PALAEO-08390; No of Pages 17
Palaeogeography, Palaeoclimatology, Palaeoecology xxx (2017) xxx–xxx

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology
journal homepage: www.elsevier.com/locate/palaeo

Regional depositional changes and their controls on carbon and sulfur
cycling across the Ordovician-Silurian boundary, northwestern Guizhou,
South China
Yifan Li a,b,⁎, Juergen Schieber c, Tailiang Fan a,b, Zhiyang Li c, Junpeng Zhang d,⁎⁎
a

School of Energy Resources, China University of Geosciences (Beijing), Beijing 100083, China
Key Laboratory of Marine Reservoir Evolution and Hydrocarbon Accumulation Mechanism, Ministry of Education, China University of Geosciences (Beijing), Beijing 100083, China
c
Department of Geological Sciences, Indiana University, Bloomington, IN 47403, United States
d
Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences, Nanjing 210008, China
b

a r t i c l e

i n f o

Article history:
Received 18 April 2017
Received in revised form 29 July 2017
Accepted 31 July 2017
Available online xxxx
Keywords:
Yangtze Platform
Hirnantian event
Wufeng-Longmaxi succession
Black shales
Stable isotopic geochemistry

a b s t r a c t
The controls of regional depositional environment on stable isotope records spanning the Ordovician-Silurian
boundary on the Yangtze Platform have seldom been investigated. The objectives of this study include reconstruction of regional depositional settings and assessment of how sedimentary processes may have inﬂuenced
carbon- and sulfur-isotopic fractionation. Seven shale facies have been recognized in the Wufeng-Longmaxi interval from two locations. Completely bioturbated claystone of the basal Wufeng Formation accumulated on a
shallow oxygenated muddy shelf. Overlying faintly banded black siliceous shale suggests deposition under
deep anoxic conditions interrupted by episodes of dysoxia. Muddy fossiliferous facies of the Guanyinqiao Formation reﬂects a glacial sea-level lowstand setting, and the observed proximal to distal heterogeneity of facies matrix supports shallowing in the proximal area. Overlying faintly banded black shale of the Longmaxi Formation
tells of a post-glacial transgression. The carbonaceous deposits are overlain by banded gray and dark gray
muddy siltstones and suggest a shoaling upward trend. The shallow-water facies display relatively heavier
δ13Corg values, whereas deep-water facies are characterized by lower δ13Corg values. Discrepancies between
Hirnantian positive δ13Corg excursions in proximal and distal areas probably reﬂect spatial gradient in seawater
δ13CDIC induced by glacioeustasy. Deposits accumulated under oxic and physically dynamic conditions display
strong positive δ34Ssulﬁde excursions, perhaps a consequence of diagenetic sulfate reduction occurred at some
depth below the sediment-water interface and removed from the sulfate pool of overlying water column. Negative relationship between δ34Ssulﬁde and TOC indicates that redox conditions and physical reworking of sediment
at the sediment-water interface controlled the rate of microbial sulfate reduction and sulfur isotope fractionation.
Overall, co-variation of lithofacies and isotopic records suggests that local heterogeneity of seawater chemistry
and sedimentary dynamics may exert partial controls on biogeochemical processes and amplify the magnitude
of the Hirnantian isotopic excursions in the proximal area.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The Ordovician-Silurian (O-S) transition is a critical time period of
Earth's history because of a coincidence between glaciation events,
mass extinctions and tectonic activity (Algeo et al., 2016). Recently,
the Ordovician-Silurian ﬁne-grained sedimentary succession of the
Yangtze Platform have been investigated more closely because it preserves the record of biogeochemical processes at this time period (e.g.
Fan et al., 2009; Li et al., 2015a; Wang et al., 1997; Yan et al., 2010,
2012, 2009; Zhang et al., 2000). High-resolution carbon and sulfur
⁎ Correspondence to: Y. Li, School of Energy Resources, China University of Geosciences
(Beijing), Beijing 100083, China.
⁎⁎ Corresponding author.
E-mail address: liyifan@cugb.edu.cn (Y. Li).

isotope chemostratigraphic data spanning the O-S boundary in several
outcrop sections on the Yangtze Platform have been related to global climate change and glacial events (e.g. Fan et al., 2009; Gorjan et al., 2012;
Yan et al., 2009; Zhang et al., 2009). However, data collected elsewhere
in the world (LaPorte et al., 2009; Melchin and Holmden, 2006; Melchin
et al., 2013) suggest that C- and S-cycling processes reﬂected in isotope
records can be affected by regional variations of depositional environment. Although extensive sedimentologic and sequence stratigraphic
studies have been conducted in the past decade (e.g. Chen et al., 2004;
Li et al., 2012; Liang et al., 2012; Zheng et al., 2013), few have focused
on how sedimentary processes inﬂuence carbon and sulfur cycling in
the ocean. Recent examination of other black shale successions indicates
that these deposits are typically heterogeneous at different scales and
can be differentiated into suites of microfacies that reﬂect different
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sedimentary processes (e.g. Bohacs, 2005; Bohacs et al., 2014; Lazar,
2007; Macquaker et al., 2010, 2007; Schieber, 1990, 1994, 1999,
2011b; Schieber and Lazar, 2004; Schieber et al., 2010). Therefore, it is
necessary to examine the Wufeng-Longmaxi interval in terms of sedimentary processes and facies characteristics as a means of assessing
the degree to which these factors impact C- and S-cycling. To this end,
we provide a detailed description (texture, composition, and sedimentary structure) and facies analysis via petrographic examination, optical
microscopy, SEM, and geochemical analysis, from two drill cores in
northwestern Guizhou Province, in order to evaluate the inﬂuence of regional depositional controls on C- and S-cycling processes.
2. Geological setting
The South China Block comprises two sub-blocks, the Yangtze and
Cathaysia blocks, that amalgamated along the Jiangnan suture in the
Proterozoic around 860 Ma (Wang et al., 2012; Yao et al., 2013). It became attached to Gondwana by Late Ordovician to Early Silurian time

during the Wuyi-Yunkai orogeny (Fig. 1) (Metcalfe, 1994, 2013). This
event was accompanied by deformation and metamorphism over
much of southeastern South China, and the development of a foreland
basin on the northwestern Cathaysia Block and southern Yangtze
Block (Li et al., 2010; Metcalfe, 1994, 2013; Su et al., 2009). Meanwhile,
the territory of the Yangtze basin concentrated in the south and west as
a consequence of thrust-related uplift (Songpan and Dian-Qian)
(Golonka, 2009, 2012; Golonka et al., 2006). The Yangtze Sea is a part
of the South China Block and regarded as a silled epicontinental sea
(Fig. 1B) (Chen et al., 2004, 1987; Golonka, 2009, 2012; Golonka et al.,
2006; Rong and Chen, 1987). The ﬁne-grained Ordovician-Silurian
succession (up to 522 m thick) (Fig. 2), including the Wufeng,
Guanyinqiao, and Longmaxi formations, is present from the Sichuan to
the Guizhou province. These deposits are considered to record a history
of regression and transgression caused by migration of the foreland
basin and forebulge (Su et al., 2009) and glacial advance and retreat
(Melchin et al., 2013; Mitchell et al., 2011; Moreau, 2011; Schönlaub
et al., 2011).

Fig. 1. (A) Late Ordovician paleogeographic map (450 Ma) showing location of South China (white rectangle). Various paleocontinents and paleoocean are indicated. Base map is courtesy
of R.C. Blakey (http://www.cpgeosystems.com/globaltext2.html). (B) Paleogeographic map (Katian age) of South China Block. Location of study area is indicated by light red ﬁlled
rectangle. The term “oldland” is equivalent to ancient continent. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Modiﬁed from Chen et al. (2004) and Yan et al. (2012).
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Fig. 2. (A) Location of the studied well cores. (B) Stratigraphic column of the Ordovician and Silurian in northwestern Guizhou area. The term “oldland” is equivalent to ancient continent.

Two well cores, Tongye-1 and Xiye-1, in northwestern Guizhou area
were examined. According to recent research on paleotopography
(Chen et al., 2017; Zhang et al., 2014; 2016), Tongye-1 well is located
in the proximal area (~ 5 km east of Tongzi County), whereas Xiye-1
well is located in the distal area (~ 20 km south from Xishui County)
(Fig. 2A). Both wells contain the Wufeng, Guanyinqiao, and Longmaxi
formations (Fig. 3). The Wufeng Formation, dominated by graptolitebearing shale, is mainly of Katian and earliest Hirnantian age (Fig. 3),
resulting from a transgression induced by the Boda warming event
(e.g. Armstrong et al., 2009; Brenchley and Storch, 1989; Fortey and
Cocks, 2005). Graptolite biozonation ranges from the D. complexus to

the P. paciﬁcus Zone (Fig. 4) (Rong et al., 2011, 2010). The overlying
Guanyinqiao Formation (Fig. 3), characterized by beds of shelly fauna,
occupies the age range of the N. extraordinarius and N. persculptus
Zone (Fig. 4) (Rong et al., 2011, 2010). The graptolite-rich Longmaxi
Formation is much thicker than the prior two units (Fig. 3). The lower
Longmaxi section is of Rhuddanian age, and in the distal area ranges
from the A. ascensus to P. cyphus graptolite Zones (Fig. 4) (Rong et al.,
2011). In the proximal area, however, the basal A. ascensis and P.
acuminatus Zones are missing, and the Longmaxi Formation is
paraconformably overlies the Guanyinqiao Formation (Fig. 4) (Rong et
al., 2011).

Fig. 3. Lithostratigraphy of the Wufeng-Longmaxi succession of the Tongye-1 and well Xiye-1 cores.
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Table 1
Geochemical results of samples from Ordovician-Silurian succession at well Tongye-1 and
well Xiye-1, northwestern Guizhou.
Samples Depth
(m)
Well Tongye-1
TY-5
656.35
TY-4
659.8
TY-3
661.3
TY-2
663.06
TY-1
665.2
TY-1T
666.6
TY-2T
667.3
TY-3T
669
TY-4T
670.5
TY-5T

672.75

TY-6T

674.65

TY-7T

675.2

TY-8T

676.15

TY-9T

678.2

Well Xiye-1
XY-15
623.3

Fig. 4. Graptolite zones spanning the Ordovician-Silurian boundary and their stratigraphic
correlations in Xishui and Tongzi area.
Modiﬁed from Rong et al. (2011).

3. Materials and methods
Cores recovered from the Tongye-1 and Xiye-1 wells were described
at decimeter scale. Thirty ﬁve samples of different lithofacies were cut
and polished for detailed examination. Thirty seven thin sections were
examined under the optical microscope (transmitted and reﬂected
light). Twenty seven chip samples were prepared by edge milling with
a GATAN Ilion ion mill for high resolution scanning electron microscope
(SEM) imaging (secondary electrons (SE), backscattered electrons
(BSE), and cathodoluminescence (CL) imaging). Thirty ﬁve samples of
different lithofacies were selected for analysis of total organic carbon
content (TOC), δ13Corg and δ34Ssulﬁde values (Table 1). These samples
were milled into homogeneous powders. Sedimentary sulﬁde was extracted from powered samples (~ 1 g) for δ34Ssulﬁde analysis by wet
chemical extraction and trapped as Ag2S in a modiﬁed procedure described in previous studies (Brüchert, 1998; Lefticariu et al., 2006). Sample powders (~1 g) for δ13Corg analysis were dissolved with 6-N HCl to
remove carbonate minerals. Decalciﬁed residues were repeatedly rinsed
in deionized water, centrifuged, and oven-dried overnight (80 °C). The
dried samples were homogenized, weighed, and loaded into tin cups
for δ13Corg analysis. The δ34Ssulﬁde and δ13Corg were measured via SO2
and CO2 generated by a Costech elemental analyzer (EC4010) coupled
with a Thermo Finnigan Delta V Plus mass spectrometer in continuous
ﬂow mode at the Indiana University Bloomington Stable Isotope Research Facility (SIRF). Values are expressed using δ notation and reported in per mille (‰), where.
δX ¼
X¼
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ð1Þ

C or34 S and R ¼

ð2Þ

13

C= 12 C or34 S=32 S

S-isotope values are reported relative to Vienna Cañon Diablo Troilite (VCDT) for sulfur. Internal laboratory standards ERE and EMR
were used as reference standards with values of − 4.7‰ and +0.9‰,

XY-14

624.75

XY-11
XY-13

629.2
629.4

XY-12
XY-10

630.3
636.9

XY-7

637.3

XY-9

637.7

XY-8

638.7

XY-6

641.95

XY-5
XY-4

643.7
644.2

XY-3
XY-2

647.3
649.5

Lithofacies

TOC
(%)

δ13Corg
(‰)

δ34Ssulﬁde
(‰)

Banded gray muddy siltstone
Faintly banded black shale
Faintly banded black shale
Faintly banded black shale
Muddy fossiliferous facies
Muddy fossiliferous facies
Muddy fossiliferous facies
Muddy fossiliferous facies
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Bioturbated claystone

0.50
5.27
5.11
9.10
0.93
0.96
0.66
3.75
4.17

−29.25
−30.34
−29.71
−29.98
−28.75
−28.75
−28.32
−28.96
−30.30

−14.56
−0.55
−0.21
13.51
12.63
14.74
15.03
0.97
−7.01

4.38

−30.47

−20.12

5.46

−30.65

−25.84

4.89

−30.85

−22.49

6.61

−30.53

−28.77

5.07

−30.37

−12.99

1.23

−29.75

−7.19

0.96

−29.81

−6.67

2.88
4.10

−30.80
−21.18

−1.69
−6.16

3.02
2.69

−30.52
−30.75

3.42
1.05

2.84

−30.79

−4.98

3.67

−30.81

−3.91

3.29

−30.95

−6.45

4.11

−30.96

−1.17

3.51
5.77

−30.28
−30.98

5.74
−19.06

1.30
1.15

−30.51
−29.55

21.75
10.76

Banded dark gray muddy
siltstone
Banded dark gray muddy
siltstone
Faintly banded black shale
Faintly banded black
dolomitic siltstone
Faintly banded black shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Faintly banded black siliceous
shale
Muddy fossiliferous facies
Faintly banded black siliceous
shale
Bioturbated claystone
Bioturbated claystone

respectively. C-isotopic values were calibrated against the international
standards EDTA-1 (− 40.45‰) and Acetanilide B (−29.52‰), and are
reported relative to Vienna Peedee Belemnite standard (VPDB). The
precisions for δ34Ssulﬁde and δ13Corg are ± 0.3‰ and ± 0.2‰,
respectively.
4. Results
4.1. Lithofacies
Seven shale facies were identiﬁed in these two sections based on
texture (grain size), bedding, composition and bioturbation index (Fig.
3). The degree of bioturbation varies from no visible burrows to no remnant bedding when a rock interval is fully homogenized, and can be
assessed using 0- to 5-scale (Taylor and Goldring, 1993; Lazar et al.,
2015). Stratigraphic distributions of these facies as follows (Fig. 3): (1)
bioturbated claystone are recognized in the basal Wufeng Formation;
(2) faintly banded black siliceous shales comprise the bulk of the
Wufeng Formation as well as the basal Longmaxi Formation of well
Xiye-1; (3) faintly banded black shale is present in the lower part of
the Longmaxi Formation; (4) muddy fossiliferous facies is observed in
the Guanyinqiao Formation of both sections though much thicker in
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the Tongye-1 well; (5) faintly banded black dolomitic siltstone is identiﬁed only in the Longmaxi Formation of the Xiye-1 well where it is interbedded with faintly banded black shale; (6) banded gray muddy
siltstone is recognized only in the Longmaxi Formation of the Tongye1 well; and (7) banded dark gray muddy siltstone is present in the
Longmaxi Formation. Shale and mudstone are both widely used terms
for ﬁne-grained sedimentary deposits. However, because of the historical use of the term “shale” in the stratigraphic designation (Wufeng and
Longmaxi shales), and also for simplicity, we will primarily use the term

5

shale in this contribution, with the understanding that it includes what
some prefer to identify as mudstones.
4.1.1. Bioturbated claystone
This lithofacies, observed in 3 samples from the basal Wufeng
Formation of both sections (Fig. 3), contains about 50% clay minerals,
30% quartz, and 10% carbonate. It overlies gray muddy limestone of
the Jiancaogou Formation (Fig. 3). The dominant grain size is b8
μm. Bioturbated claystone typically forms stacked successions

Fig. 5. Sedimentary features of the bioturbated claystone. (A) Transverse view of core sample XY-2 (646.6 m). Yellow arrows point to dark gray bioturbation. (B) Longitudinal view of core
sample XY-2. A red arrow indicates a boundary between dark gray bioturbated layer and black bioturbated layer. (C) Photomicrograph of XY-2 (thin section). A red arrow points to a fossil
fragment. Notice the completely bioturbated nature of the sample. (D) Zoophycos found in the XY-2. (E) Close-up image of Zoophycos (outlined by dashed yellow line). (F) BSE image of
the bioturbated claystone (XY-2) showing widespread detrital quartz grains. The SEM sample was viewed on surface oriented perpendicular to bedding. (G) BSE image of marcasite found
in XY-2. Qz = quartz, Ca = Calcite, Ma = marcasite. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(average thickness = 1.5 m) of interbedded dark gray bioturbated
claystone and black bioturbated claystone (Fig. 5A, B). These deposits are fully homogenized by bioturbation (e.g. Zoophycos isp.)
(Bioturbation index = 5; Taylor and Goldring, 1993; Lazar et al.,
2015) (Fig. 5B–E). Sparse shelly fragments are observed locally
(Fig. 5C). Most quartz grains are detrital in origin (tested by CL;
Schieber et al., 2000; Zinkernagel, 1978) (Fig. 5F). Sulﬁde minerals,
dominantly marcasite (spearhead shapes and well developed cleavage) (Fig. 5G) in addition to pyrite, are disseminated throughout the
matrix. Bioturbated claystone of the Tongye-1 core is more organic
matter (TOC as much as 5.07%) than equivalent deposits of the
Xiye-1 core (TOC = 1.15–1.30%).
4.1.2. Faintly banded black siliceous shale
The faintly banded black siliceous shale facies is characterized by
high quartz contents (N50%), ranging from 50 to 70%. The clay mineral
content is relatively low, ranging from 12 to 27%. Grain size ranges
from 8 μm to 32 μm. Deposits of this facies are commonly organized as
stacked successions of faint thin bands, some of which are marked by

continuous or discontinuous silty laminae (Fig. 6A, B). Flattened silt/
clay peloids (Fig. 6C, D) as well as radiolaria are common to this facies
(Fig. 6D). Most quartz grains display dull red CL color, gray blue CL
color or non-luminescent color (Fig. 6E, F, dwell time is 1000 μs per
pixel). According to classiﬁcation of the CL color of quartz (Götze and
Zimmerle, 2000), quartz grains with no CL or weakly luminescent
color are authigenic origin. Thus, most quartz grains in this facies are
authigenic. However, detrital quartz grains become more abundant upward through this facies in the Tongye-1 core, whereas the proportion
of authigenic quartz remains constant in the Xiye-1 core. Carbonate
grains, mostly as calcite cement, are distributed throughout the matrix
of these deposits. Pyrite framboids are common within the matrix
(Fig. 6E).
4.1.3. Muddy fossiliferous facies
This facies, enriched in shelly fossils debris, is characterized by interspersed fossil-rich layers. It is commonly organized into stacked successions of interbedded fossil-rich layers and background rock containing
sparse fossils. The composition of the background matrix varies

Fig. 6. Sedimentary features of the faintly banded black siliceous shale. (A) Photomicrograph of XY-8 (638.7 m). Notice faint bands and parallel discontinuous laminae. (B) Close-up of faint
bands (indicated by white arrows). (C) A ﬂattened fecal pellet (yellow arrow) observed in sample XY-8. (D) A ﬂattened fecal pellet (yellow arrow) and a radiolarian (white arrow) found in
sample XY-8. (E) BSE image of siliceous shale (TY-8T) showing widespread disseminated framboid pyrite. (F) CL image of siliceous shale (TY-8T). Dull red CL and gray blue CL inside it
indicate diagenetic silica and early diagenetic silica, respectively. Light blue CL in the left center (yellow arrow) indicates detrital silica (quartz). All SEM samples were viewed on
surfaces oriented perpendicular to bedding. Qz = quartz. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Please cite this article as: Li, Y., et al., Regional depositional changes and their controls on carbon and sulfur cycling across the Ordovician-Silurian
boundary, northwester..., Palaeogeogr. Palaeoclimatol. Palaeoecol. (2017), http://dx.doi.org/10.1016/j.palaeo.2017.07.039

Y. Li et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xxx (2017) xxx–xxx

7

Fig. 7. Sedimentary features of a muddy fossiliferous facies sample (TY-3T, 669 m) of the Tongye-1 core. The background matrix is siltstone. (A) Longitudinal view of core sample TY-3T.
Yellow arrows indicate wavy beds. (B) Photomicrograph of a fossil-rich layer in sample TY-3T. Note widespread of fossil fragments. (C) Close-up image of the fossil-rich layer. Notice the
background matrix is siltstone. (D) Crinoid fragments (yellow arrows) found in sample TY-3T. (E) A fragment of bryozoan (yellow arrow). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

markedly in stratigraphic proﬁle; quartz ranges from of 6.5 to 57.6%;
carbonate ranges from 16.8 to 84.6%; and clay minerals vary from 7.2
to 27.4%. Background matrix of the Tongye-1 core displays an upward
progression from siltstone, including wavy beds (Fig. 7A), to bioturbated micrite (Fig. S1A–D), and micrite (Fig. S2E, F). This facies is much
thinner in the Xiye-1 core (Fig. 3) and just has siliceous shale as its background matrix (Fig. 8A, B). The background matrix has diagenetic silica
and calcite mixed in with clay mineral (Fig. 8C, D). Diverve shelly fossils
were identiﬁed in these deposits, including brachiopods, bryozoans, crinoids, sponge spicules, ostracods, trilobites, and foraminifera (Figs. 7D,
E, 8B, S1F). Large pieces (1–2 mm) of fragile fossil shells, for example,
brachiopods are preserved (Fig. 8B). The orientation of shelly fossils appears random (Fig. 8C, A). Disseminated grains of pyrite and euhedral
marcasite are a common constituent of these deposits (Fig. S1C).

Diagenetic phosphate and phosphatic pellets are also preserved within
the matrix (Fig. S1D).
4.1.4. Faintly banded black shale
Deposits of this facies are characterized by less quartz (33–45%) and
more abundant clay minerals (30–40%) than those of the faintly banded
black siliceous shale. Average particle size ranges from 8 μm to 32 μm.
This facies typically consists of faintly banded organic-rich shale contains parallel, discontinuous silt laminae (Fig. S2A). Although authigenic
silica is present in the shale matrix, detrital quartz grains dominate the
quartz population (tested by CL, Schieber et al., 2000; Zinkernagel,
1978) (Fig. S2B). Black shale associated with occasional bentonite layers
contains parallel laminae enriched in pyrite. The basal portion of this facies in the Tongye-1 core contains higher carbonate contents than the
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Fig. 8. (A) Photomicrograph of a muddy fossiliferous facies sample (XY-5, 643.7 m) of the Xiye-1 core. The background matrix is siliceous shale. (B) A fragile piece of brachiopod (yellow
arrow) in sample XY-5. (C) SE image of XY-5 (643.7 m). Notice disseminated diagenetic calcite cements. (D) Close-up SE image of the background matrix showing diagenetic silica mixed
with clay minerals. All SEM samples were viewed on surfaces oriented perpendicular to bedding. Ca = Calcite, Ma = Marcasite, Qz = quartz. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

upper portion of this facies (Fig. S2B). Diagenetic phosphate was also
found within the matrix of the basal Longmaxi Formation (Fig. S2C, D).

4.1.5. Faintly banded black dolomitic siltstone
This facies, interspersed within faintly banded black shale, contains
abundant dolomite (as much as 62.5%) and is observed only in the
Xiye-1 core (Fig. 3). Faintly banded black dolomitic siltstone typically
consists of intercalated faint dolomitic bands and discontinuous silty
laminae (Fig. S3A, B). Dolomite grains are generally between 30 μm
and 50 μm in size (Fig. S3C, D). Disseminated pyrite framboids are common to this facies (Fig. S3D).

4.1.7. Banded dark gray muddy siltstone
The banded dark gray muddy siltstone facies, comprised of more
clay minerals (40–46%) and less detrital quartz (30–39%) than deposits
of the banded gray muddy siltstone facies is present in both cores
though it is thickest in the Xiye-1 core (Fig. 3). It typically comprises a
succession of silty bands, bundles of parallel silt laminae, and clay-rich
layers (Fig. 10A, B). Contacts among these units are sharp (Fig. 10B, C),
silty bands appear upgraded (Fig. 10C). However, the abundace of silt
within given bands can be quite variable (Fig. 10C, D). Some silty
bands appear to have been homogenized by bioturbation. Scouring surfaces and ripple laminae are also observed (Fig. 10C).

4.2. C and S isotopes and organic carbon content
4.1.6. Banded gray muddy siltstone
This facies is observed only in the Tongye-1 core (Fig. 3). Analyzed
samples contain 35–40% quartz and 31–35% clay minerals. Most quartz
grains are silt size and of detrital origin. The lower interval of this facies
comprises intercalated sharply bounded thick silt bands (up to 8 mm),
bundles of silt laminae, and clay-rich layers (Fig. S4A–C). Banding appears to reﬂect rapid deposition of ﬁne-grained clastics with distinct
compositional attributes, organic content, grain size variation, and horizontal cryptobioturbation (Wilson, 2012). Unlike laminae, bands are
usually characterized by diffuse boundaries. Some silt-rich laminae are
wavy and/or lenticular (Fig. S4A). Coarser silts tend to accumulate in
silt laminae and bands, whereas ﬁner silt is dispersed among clays
(Fig. S4C). The upper part of this facies is characterized by thinner silty
bands (Fig. 9A, B). Burrows can be observed in clay-rich layers (Fig.
9C, D). Most silty bands are cemented by calcite and appear to have
been disturbed by bioturbation (Fig. 9E, F). Scoured surfaces and
downlapping laminae were observed (Fig. S4A).

δ13Corg values of the Tongye-1 core display a narrow range from
−30.85 to −28.32‰ (Fig. 11; Table 1). However, these values appear
to partly reﬂect facies type. The δ13Corg values of bioturbated claystone
and faintly banded black siliceous shale of the Wufeng Formation
range from −30.85 to −30.30‰. Isotopic values of the muddy fossiliferous facies of the Guanyinqiao Formation display a positive excursion
of approximately 2‰ from the underlying strata. Up-section from the
muddy fossiliferous facies of the Tongye-1 core, however, δ13Corg values
of faintly banded black shale of the Longmaxi Formation diminish to low
values, ranging from −30.34 to −29.71‰ (Fig. 11). δ13Corg values of the
overlying banded gray muddy siltstone display a weak positive excursion (Fig. 11). δ13Corg values of the Xiye-1 core diminish upward from
the basal bioturbated claystone (−29.55‰) into overlying faintly banded black siliceous shale (−30.98‰) (Fig. 12). It is noteworthy that unlike the Tongye-1 core, the Xiye-1 core displays only a subtle positive
excursion of +0.7‰ corresponding with the muddy fossiliferous facies
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Fig. 9. Sedimentary features of the upper part of the banded gray muddy siltstone of the Tongye-1 core. (A) Longitudinal view of core sample TY-7 (649.8 m). Silt bands become thinner.
White arrow points to a burrow. Yellow arrow indicates wavy-lenticular lamina. (B) Photomicrograph of sample TY-7. Note distributions of burrows. (C) Micrograph of silt bands
interbedded with clay-rich layers. Yellow arrow indicates a burrow. (D) Close-up of the burrow (cross-polarized light). The silty burrow is cemented by diagenetic carbonate. (E)
Micrograph of silt bands interrupted by bioturbation. Yellow arrow indicates bioturbation. (F) Close-up of a silt band (cross-polarized light) containing diagenetic carbonate cement.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

of the Guanyinqiao Formation (Fig. 12). There is a strong positive excursion in the middle of the Longmaxi Formation, rising from −30.52‰ in
faintly banded black shale to − 21.18‰ in overlying faintly banded
black dolomitic siltstone (Fig. 12). The δ13Corg values of faintly banded
black siliceous shale and faintly banded black shale are low, ranging
from − 30.98 to − 30.51‰ (Fig. 12). In contrast, the δ13Corg values of
the banded dark gray muddy siltstone are relatively high, ranging
from −29.75 to −29.81‰ (Fig. 12).
δ34Ssulﬁde values of the Tongye-1 core range from − 28.77 to +
15.03‰ (Fig. 11; Table 1). The δ34Ssulﬁde values diminish upward from
− 12.99‰ in the bioturbated claystone into − 28.77‰ in the faintly
banded black siliceous shale (Fig. 11). The δ34Ssulﬁde values show a
trend of upwards increase in the faintly banded black siliceous shale,
over a range from −28.77 to −7.01‰. The muddy fossiliferous facies
of the Guanyinqiao Formation displaying increasing δ34Ssulﬁde values
from its base to the middle of the unit followed by a reduction of δ34
Ssulﬁde into the overlying faintly banded black shale and banded gray
muddy siltstone (Fig. 11). The Xiye-1 core displays a positive excursion
associated with the bioturbated claystone of the middle part of the

Wufeng Formation (Fig. 12). A positive excursion of + 5.74‰ corresponds with the muddy fossiliferous facies (Fig. 12). Except for a weak
negative isotope shift in faintly banded black dolomitic siltstone
(+ 3.42 to − 6.16‰), δ34Ssulﬁde increases up-section in the Longmaxi
Formation from the faintly banded black siliceous shale to the faintly
banded black shale (Fig. 12). The δ34Ssulﬁde data in the banded dark
gray muddy siltstone display little variation, ranging from −6.67 to −
7.19‰.
TOC values of the Tongye-1 core are comparatively high in the bioturbated claystone and faintly banded black siliceous shale of the
Wufeng Formation (4.17–6.61%), as well as the faintly banded black
shale of Longmaxi Formation (5.11–9.10%) (Fig. 11; Table 1). Organic
matter is less abundant in most samples (except for sample TY-3a) recovered from the muddy fossiliferous facies of the Guanyinqiao Formation (0.66–0.96%) and from the banded gray muddy siltstones of the
Longmaxi Formation (0.50%) (Fig. 11). TOC values of the Xiye-1 core
are relatively low in the bioturbated claystone (1.15 to 1.30%). In contrast, TOC of the faintly banded black siliceous shale, faintly banded
black shale and muddy fossiliferous facies are comparatively high with
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Fig. 10. Sedimentary features of the banded dark gray muddy siltstone. (A) Longitudinal view of core sample XY-14 (624.75 m). Note bundled silt laminae and thick silt bands. (B)
Photomicrograph of sample XY-14. Silt bands are interbedded with clay-rich layers. Yellow arrows point to scouring surfaces. (C) Close-up of silt bands interbedded with clay-rich
layers. Yellow arrows point to scouring surfaces. Dashed yellow lines indicate low-angle laminae. Plane-polarized light image. (D) and cross-polarized light image (E) of a silt band.
The portion of detrital silts is relatively low when compared to banded gray muddy siltstone. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

a range of 2.69 to 5.77%. TOC of the banded dark gray muddy siltstone of
the Longmaxi Formation range from 0.96 to 1.23%. Overall, TOC values
do not show apparent correlation with δ13Corg data (Fig. 13A). In contrast, an obviously negative relationship between TOC and δ34Ssulﬁde
data is observed (Fig. 13B).
5. Discussion
5.1. Depositional setting
The Katian-aged shales of the Wufeng Formation are considered to
have accumulated in a silled epicontinental basin (e.g. Chen et al.,
1987; Rong and Chen, 1987) in association with an incursion of anoxic
bottom-water conditions (Chen et al., 2004; Yan et al., 2010, 2012)
caused by the Boda global event (e.g. Armstrong et al., 2009;
Brenchley and Storch, 1989; Fortey and Cocks, 2005). However, the
presence of completely bioturbated claystone (BI = 5) in the basal
Wufeng Formation (Fig. 5C), indicates the establishment of oxygenated
conditions (N 5 mg L−1; Dashtgard et al., 2015) and low sedimentation
rates (MacEachern et al., 2010) early in the transgression, thereby

invalidating the existence of persistent anoxia. Further, the widespread
occurrence of marcasite grains in deposits of the bioturbated claystone
facies (Fig. 5G) likely reﬂects the pervasive re-oxidation of pyrite
under oxic condition (Li and Schieber, 2015; Reaves, 1986; Schieber,
2007, 2011a). This facies has also been described from localities in
Yibin, Sichuan Province, 100 km west of Xiye-1 core (Wu, 2016),
which reveals the widespread nature of deposits that accumulated
under oxygenated conditions at this time. Bioturbated claystone facies
deposits reﬂect oxic muddy shelf conditions of comparatively low clastic input and limited reworking so that benthic fauna was able to extensively homogenize the primary sedimentary fabric of water-rich surface
muds (Figs. 5, 14A). Overlying faintly banded black siliceous shale is
characterized by minor bioturbation (Fig. 6) and high TOC. Low BI
values are associated with elevated physico-chemical stress, which
could reﬂect high sedimentation rates, high bottom-water energy, low
dissolved-oxygen levels in bottom water, brackish water, and/or limited
food supply (MacEachern et al., 2010; Gingras et al., 2011). Bands in organic-rich sediments are results from meiofaunal activity, and low sedimentation rates will produce very blurry contacts (Riese, 2014). Thus,
the faintly banded black siliceous shale appears to have been deposited
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Fig. 11. Stratigraphic variation of δ13Corg, δ34Ssulﬁde, and TOC across the Ordovician to Silurian contact, Tongye-1 core. JCG: Jiancaogou.

at low sedimentation rates under quiet bottom-water conditions and
relatively high paleoproductivities (indicated by biogenic barium, Li et
al., 2015b; Zhou et al., 2015). In addition, salinity remained relatively
stable in the deposits of Wufeng Formation (Li et al., 2015b). Hence,
the minimally bioturbated nature of this facies suggests limited dissolved oxygen in the depositional environment (e.g. Diaz and
Rosenberg, 1995; Ekdale and Mason, 1988; Savrda, 2007; Savrda and
Bottjer, 1991). The combination of high TOC, diminished detrital ﬂux
(low proportion of clay minerals) and enriched authigenic quartz within deposits of the faintly banded black siliceous shale facies probably be
attributed to the establishment of sediment starved conditions (Fig. 6E,
F) (Schieber, 1996; Schieber et al., 2000), allowing the accumulation in
pore spaces of diagenetic silica derived from dissolution of radiolaria
tests (Fig. 6D). Faintly layered, poorly sorted deposits are typically considered to reﬂect settling of sediment from suspension (Fig. 6A, B)
(Loucks and Ruppel, 2007; Stow et al., 2001). The faunal community

representing Benthic Assemblage 4–5 (BA4–5, sensu Boucot, 1975)
(Rong, 1979, 1984; Rong and Chen, 1987; Rong et al., 2002) indicates
a water depth of 100–200 m. The presence of these types of deposits
in the Wufeng Formation has been attributed to slow pelagic accumulation in an oxygen-depleted water column of a stratiﬁed basin (e.g. Yan
et al., 2012; Chen et al., 2004). However, the presence of widespread
ﬂattened silt/clay peloids suggests otherwise. A carbonaceous laminated sediment results in which fecal pellets are the only indication of
the former presence of deposit-feeding polychaete worms (Cuomo
and Rhoads, 1987). Benthic fecal pellets are dominated by silt, clay,
and organic matter, whereas zooplankton fecal pellets contain abundant biogenic components (Cuomo and Bartholomew, 1991). Flattened
silt/clay peloids observed within the faintly banded black siliceous shale
facies (Fig. 6C, D) compared closely to benthic fecal pellets described
from Devonian black shales (Cuomo and Bartholomew, 1991; Cuomo
and Rhoads, 1987; Lazar, 2007; Schieber, 1999) likely reﬂect the

Fig. 12. Stratigraphic variation of δ13Corg, δ34Ssulﬁde, and TOC across the Ordovician to Silurian contact, Xiye-1 core. JCG: Jiancaogou; GYG: Guanyinqiao; Hirn: Hirnantian.
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Fig. 13. Plots of TOC (%) against δ13Corg (‰) (A) and δ34Ssulﬁde (‰) (B). Various facies in these two wells are indicated. Note the banded muddy siltstone including banded gray muddy
siltstone and banded dark gray muddy siltstone.

existence of benthic life under dysoxic conditions. In addition,
neoichnology experiments with nematodes demonstrate that banded
fabric represents the continued presence of small metazoans and of dissolved oxygen (Riese, 2014). Thus, protracted widespread anoxia is not
supported; instead, it is likely that anoxia was interrupted by episodes
of dysoxia, perhaps seasonal (Tyson and Pearson, 1991. In summary,
the depositional setting of the Wufeng Formation of the northwestern
Guizhou region of South China probably evolved from a shallow oxic
muddy shelf to a deeper starved shelf (Fig. 14A).
The Hirnantian Guanyinqiao Formation has been interpreted to reﬂect deposition of cool water carbonate deposition (indicated by cold/
cool-water benthic fauna, Rong et al., 2002) as a consequence of global
glacial events (e.g. Chen et al., 2004; Yan et al., 2009, 2012; Fan et al.,
2009). This episode of continental-scale glaciation occurred during
Early to Middle-Hirnantian times and includes two major phases of ice
advance and retreat (e.g. Melchin et al., 2013; Mitchell et al., 2011;
Schönlaub et al., 2011; Moreau, 2011). The sea-level lowstand during
which the muddy fossiliferous facies of the Guanyinqiao Formation accumulated was accompanied by improved oxygen levels caused by persistent agitation of the water column. The common observation of

secondary marcasite probably reﬂects a post-depositional downward
oxidation (Schieber, 2007, 2011a) which is called “burn-down” event.
Further, reduced chemical weathering rates (cold and dry climate)
and growth of continental ice cover during the Hirnantian lead to diminished continental weathering ﬂux (Yan et al., 2010; Finlay et al.,
2010; Holmden et al., 2013; Desrochers et al., 2010), which favors the
production of epifaunal carbonates (Chen et al., 2004). The amount of
carbonate production is thought to have been relatively low (Copper,
2001), and the Guanyinqiao Formation is considered to be an unconventional condensed bed (Chen et al., 2004). The muddy fossiliferous facies varies in appearance from proximal to distal (Figs. 7, 14B, S1).
Proximal muddy fossiliferous facies deposits present in the Tongye-1
core may have accumulated in comparatively shallow water and show
various background matrix (Figs. 7, 14B, S1). Abundant coarse silt-size
in the lower muddy fossiliferous facies (Fig. 7) may record the onset
of glaciation and the transition from a modestly deep starved shelf to
a shallow shelf. The presence of wavy beds (Fig. 7A) may tell of sediment re-working by storms. Overlying deposits are characterized by
bioturbated mud-rich micrite (Fig. S1A, B) and non-bioturbated micrite
successively (Fig. S1E), possibly reﬂecting a reduction of ﬁne-grained
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14B). Further, the presence of an in situ benthic fauna (Fig. 8B) suggests
that the distal muddy fossiliferous facies was deposited in oxygenated
bottom water. Overall, the typical Hirnantia shelly fauna in Guanyinqiao
Formation is a relatively shallow water fauna representing BA2–3 (Rong
and Chen, 1987; Rong et al., 2002), which indicates a water depth of 20–
30 m (Zhang et al., 2016).
The latest Hirnantian (middle part of the late Hirnantian M.
persculptus Zone) to early Rhuddanian time interval is widely regarded
as a period of glacial retreat and consequent transgression (e.g.
Brenchley et al., 1994; Kaljo et al., 2011; LaPorte et al., 2009; Moreau,
2011). The organic-rich lower Longmaxi Formation is interpreted to
have accumulated in oxygenated depleted conditions established in response to global transgression (e.g. Chen et al., 2004; Yan et al., 2012).
However, the presence of ﬂattened fecal pellets casts doubt on a perceived anoxic Yangtze sea as proposed by Chen et al. (2004) and Yan
et al. (2012). The basal Longmaxi Formation in the distal area (Xiye-1
well) consists of faintly banded black siliceous shale that probably accumulated under sediment starved conditions. The basal Longmaxi Formation Tongye-1 core is characterized by faintly banded black shale
rather than faintly banded black siliceous shale, suggesting a comparatively higher supply of clastics (Figs. 14C, S2). In addition, the absence
of the basal A. ascensis and P. acuminatus graptolite Zones in the proximal Tongzi area (Fig. 4) suggests a short non-depositional or erosional
period related to uplift of a submarine bathmetric high (Rong et al.,
2011). Lowering sea level was accompanied by a transition from faintly
banded black shale into banded gray muddy siltstone (Figs. 14C, S4) and
increasing clastic supply. Silty bands and silty laminae or ripples interbedded with clay-rich layers probably reﬂect bedload transport by unidirectional bottom currents (Figs. 9A, S4A) (Schieber, 2016). Recent
ﬂume experiments (Schieber, 2011c; Schieber et al., 2007; Schieber
and Southard, 2009; Schieber and Yawar, 2009) demonstrate that ripples in muddy and sandy sediments can form under similar velocity
range (15 to 35 cm/s). Moreover, intermingled silt-rich and clay-rich
laminae probably result from the segregation of coarse silt from the
ﬁner particles during bedload transport (Schieber, 2011c), which can
be produced by tidal and wind driven circulation (Schieber, 2016).
Bedload transport of mud by bottom currents is the principal transport
process in the distal offshore deposits of epicontinental shale successions. However, textural evidence of bioturbation of tiny worms (such
as nematodes; Pike et al., 2001) (Fig. 9C–F) suggests lower sedimentation rates and fewer episodes of bottom current activity (MacEachern
et al., 2010). Correlation of gamma ray proﬁles suggests that gray
muddy siltstone of the proximal area is the lateral equivalent of faintly
banded black shale facies deposits of the distal area (Figs. 3, 14C). The
uppermost facies of the Longmaxi Formation includes banded dark
gray muddy siltstone in both proximal and distal wells (Figs. 3, 14C)
suggestive of bedload transport. Diminished silt contents of these deposits relative to underlying strata are suggestive of lower sedimentation rates and/or higher sea level (Fig. 10). The lateral continuity of
the banded dark gray muddy siltstone facies from proximal to distal
areas probably suggests that previously existing bathymetric contrasts
in the vicinity of the Tongye-1 well have disappeared and the
paleogeomorphology was rather ﬂat by this time (Fig. 14C).
5.2. C-cycling process
Fig. 14. Schematic facies distribution for (A) the Late Katian age, (B) the Hirnantian age,
and (C) the Rhuddanian age, northwestern Guizhou. Note: ﬁgures not drawn to scale.

sediment input during the peak of the glaciation. Occasional shelly
fauna-rich layers within the muddy fossiliferous facies contain diagenetic phosphate and phosphatic pellets (Fig. S1D) may be condensed
layers that accumulated during brief periods of ice-sheet retreat (e.g.
Melchin et al., 2013; Mitchell et al., 2011; Schönlaub et al., 2011;
Moreau, 2011). Enrichment of the distal muddy fossiliferous facies observed in the Xiye-1 core in diagenetic silica and calcite may reﬂect a diminished effect of glaciation in the distal, deeper areas of the basin (Fig.

Positive δ13C (both δ13Ccarb and δ13Corg) excursions of Hirnantian age
have been reported from sections of the Yangtze Platform (e.g. Fan et al.,
2009; Gorjan et al., 2012; Liu et al., 2016, 2017; Yan et al., 2009; Zhang et
al., 2009) as well as from various localities worldwide (e.g. Jones et al.,
2011; Kaljo et al., 2011; Kump et al., 1999; LaPorte et al., 2009;
Melchin and Holmden, 2006). The global nature of the Hirnantian positive δ13C excursion been attributed to glaciation (e.g. Brenchley et al.,
2003; Delabroye and Vecoli, 2010; Melchin et al., 2013; Munnecke et
al., 2010). One school of thought holds that glaciation was accompanied
by a global increase of primary productivity and consequent elevated

Please cite this article as: Li, Y., et al., Regional depositional changes and their controls on carbon and sulfur cycling across the Ordovician-Silurian
boundary, northwester..., Palaeogeogr. Palaeoclimatol. Palaeoecol. (2017), http://dx.doi.org/10.1016/j.palaeo.2017.07.039

14

Y. Li et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xxx (2017) xxx–xxx

organic burial which induced a reduction of atmospheric pCO2 leaving
the ocean reservoir isotopically heavy (e.g. Brenchley et al., 2003,
1994; Marshall et al., 1997; Marshall and Middleton, 1990); Alternatively, a global regression stemming from the expansion of polar ice and enhanced weathering of the exposed low latitudes carbonate platforms
causing a higher proportion of weathered carbonate to be contributed
to the world ocean (e.g. Kump et al., 1999; Melchin and Holmden,
2006).
The enhanced organic burial hypothesis might not be responsible for
the positive δ13Corg excursion documented in the present study. If an enhanced organic carbon burial causes a positive shift of δ13Corg, organicrich deposits should be observed in the Hirnantian interval. Data from
the sections of the present study as well as other sections on the Yangtze
Platform (e.g. Wangjiawan and Nanbazi sections) exhibit relatively low
TOC values in the Hirnantian equivalent (e.g. Gorjan et al., 2012; Yan et
al., 2009). Further, sediments from the Hirnantian glacial interval are
characterized globally by lower concentrations of organic matter compared to overlying and underlying strata (e.g. Melchin and Mitchell,
1991; Hallam and Wignall, 1999; Melchin and Holmden, 2006), suggesting a scenario more consistent with decreased, as opposed to increased, rates of organic carbon burial. In addition, there are no
stratigraphic sections that transition from a more oxic depositional setting in the late Katian to an anoxic setting in the Hirnantian worldwide
(summarized by Melchin et al., 2013). These observations suggest that
enhanced organic matter burial may be not responsible for the positive
shift of δ13Corg excursion. The carbonate weathering model postulated
by Kump et al. (1999) is supported by the global association of positive
δ13C excursion, especially δ13Ccarb, coincident with the Hirnantian regression. The strong positive δ13Corg excursion coincident with the
Hirnantian Guanyinqiao Formation of the Tongye-1 core (Fig. 11) may
reﬂect increased carbonate weathering during the Hirnantian glacial
event. However, analysis of the Xiye-1 core reveals only a subtle positive
δ13Corg excursion of Hirnantian age (Fig. 13; Table 1). Although the
Hirnantian interval is only represented by a single data point in the
Xiye-1 core, δ13Corg data of other distal section of the Yangtze Platform
also display a weak positive shift in the Hirnantian (Liu et al., 2016). It
is noteworthy that the very strong positive δ13Corg excursion in faintly
banded black dolomitic siltstone of the Longmaxi Formation of the
Xiye-1 core is not coincident with known glacial events (Fig. 12; Table
1), nor does it correlate with isotope excursions from elsewhere in the
world (e.g. Kump et al., 1999; LaPorte et al., 2009; Melchin and
Holmden, 2006). Thus, glacial events may not be a unique pathway for
variation of δ13Corg values in the different depositional settings.
Melchin and Holmden (2006) suggest that magnitude differences
between Hirnantian δ13Corg excursions in shallower and deeper water
successions of epicontinental basins may record isotopic overprinting
by local C-cycling. The higher magnitude excursions documented from
proximal settings may reﬂect: (1) enhanced inﬂuences of local carbonate weathering ﬂuxes and (2) restricted carbon exchanges between epicontinental seas and the global ocean (Melchin and Holmden, 2006).
Moreover, increased photosynthetic activity in nearshore regions may
also contribute to the evaluated sedimentary δ13C values (LaPorte et
al., 2009). Nevertheless, δ13C records from the Ely Springs Dolostone
display a relative low magnitude of the excursion in shallow shelf section, which does not support the weathering hypothesis (Jones et al.,
2016). Alternatively, variation of δ13Corg values might be related to
proximal-to-distal variation of depositional environment. Muddy fossiliferous facies and banded gray muddy siltstone of the Tongye-1 core
show higher δ13Corg values than faintly banded black shale and faintly
banded black siliceous shale which reﬂect deep water environment
(Fig. 11). Similarly, bioturbated claystone and banded dark gray
muddy siltstone are characterized by heavier δ13Corg values than faintly
banded black shale and faintly banded black siliceous shale of the Xiye-1
core (Fig. 12; Table 1). Unlike well Tongye-1, the great abundance of siliceous shale as the matrix of the muddy fossiliferous facies of the Xiye-1
core reﬂects relatively deeper environment and displays relatively

lighter δ13Corg values (Fig. 12; Table 1). This facies-related variation of
δ13Corg values may reﬂect mixing of two spatially separated organic
matter reservoirs through the two-component end-member mixing
model (Ahm et al., 2017; Johnston et al., 2012). The shallow end-member is shallow-water facies with relatively heavier δ13Corg values
(N− 30‰) and low TOC contents, and the deep end-member is deepwater facies with lower δ13Corg values (b−30‰) and high concentrations of TOC. The mixing of these two end-members would lead to
non-linear correlation between δ13Corg and TOC, which matches the observation from the Wufeng-Longmaxi succession (Fig. 13A). Further,
the mixing model probably reﬂects spatial gradients in seawater
δ13CDIC (Ahm et al., 2017). Ahm et al. (2017) suggest that the open
ocean Hirnantian carbon isotope excursion amount to only ~ + 1.5‰
δ13CDIC, which is consistent with subtle positive δ13Corg excursion in
the distal section (Fig. 12). In shallow water environments, however, increased glacio-eustatic restriction may strengthen spatial gradients in
seawater δ13CDIC and cause the signiﬁcant excursion in the proximal
section (Fig. 11). The extremely high δ13Corg value (−21.18‰) of faintly
banded black dolomitic siltstone of the Xiye-1 core (Fig. 12) may not reﬂect typical fractionation of carbon isotopes by phytoplanktonic producers. Given the high TOC content of this facies, the dolomite is
probably early diagenetic in nature. Degradation of organic matter promotes early dolomite precipitation by simultaneously increasing the
carbonate alkalinity and lowering the sulfate ion concentration to near
zero (Compton, 1988). Authigenic carbonate precipitation fueled by
early diagenetic methanogenesis would produce dissolved inorganic
carbon with higher δ13C than primary sediment (Hoefs, 2008; Jones et
al., 2016).
5.3. S-cycling mechanism
34
S is enriched in the sulfate relative to the sulﬁde because of the relative ease of breaking 32S\\O bond relative to the 34S\\O bond in association with such processes such as bacterially mediated reduction of
dissolved sulfate to sulﬁde (e.g. Canﬁeld, 2001; Seal, 2006). The isotopic
composition of sulﬁde is largely controlled by the isotopic composition
of the source sulfate and the magnitude of fractionation. The magnitude
of fractionation is inﬂuenced by a number of factors, including (1) metabolic activity (Canﬁeld, 2001; Ingvorsen and Jørgensen, 1984); (2) sulfate reduction rate (Berner, 1984; Canﬁeld, 2001; Habicht and Canﬁeld,
1997, 2001); (3) H2 as an electron donor (Canﬁeld, 2001; Chambers et
al., 1975; Kaplan and Rittenberg, 1964); and (4) the number of sulfur
cycles (Canﬁeld, 2001; Habicht and Canﬁeld, 1997, 2001).
A few sections of the Yangtze Platform (e.g. Wangjiawan, Nanbazi,
and Honghuayuan) display a Hirnantian positive δ34Ssulﬁde excursion
(Gorjan et al., 2012; Liu et al., 2017; Yan et al., 2009; Zhang et al.,
2009). Yan et al. (2009) attribute heavier δ34Ssulﬁde values associated
with the Guanyinqiao Formation to a transition from anoxic to oxic bottom-water conditions and consequent reduced bacterial sulfate reduction rate. Alternatively, sediment of the Guanyinqiao Formation were
deposited in a restricted sub-basin, progressive bacterial sulfate reduction would lead to sulfate in the seawater being enriched in δ34S, subsequently resulting in heavier δ34Ssulﬁde (Zhang et al., 2009). Recently,
Jones and Fike (2013) suggest that this global δ34Ssulﬁde excursion can
be caused by a transient reduction in isotopic fractionations during microbial sulfur cycling (εpyr.) in response to changing environmental factors (e.g. redox conditions and syndepositional reworking processes).
Both sedimentary reworking and bioturbation can allow partial or complete oxidation of the reduced sulfur pools (e.g. Aller et al., 2010; Fike et
al., 2015). Under such conditions, microbial sulfate reduction would
occur within sediments. Lack of free sulfate exchange between pore waters and the overlying water column would result in δ34S-enrichment
sulﬁde minerals forming within the sediment (e.g. Maynard, 1980;
Migdisov et al., 1983; Jones and Fike, 2013). This mechanism is consistent with the robust association of relatively heavy δ34Ssulﬁde values
and bioturbated claystones as well as muddy fossiliferous facies that
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accumulated in oxic conditions (Figs. 11 and 12). Hirnantian muddy fossiliferous facies of the Tongye-1 core that accumulated in agitated water
column with episodic reworking processes displays the obvious positive
δ34Ssulﬁde excursion (~ + 5.06‰), which is consistent with the hypothesis mentioned above (Fig. 11). On the other hand, the distal muddy fossiliferous facies, by virtue of its relatively deeper environment of
deposition and lower oxygen level, experienced fewer physical
reworking processes yielding only a subtle δ34Ssulﬁde excursion (Fig.
12). Such signiﬁcant changes in the magnitude of the positive shift in δ34
Ssulﬁde values between shallower- and deeper-water sections in the
Yangtze Platform have also been indicated by previous studies (Yan et
al., 2009; Zhang et al., 2009). The apparent inconsistency of δ34Ssulﬁde
excursions in Hirnantian proximal and distal deposits may reﬂect a fundamental heterogeneity of depositional environment that exerts significant control on biogeochemical processes involving sulfur. It is
important to note that, the faintly banded black siliceous shales of
Wufeng Formation display relatively light δ34Ssulﬁde values (−28.77 to
− 7.01‰), whereas the faintly banded black siliceous shales or black
shales of Longmaxi Formation are characterized by relatively heavy δ34
Ssulﬁde records (−6.45 to 1.05‰). These facies, however, were deposited under similar depositional conditions (anoxic/dysoxic conditions
and low bottom water energy). The relatively heavier δ34Ssulﬁde values
of the facies in the Longmaxi Formation may reﬂect increased cell-speciﬁc sulfate reduction rates, as compared to the sediments in the
Wufeng Formation. This enhanced sulfate reduction rates might be
caused by increased availability of labile organic substrates (Leavitt et
al., 2013; Sim et al., 2011), although more work is needed to support
this hypothesis. Overall, δ34Ssulﬁde values show generally negative covariance with TOC, exclusive of the dark gray muddy siltstone and the
gray silty shale facies (Fig. 13B). Given that the enrichment of organic
matter is partly controlled by redox conditions and bottom water energy (Canﬁeld, 1989; Wignall, 1991), the negative relationship further
demonstrates that redox conditions as well as physically reworking processes of bottom water mainly control microbial sulfate reduction and
associated fractionation of sulﬁde.
6. Conclusions
The present study of two cores spanning the Ordovician-Silurian
boundary of the Yangtze Platform of South China suggests that bioturbated claystone of the basal Wufeng Formation accumulated under
oxic conditions at the beginning of Boda transgression event. Overlying
faintly banded black siliceous shale records a history of slow accumulation of organic matter and minor clastic input. The presence of ﬂattened
silt/clay peloids, likely benthic fecal pellets, tells of repeated dysoxic
events thereby challenging the concept of a persistently anoxic ocean
during late Katian times. The muddy fossiliferous facies of the
Hirnantian Guanyinqiao Formation appears to record a glacially induced
sea-level lowstand. Observed lateral heterogeneity of this unit from
proximal to distal settings may be attributed to a submarine bathmetric
high in the proximal area. The basal Longmaxi Formation appears to
preserve the record of a post-glacial transgressive event during the latest Hirnantian to the earliest Rhuddanian transition. Rapidly deposited
banded muddy siltstones at the top of the Longmaxi Formation were
transported to more distal areas of the basin by bedload currents. Covariation of lithofacies and δ13Corg values suggests that local depositional environment exerted inﬂuence on carbon cycling. Differences between Hirnantian positive δ13Corg excursions in proximal and distal
areas of the epicontinental sea may suggest strengthen spatial gradients
in seawater δ13CDIC driven by increased glacio-eustatic restriction. The
observed negative co-variance of δ34Ssulﬁde and TOC in the studied two
sections indicates that redox conditions as well as energy levels at the
sediment-water interface inﬂuenced, to some extent, bacterial sulfate
reduction and sulfur isotope fractionation. Specially, those facies deposited under oxic and physically dynamic condition display maximum
positive excursions of δ34Ssulﬁde values, perhaps a consequence of the
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greater burial depth at which sulfate reduction occurred thereby
disconnecting the pore water from the seawater sulfate pool. Thus, regional variations of depositional environments may have exerted a fundamental control on isotopic geochemistry though more data are
needed for further assessment of this question.
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