeGserutaeflacigoloeGytimrofnocnufonoitaruddnagnimiTskcolb/snigraMsecnerefeR

This study Western margin of North China 
block (Wuhai, Inner Mongolia)

Signifi cant unconformity between 
latest Cambrian Series 3 to Upper 
Middle Ordovician

Ordovician sandstone unit overlying 
Cambrian mixed fi ne-siliciclastic and 
carbonate succession 

Abrupt shift in carbon 
isotope values

Peng et al. (2002) Northern margin of North 
China block (Baotou, Inner 
Mongolia)

Unconformity between Middle-Upper 
Cambrian and Lower Ordovician; 
no accurate biostratigraphy 
presented

Basal Ordovician conglomerate and 
sandstone unit overlying a paleokarst 
surface on Cambrian dolomitic 
succession

None

Ripperdan et al. (1993); 
Zhang et al. (1999)

Northeastern margin of North 
China block (Baishan, Jilin 
Province)

Several unconformities of different 
duration in the Upper Cambrian to 
Lower Ordovician

Subaerial exposure structures such as 
desiccation cracks, subaerial erosional 
surface, and drowning surface

Positive excursion of 
carbon isotope

Kwon et al. (2006) Eastern margin of North China 
block (Taebaek, South Korea)

A brief unconformity between 
the uppermost Cambrian and 
lowermost Ordovician

Shoreface sandstone unit overlying 
middle-outer ramp carbonate unit 

None

Ripperdan et al. (1992) Australia (Black Mountain) Several brief unconformities in Upper 
Cambrian and Lower Ordovician 

Coincident with conodont zone boundaries Positive excursion of 
carbon isotope

Zhang et al. (2000) South China
(Yichang, Hubei Province)

Several brief unconformities in Upper 
Cambrian and Lower Ordovician

Formation of paleokarst on the platform 
and input of siliciclastic sediment in the 
slope settings

Negative excursion of 
carbon isotope

Buggisch et al. (2003) Argentina
(Argentine Precordillera)

Several brief unconformities in Upper 
Cambrian and Lower Ordovician

Supratidal and even terrestrial (caliches) 
features; chert-clast breccia on 
erosional surface

Positive excursion of 
carbon isotope

Miller (1984) Laurentia
(central Texas)

An unconformity in the uppermost 
Cambrian: “Lange Ranch eustatic 
event”

enoNsenozoibgnissiM

Jing et al. (2008) Tarim block
(Akesu region)

Several brief unconformities during 
the Upper Cambrian to Lower 
Ordovician

Dolomitic limestone overlying dolomitic 
microbial laminite

Beginning of positive 
excursion of carbon 
isotope
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In Inner Mongolia, a change in detrital zircon 
age spectra between Cambrian and Ordovician 
strata, described by Darby and Gehrels (2006), 
supports changes in provenance associated with 
tectonic uplift at this time. This and the timing 
and duration of the hiatus associated with the 
Cambrian-Ordovician unconformity suggest 
that the North China block was part of Gond-
wana, and that this margin of the North China 
block was an along-strike continuation of the 
northern Indian continental margin (Fig. 15). 
These data are in agreement with recently pub-
lished detrital zircon and trilobite biogeographic 
data that argue for paleogeographic continu-
ity between the Bhutanese part of the northern 
Indian continental margin and the North China 
block (McKenzie et al., 2011). Although our 
lines of reasoning strongly suggest a link to 
Gondwana and the Bhimphedian orogeny, fur-
ther studies are required to test this hypothesis.

CONCLUSIONS

Integrated sedimentological, paleontological, 
and geochemical investigations on the Cam-
brian–Ordovician succession in the Subaiyin-
gou section, western Inner Mongolia, indicate 
the presence of a significant disconformity (~30 
m.y. in duration) between the Cambrian and 

Ordovician in the western margin of the North 
China block. Based on trilobite and conodont 
data and carbon isotope chemostratigraphic cor-
relations, the older strata (Abuqiehai Formation) 
at the Subaiyingou section are uppermost Cam-
brian Series 3 (Guzhangian), and the younger 
strata (Sandaokan Formation) of the Subaiyin-
gou section are late Middle Ordovician (Dar-
riwilian). The Cambrian Abuqiehai Formation 
consists mainly of limestone-shale/marlstone, 
flat-pebble conglomerate, and maceriate micro-
bialite, similar to the typical facies of the inner 
detrital belt of Laurentia. The Ordovician San-
daokan Formation is dominated by bioturbated 
wackestone and quartz sandstone, which formed 
retrogradationally stacked parasequences dur-
ing relatively long-term transgression. The 
lower part of the Sandaokan Formation contains 
the rising limb of the middle Darriwilian posi-
tive carbon isotopic excursion, which is the first 
record of it in the western North China block. 
The timing and duration of the Cambrian-Ordo-
vician unconformity in the west North China 
block are comparable with those in the North 
India regions relative to the brief unconformity 
in other localities of the North China block and 
elsewhere, indicating a potential paleogeo-
graphic link of the North China block to the 
northern Indian margin of east Gondwana.
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