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ABSTRACT

The organic carbon isotope data through the unweathered Ordovician-Silurian boundary strata at the
Wangjiawan Riverside section, which is c. 180 m southeast of the Wangjiawan North section, the GSSP for the
base of the Hirnantian Stage (Upper Ordovician), show that a positive §'Co,g excursion begins just below the
base of the Hirnantian Stage and peaks in the lower part of the N. extraordinarius Biozone. This is followed by
an interval of slightly reduced 6'C values and a second peak of 2%. above pre-Hirnantian values, which
occurs in the lower part of the N. persculptus Biozone (upper Hirnantian).

The peaks in 6'3COrg values can be correlated well with episodes of glacial expansion described from Africa
and peri-Gondwanan Europe. Evidence from sedimentological, faunal, and geochemical data from South
China, as well as the evidence of glacial sediments in North Africa, all suggests a short-lived glaciation of
~1 Ma in the Ordovician South Pole region, consisting of at least two major pulses. The first phase of gradual
glacial expansion began just before the Hirnantian Epoch and the second phase ended with rapid melting in

the late Hirnantian (early N. persculptus Biozone).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The Late Ordovician was a time of mass extinction, associated with
a widespread continental glaciation that terminated what is widely
thought to be a prolonged period of greenhouse climatic conditions
(Sheehan, 2001). The mass extinction, the second biggest (in terms of
species lost) of the five major events in the Phanerozoic, is estimated
to have eliminated 86% of species (Jablonski, 1991). Recent studies
from South China also indicate that this event eliminated at least 75%
of genera (Rong et al., 2007). Evidence from sedimentological, faunal,
and geochemical data all suggests that the major phase of the Late
Ordovician glaciation occurred within the early to middle part of the
Hirnantian Epoch (e.g., Brenchley et al., 1994; Ghienne, 2003). Carbon
isotope chemostratigraphy has become an important tool in the study
of bioevents because it can help to constrain the possible nature and
range of associated palaeoenvironmental changes, as well provide
important markers for global correlation.
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The patterns and processes of mass extinction of graptolites (Chen
et al., 20044, 2005; Fan and Chen, 2007) and brachiopods (Rong et al.,
2002; Rong and Zhan, 2004) have been described recently based on
high-resolution sampling in South China. The biozonation in South
China has also been shown to provide a reliable framework for precise
correlation of Hirnantian sequences globally (Chen et al., 2006). The
present study provides new carbon isotope chemostratigraphic data
from the organic matter (6'3C,y) from unweathered samples
collected in the Yichang area, South China, which are well constrained
by graptolite biostratigraphy and are precisely correlated with the
described bioevents. These results, combined with carbon isotope
data for other palaeoplates, yield new insights into the relative timing
of the carbon isotope excursions, the regional and global correlations,
and the correlation between faunas and possible environmental
changes resulting from the glaciation.

2. Geological setting

Wangjiawan is a small village, 42 km north of Yichang city and the
Wangjiawan Riverside section is located at 30°58'28.4"N, 111°25'7.6"E
(Fig.1).It occurs on the east flank of the Huangling Anticline, which has a
core of Precambrian rocks. The strata across the Ordovician-Silurian
boundary at Wangjiawan include the Wufeng Formation, Kuanyinchiao
Bed, and Lungmachi Formation in ascending order. The Wufeng
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Fig. 1. Map of the study area and a simplified geological map of the Wangjiawan area, Yichang, China (from Chen et al., 2006).

Formation and the Lungmachi Formation at Wangjiawan are character-
ized by black shales, siliceous shales, and cherts, and yield abundant and
diverse graptolite faunas. The Kuanyinchiao Bed is characterized by
argillaceous limestone and yields an abundant and diverse shelly fauna,
i.e. the Hirnantia fauna. The biozonation through these lithostratigraphic
units was defined by Mu et al. (1984), Wang et al. (1987) and Mu et al.
(1993), and revised by Chen et al. (2000, 2006) (Fig. 2).

The Wangjiawan North section was proposed as the Global
Stratotype Section and Point (GSSP) for the base of the Hirnantian
Stage by Chen Xu et al. in 2004. The proposal was approved by the
Subcommission on Ordovician Stratigraphy in 2005 and by the
International Commission of Stratigraphy (ICS) and International
Union of Geological Sciences (IUGS) in early 2006 (Chen et al., 2006).
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Fig. 2. Upper Ordovician to lowermost Silurian biozonation in South China and its
correlation with lithostratigraphic units (from Chen et al., 2006).

3. Materials and methods

The Wangjiawan North and the Wangjiawan South sections yield
abundant and diverse graptolites and shelly faunas, but the rocks are
intensively weathered. As a result, the organic matter in the strata in those
sections can be expected to be significantly altered and degraded, so
isotopic analyses of that organic matter may not reliably preserve the
original signal. Samples for the present study were collected from the
Wangjiawan riverside, c¢. 180 m southeast of the Wangjiawan North
section (Fig. 1), which also spans the whole Hirnantian Stage and the
Ordovician-Silurian boundary. In this section the rocks are almost
unweathered as a result of riverside erosion, so the strata are more
suitable for geochemical analysis. Thirty-four samples were collected
continuously from the unweathered graptolitic shales (the Wufeng
Formation and the Lungmachi Formation) and the argillaceous limestone
(the Kuanyinchiao Bed) along the small Wangjiawan River by Fan Junxuan
and Peng Ping'an in June of 2005. The sampled interval spans the middle
Paraorthograptus pacificus Biozone to the Parakidograptus acuminatus
Biozone and spans two graptolite extinction events (Chen et al,, 2005).
Each sample is c. 4-9 cm thick.

At present only the organic carbon isotope analysis has been done in
the State Key Laboratory of Organic Geochemistry (Guangzhou). About
1 cm was taken off from each face of the samples in order to avoid
pollution such as from bacteria or plants. The small samples for the
subsequent analysis were picked up from the center of the reduced
samples very carefully. The small samples were pulverized into 200 mesh
and weighed into pre-cleaned PPCO (polypropylene copolymer) centri-
fuge tubes. Thirty-five mL of 6M HCl were added and heated at 60 °C for
24 h. During digestion the samples were stirred three times. After
digestion the contents were centrifuged for 30 min, and the supernatants
were carefully decanted to avoid inadvertent loss. The residue was rinsed
four times with 1M HCI. The solid in centrifuge tubes was demineralized
with concentrated HCl (6M) + HF (15M) at a volumetric ratio of 1:1 at
60 °C for 24 h. Following centrifuging and rinsing (three times) with 1M
HCl, 6M HCl was conducted to remove the minerals in the residue
produced during the demineralization procedure. The 6°C measurements
of isolated organic matter were carried out on a Thermo DELTAplus XL
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mass spectrometer. The duplicate analyses of every sample were run, and
the means of the two measurements were reported in this study (Fig. 3).
The standard deviation for six runs of standard BC sample was = 0.1%o.

The graptolites from the same levels were collected and identified
by Fan and Chen for each sample. The graptolite biozonation, thus,
could be precisely correlated with those of the Wangjiawan North and
the Wangjiawan South sections.

4. Results

The 6'3C values vary between —30.3% and —30.1%. through the
Tangyagraptus typicus Subzone (Fig. 3). It is followed by an increase to
—29.5% to the upper Diceratograptus mirus Subzone. There follows a
decline to —29.7%. in one sample at the base of the Normalograptus
extraordinarius Biozone. The significance of this single, lowered value
is not clear at present. The following 6>C values become more
positive and reach a peak in the middle of the N. extraordinarius
Biozone with the value of —29.1%..

The 6'2C value declines slightly to — 29.4%. in the upper part of the N.
extraordinarius Biozone just below the base of the Hirnantia fauna-
bearing, argillaceous limestone, the Kuanyinchiao Bed. The &'C
increases to its highest value (—28.5%.) in the middle of the
Kuanyinchiao Bed and then drops to pre-Hirnantian values of —30.3%
in the upper part of the N. persculptus Biozone and then shows minor

=31 -30 -29 -28
I 1 1 | 1 1 1
] 3.5m
FE—J
> Tt ESs I
AR 3| S ESS
= @ — o —
|32 s EES
J1als]l 2 2o
2l Z|&|l § ELXF
§ E=I
@« 3 —%: 3m
~ s EgT
4437 b :%5
Ma o= < —
iE33
Eg_ —
@«
Q
c .I.I 2.5m
= HE Kuanyin-
= = chiao Bed
<|£ 1
Z|o|T] g
g 5
|8l |z3E=S
>l g o T
Ol o sE® I .
4456 & SEE S
Ma o E :ﬁ_l—a—:
o o §'§_:LE:
S SIEE o3
cleMF— c 4
Sl E& T
S|s|lofl—5 —
R P ]
HE === 1.5m
g1
n‘E!—
1 1

1 1 1 1
-31 -30 -29 -28

E Black shales E Limestones

Fig. 3. Organic C-isotope data of isolated kerogen from the Wangjiawan Riverside
section with the time scale for Upper Ordovician and lowest Silurian showing Systems,
Series, Stages, biozonations and lithostratigraphic units. The absolute ages for the base
and top of the Hirnantian Stage come from Cooper and Sadler (2004). HF = Hirnantia
fauna, asc.=A. ascensus Biozone.

fluctuation between —30.5%. and —30.2%. through the Akidograptus
ascensus and Parakidograptus acuminatus biozones.

5. Regional and global correlations of Hirnantian C-isotope curves
5.1. Regional correlation

By direct biostratigraphic and lithostratigraphic correlation with the
nearby Wangjiawan North and South sections, our organic C-isotope
curve can be precisely correlated with the regional biozonation (Fig. 3),
bioevents (Fig. 4), as well as previously published chemostratigraphic
data from this region.

5.1.1. Correlation with previous chemostratigraphic work

Wang et al. (1997) reported a significant positive 613Cmg excursion in
the Hirnantian interval at three sections in the Yichang area: Wangjiawan
(the Wangjiawan North section of this study), Fenxiang, and Huanghua-
chang (Fig. 5). More recently, Yan et al. (2009) also reported a similar
positive 6"3Coy excursion at the Wangjiawan North section, Yichang,
Hubei province and the Honghuayuan section, Tongzi, Guizhou province.
These data show considerable fluctuation in sample-to-sample §Cyq
values both within and between sections (e.g., the maximum excursion is
¢. 5%. at Wangjiawan and c. 8%. at Huanghuachang which is only c¢. 13 km
from the former site), which is likely the result of the fact that these
analyses were conducted on intensely weathered, surface outcrop sam-
ples. However, the curves from all three of these sections show some
similarity with the data presented here from unweathered samples. In
particular, all of these sections show the positive excursion beginning
right below the base of the N. extraordinarius Biozone (near the base of
the bohemicus Biozone of Wang et al, 1997), ending within the N.
persculptus Biozone, and showing peak values within the bed bearing the
Hirnantia fauna (Fig. 5).

Comparison between the present curve with those from the
intensively weathered sections indicates the effect possibly raised by
bacteria, modern plants and insects. Because of the humid climate (e.g.,
the raining season in this area during June and July of every year) and the
big Yangtze River crossing this area, the black shale outcrops in the
Yichang and neighboring area are commonly covered by grass and bush.
All the black shales at the Wangjiawan North, South sections, Fenxiang
and Huanghuachang sections are intensively weathered, which are
commonly in light yellow or grey, and split into small pieces less than
3 cm thick. The surfaces of these shales are commonly covered by roots of
grass and bush; bodies, crusts or empty eggs of some insects are very
common in some holes inside the weathered rocks. It is obvious that the
present unweathered river-cutted section could provide more reliable
signals of the organic carbon isotope excursion.

5.1.2. Timing of the Hirnantia fauna at Wangjiawan

The age of the Hirnantia fauna has been clearly demonstrated to be
diachronous in its first and last appearances throughout South China
(Rong, 1984a; Rong et al., 2002), which indicates that the base of the
overlying Lungmachi Formation may be diachronous throughout South
China as well. N. persculptus (Elles and Wood) first appears at the base of
the Lungmachi Formation at Wangjiawan, however, graphic correlation of
Late Ordovician sections throughout South China suggests that the real
first appearance of N. persculptus (Elles and Wood) in South China possibly
correlates within the lower part of the Kuanyinchiao Bed at Wangjiawan
(Fig. 4), which indicates that the lower range of N. persculptus at
Wangjiawan was truncated by the Kuanyinchiao limestones. The
Kuanyinchiao Bed at this locality can be correlated with the uppermost
part of the N. extraordinarius Biozone and the lower part of the N.
persculptus Biozone. Therefore, the highest §'C values, which occur
within the Kuanyinchiao Bed, can be correlated to a level within the lower
part of the N. persculptus Biozone as it is recognized based on the first
appearance of N. persculptus throughout South China instead of the first
appearance of N. persculptus at this locality.
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5.1.3. Regional sea-level change and Hirnantian glaciation

The pattern of regional sea-level changes in the Late Ordovician
succession in South China can be deduced from several lines of
evidence: biofacies changes, lithofacies, and changes in regional
paleogeography. A wealth of regional biostratigraphic and paleogeo-
graphic evidence from different parts of the world suggests that the
most diverse graptolite faunas in any particular time interval occur in
slope and deep continental marginal and epicontinental basins (e.g.
Cooper et al., 1991; Finney and Berry, 1997; Cooper, 1999). The strata of
the T. typicus Subzone of the P. pacificus Biozone yield the most diverse
graptolite fauna in the world for this time interval, including a number
of specialized, stenotopic taxa such as Tangyagraptus, Pseudoretio-
graptus, Paraplegmatograptus and Yangzigraptus. Some of them are
endemic to South China (Chen et al, 2005). Chen et al. (2005)
suggested that this abundant graptolite fauna represents the radiation
of graptolite clades in the warm-water Yangtze epicontinental sea. In
the D. mirus Subzone of the P. pacificus Biozone, the graptolite fauna
declines in diversity and co-occurs with the brachiopod Manosia and
cephalopods, and this assemblage extends into the N. extraordinarius
Biozone in the Yangtze area, in which graptolite diversity declines
further. This is overlain by the argillaceous limestone of the
Kuanyinchiao Bed, which yields an abundant shelly fauna including
articulate brachiopods, trilobites, and crinoids, but no graptolites,
except at some localities in the shallow-water belt in the south-
western Yangtze Platform, such as Honghuayuan, where a low
diversity graptolite fauna is associated with the shelly fauna (Chen
et al., 2004b). It is considered that the typical Hirnantia shelly fauna in
Kuanyinchiao Bed in the Yichang area is a relatively shallow water
fauna representing Benthic Assemblage 2-3 (BA2-3, sensu Boucot,
1975) (Rong, 1979, 1984b; Rong and Chen, 1987; Rong et al., 2002).
The changes in regional faunal community appear to represent the

transition from BA4-5 in the pre-Hirnantian to BA2-3 of the typical
Hirnantia fauna (Rong and Chen, 1987; Rong et al., 2002), followed
by a return to deeper-water conditions in the overlying black shales of
the N. persculptus Biozone.

Sedimentary evidence indicates the changing water depth and
proximity to the shoreline and sediment source through the study
interval. From the upper part of the T. typicus Subzone to the N.
extraordinarius Biozone then to the Hirnantia fauna, the lithology
changes from fine-grained black shales to yellowish brown shales or
mudstones (e.g. the Honghuayuan section, see Fig. 5 in Chen et al.,
2000) with coarser clasts, then to argillaceous limestones with a
benthic shelly fauna. According to Rong et al. (1984) and Rong and
Johnson (1996), at some localities in Guizhou province, which are
thought close to the ancient shoreline of the Yangtze epicontinental
sea during the Ordovician-Silurian transition, there is an unconfor-
mity between the Wufeng Formation and the Lungmachi Formation.
This probably indicates the sedimentary affect of the sea level fall
during the Hirnantian.

Regional paleogeographic analysis indicates that the Yangtze
epicontinental sea was more extensive in pre- and post-Hirnantian
time and shrank during the Hirnantian Epoch, particularly during the
time of the widespread Hirnantia fauna (Chen et al., 2004b).

All of these lines of evidence strongly suggest that the time of
deposition of the Kuanyinchiao Bed represented the interval in which
sea level was at its lowest in the Late Ordovician succession in the
Yichang area.

The typical Hirnantia shelly fauna is thought to be a cold/cool-water
fauna that developed during the Hirnantian Epoch (Rong et al., 2002),
while the Katian shallower Altaethyrella and deeper Foliomena faunas are
thought to be a relatively warm-water fauna (Zhan and Rong, 1995).
Accurate correlation of the Hirnantia shelly fauna with graptolite
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biozonation in South China reveals that both the base and top boundaries
of the Hirnantia fauna are diachronous. However, Rong et al. (2002)
studied the temporal and spatial distribution of the Hirnantia brachiopod
fauna in South China, Sibumasu, Xizang, and elsewhere. They suggested
that, although some key taxa of the Hirnantia fauna are present in the
upper P. pacificus Biozone, the well-defined gradient from low-diversity
Hirnantia faunas in shallow-water to higher diversity assemblages in
offshore, deeper-water environments, first developed in the N. extra-
ordinarius Biozone, and most of the fauna disappeared within the N.
persculptus Biozone (the second phrase of brachiopod extinction, Fig. 4).
The ecology of the brachiopod faunas, therefore, appears to show a
progressive change from warm water to cooler water in the Yangtze
epicontinental sea from Katian to early N. persculptus Biozone, coincident
with the evidence for sea-level fall.

There is no evidence of a widespread uplift of the South China
palaeoplate during this time interval. We believe that both the changes
in faunal community and lithology indicate a eustatic sea-level drop
from the upper P. pacificus Biozone to the upper N. extraordinarius
Biozone and the lower N. persculptus Biozone, which was brought about
by the intensification of the Gondwana glaciation.

5.14. Correlation with regional bioevents

Chen et al. (2004a, 2005) studied the graptolite mass extinction
based on 37 sections in South China. They recognized two extinction
events in Late Ordovician, one major extinction event began in the upper
P. pacificus Biozone and extended through much of the N. extraordinarius
Biozone (Fig. 4). The second, minor extinction event occurred within the
upper part of the N. persculptus Biozone. Rong et al. (2002) and Rong and
Zhan (2004) also recognized two phases of brachiopod extinction in
South China. The first phase is characterized by the elimination of the
mid-Ashgill (late Katian) shallower marine Altaethyrella and deeper
marine Foliomena faunas and the invasion of the Hirnantia fauna into
shallow water regions and this progressively moving into relatively
deeper water regimes, starting at the beginning of the Hirnantian Epoch
(Zhan and Rong, 1995; Harper and Rong, 1995; Zhan and Cocks, 1998;
Rong et al, 1999). The second phase of extinction resulted in the

extinction of the Hirnantia fauna (Rong and Harper, 1988; Harper and
Rong, 1995), which is correlated with the sea level rise in the lower N.
persculptus Biozone (Fig. 4).

Comparison of the 6"3C,, curve with the extinction probability of
graptolite species in South China (Fig. 4; Chen et al., 2005) shows that
there are some similarities in the profiles from the P. pacificus Biozone to
the lower N. persculptus Biozone. The first positive excursion of §'3C
started from the upper P. pacificus Biozone and reached the peak at the
mid-N. extraordinarius Biozone, which coincides well with the first,
major extinction event of graptolites from the upper P. pacificus Biozone
to the N. extraordinarius Biozone as demonstrated by Chen et al. (2004a,
2005), and as well the first phase of the brachiopod extinction just below
the Hirnantian Stage (Rong et al., 2002; Fig. 4). The second and higher
613C0rg peak coincides with the incursion of an abundant Hirnantia-
Dalmanitina fauna, which is mainly a cold/cool-water fauna that lived in
arelatively shallow-water environment compared with the pre-existing
graptolite fauna (Rong et al., 2002). The following dramatic drop of the
6’3C0,-g values is consistent with the extinction of this widespread shelly
fauna (Rong et al.,, 2002), the cause of which is thought to be a rapid
melting of the Gondwana ice sheet, sea level rise, global warming, and
flood of many deep shelf regions with anoxic waters. This level is also
coincident with a significant rise in graptolite origination rates (Chen
et al., 2005).

5.2. Global correlation

The 6C data have been previously published from a number of
sections around the world, including Estonia and Latvia (Brenchley et al.,
2003, carbonate), Scotland (Underwood et al., 1997, organic carbon),
Anticosti Island, Canada (Long, 1993, carbonate), Arctic Canada (Melchin
and Holmden, 2006, organic carbon and carbonate), and Nevada, USA
(Finney et al., 1999, carbonate; Mitchell et al., 2007, carbonate and organic
carbon). Among these known sections, the Wangjiawan Riverside section
provides a high-resolution correlation with graptolite succession, typical
Hirnantia fauna, and sea-level change, and thus plays an important role in
global correlation of 6'3C curves.
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Fig. 6. Global correlation of the carbon isotope curves based on the graptolite and Baltic chitinozoan biozonation (after Melchin and Holmden, 2006). Sources of carbon isotope
data: South China — this study; Arctic Canada — Melchin and Holmden (2006) (thin dashed line indicates the reduced values seen at Truro Island); Dob's Linn, Scotland —
Underwood et al. (1997); Vinini Creek, Nevada — Mitchell et al. (2007) (the curve of the N. extraordinarius Biozone is rescaled to fit the N. extraordinarius/N. persculptus zonal
boundary); Anticosti Island — Long (1993), composite of data from two sections (dashed line indicate correlation supported by available biostratigraphic data, dotted line
indicates correlation with a significant hiatus as proposed by Brenchley et al., 2003); Estonia and Latvia — Brenchley et al. (2003) (dashed line indicated correlation based on
synchroneity of C-isotope profiles, dotted line is based on chitinozoan correlation assuming that the base of S. fragilis biozone coincides with the base of the Silurian, as proposed

by Brenchley et al., 2003). Rhud. = Rhuddanian Stage; Silur. = Silurian System.
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Melchin and Holmden (2006) already presented a revised global
correlation of graptolite and chitinozoan biozonations and 6'3C
curves, based on new biostratigraphic data from Scotland, Anticosti
Island, and Arctic Canada, which is mostly followed here except more
details from South China (new data from the present paper) and
Vinini Creek, Nevada (new data from Mitchell et al., 2007) (Fig. 6).

5.2.1. Dob's Linn

At Dob's Linn, Scotland, which is the Global Stratotype Section and
Point (GSSP) for the base of the Silurian System, it appears that a major,
positive 8'*C,y excursion begins just above the Anceps Band E. Some
recent studies indicate that the Anceps Band E should be assigned to N.
extraordinarius Biozone due to the FAD of the zonal fossil, and the
Extraordinarius Band should be assigned to the lower part of the N.
persculptus Biozone due to the presence of two specimens of N.
persculptus (Melchin et al., 2003). Thus, the positive carbon isotope
excursion at Dob's Linn, starts near the base of the Hirnantian Stage, and
reaches a peak 1.72 m below the Ordovician-Silurian boundary, 0.12 m
below the base of the Birkhill Shale Formation, which occurs within the
lower part of the N. persculptus Biozone.

Dob's Linn is now widely accepted to represent deep sea sediments
deposited on oceanic crust, preserved in an accretionary prism setting
(Leggett, 1987; Stone and Merriman, 2004). The strata in which the
8"3C excursion occurs are organic-poor mudstones interpreted by
Armstrong and Coe (1997) to represent the time of glacial maximum.

5.2.2. Arctic Canada

Melchin and Holmden (2006) studied three sections in Arctic
Canada for both §™Cyg and 6"*Ceypp,- Their data showed two peaks of
813C,g values, one beginning just below the base of the Hirnantian Stage
and reaching highest values low in the N. extraordinarius Biozone, and
the other within the lower part of the N. persculptus Biozone. The
8'3C.arp data also showed a positive excursion in the Hirnantian, but
the signal was heavily modified by diagenesis and reworked, detrital
carbonate input.

Melchin and Holmden (2006) found that the lower Hirnantian
peak was slightly higher in magnitude than the one in the lower N.
persculptus Biozone, and that both occurred within shallow-water
siltstones within a succession otherwise dominated by deeper shelf
carbonates and calcareous or dolomitic, graptolitic, organic-rich
shales.

5.2.3. Anticosti Island, Canada

On Anticosti Island, there is a positive, 6"*Ce,p, excursion in the
uppermost Ellis Bay Formation (Long, 1993). Melchin (2007) identified
Normalograptus minor and Normalograptus parvulus approximately 15 m
and 4 m, respectively, below the top of the Ellis Bay Formation. Both
species have been previously reported from strata not lower than the N.
persculptus Biozone, which suggests that the most significant positive
813Cear, excursion in the Anticosti succession is within the N. persculptus
Biozone. Two weaker positive shifts can be recognized in the lower part
of the Ellis Bay Formation, which, based on brachiopod data, may be
lower Hirnantian (N. extraordinarius Biozone) (Copper, 2001; Jin and
Copper, 2008; Melchin and Holmden, 2006). Although Young et al.
(2005) suggested that the peak 6C.., values on Anticosti Island
occurred within a sea level highstand interval, previous sedimentolo-
gical and biofacies studies (Long and Copper, 1987; Long, 1997; Zhang
and Barnes, 2002) all suggest that the excursion occurs within the peak
lowstand level within the Late Ordovician succession.

5.2.4. Baltica

C-isotope data from Estonia and Latvia record a large 6>Ceam
excursion (Brenchley et al., 2003). However, the correlation of the
chitinozoan biozones and shelly faunas from this area with the graptolite
biozonation are still uncertain. Brenchley et al. (2003) attempted to use
the carbon isotope profile to correlate the chitinozoan biozonation with

the graptolite biozonation globally and they considered that the tau-
gourdeaui Biozone and scabra Biozone can be correlated with the whole
Hirnantian Stage, indicating that the major positive 6'>C excursion in
carbonates seen in Estonia and Latvia coincides with the lower part of
the Hirnantian Stage.

On the other hand, Melchin and Holmden (2006) suggested that, if
the chitinozoan biozones are correlative between Anticosti Island
(Soufiane and Achab, 2000) and Baltica (N6lvak, 1999), on Anticosti
Island most of the Belonechitina gamachiana chitinozoan Biozone
(Soufiane and Achab, 2000) is lower Hirnantian (in the N. extraordinar-
ius Biozone) and the uppermost B. gamachiana and Spinachitina
taugourdeaui chitinozoan biozones are upper Hirnantian (in the N.
persculptus Biozone). Therefore, the peak of the main positive C-isotope
excursion and much the interval of rising C-isotope values observed in
Estonia and Latvia (Brenchley et al., 2003), as well as Antocosti Island are
within the N. persculptus Biozone. Brenchley et al. (2003) also showed
that the positive 6°Cea, excursion interval coincides with the
occurrence of the Hirnantia fauna, which was demonstrated by Rong
et al. (2002) to occur most widely in the upper N. extraordinarius and
lower N. persculptus biozones.

Future work on the chitinozoan biozonation in South China,
especially the Yichang area, may reveal a more precise correlation
between chitnozoan biozones and graptolite biozones, as well as the
carbon isotope curve.

5.2.5. Nevada

Two sections in Nevada, United States, were studied by Finney et al.
(1999) for Late Ordovician graptolite, conodont, and chitinozoan
biostratigraphy as well as the 6"Cey, profile. In addition, new, high
resolution 6"Cea, and §3Coyg data from one of the sections, Vinini
Creek, were published by Mitchell et al. (2007). The Vinini Creek section
shows continuous graptolite sequence from the P. pacificus Biozone into
the N. persculptus Biozone. Although the 6"Ceyy, and 63Coyy curves
show some differences in detail, both present a positive excursion
beginning near the base of the N. extraordinarius Biozone with peak
values occurring in the lower part of the N. persculptus Biozone. The
upper part of the N. persculptus Biozone in this section is truncated by a
disconformity and the overlying strata are middle Llandovery. Thus, the
profile of the 6'3C curve in the upper N. persculptus Biozone and the
lowest Silurian cannot be known.

The strata at Vinini Creek are interpreted to have been deposited
on the deep ocean floor beyond the craton margin. The change from
organic-rich shales to organic-poor limestones near the base of the
Hirnantian is considered to be the result of sea level fall, coincident
with the Gondwanan glaciation (Finney et al., 1995, 1999).

The Monitor Range section (Finney et al., 1999) shows a more
complete succession of §'>Ceayp, values, but the timing of the excursion
relative to both the base of the N. extraordinarius Biozone and the N.
persculptus Biozone is uncertain due to a lack of age-diagnostic fossil taxa
through the lower-middle-Hirnantian. The succession does, however,
indicate that the end of the positive excursion occurs below the top of the
N. persculptus Biozone, which is not evident from the Vinini Creek data.

6. Discussion
6.1. Asynchronous stratigraphic distribution of peak 6">C excursions

As indicated by Melchin and Holmden (2006), the attainment of peak
613C values may be offset between sedimentary deposits in different
epeiric sea basins because of differences in the interplay between local
and global influences on C-cycling. A detailed discussion on this can be
found in Melchin and Holmden (2006, p. 196). The present data also
support this theory. Although the organic 6>C curve is similar to that
from Arctic Canada, there are still some important differences. For
example, both of them show separate peaks in the lower-mid-N.
extraordinarius Biozone and the lower N. persculptus Biozone, but in the
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Wangjiawan Riverside section, the highest peak occurs within the lower
N. persculptus Biozone, whereas in Arctic Canada, the highest peak is in
the N. extraordinarius Biozone. In this respect, the 6°C curve at
Wangjiawan resembles those of Dob's Linn (Underwood et al.,, 1997),
Vinini Creek (Mitchell et al., 2007), Anticosti Island (Long, 1993), and
Estonia and Latvia (Brenchley et al., 2003), where, according to Melchin
and Holmden (2006), the excursions also begin near the base of the
Hirnantian but reach their peak values in the lower part of the N.
persculptus Biozone (Fig. 6).

The Wangjiawan Riverside section differs from other studied regions
in that it only shows a maximum 2%. positive excursion while the
sections in Arctic Canada and elsewhere show a positive shift of 3-6%o.
Melchin and Holmden (2006) proposed that these differences in
magnitude of the 6'>C excursions are in part the result of the position
of a particular section relative to the sedimentary basin margin, combined
with differences in subsidence and sedimentation histories between
different regions. At Wangjiawan, the shifts in the 6"°C curve closely
follow the interpreted changes in regional sea level, with the highest
values occurring at the time of maximum lowstand.

6.2. Timing and duration of the Hirnantian glaciation

Precise lithostratigraphic and biostratigraphic correlation between
the Wangjiawan Riverside and the Wangjiawan North sections permits
us to relate the timing of the 613C0rg excursion and the GSSP for the
Hirnantian Stage. As noted above, the positive excursion at Wangjiawan
begins just below the base of the Hirnantian, reaches a peak within the
lower Hirnantian N. extraordinarius Biozone, followed by a slight decline
and then a higher peak within the lower part of the upper Hirnantian N.
persculptus Biozone. 6C, values then decline to pre-Hirnantian
background levels before the end of the Hirnantian.

As discussed above, paleoecologic, lithologic, and paleogeographic
evidence from South China suggests that a regional, continuous eustatic
sea-level drop from the uppermost P. pacificus Biozone into the lower N.
persculptus Biozone was brought about by the gradual growth of the ice
sheet at the Ordovician South Pole region and ended with the rapid
melting of the ice sheet. This provides indirect evidence for the timing of
the Hirnantian glaciation. The record of glacial sediments in North Africa
(Ghienne, 2003; Legrand, 2003) and Bohemia (Storch, 2006) also
indicates that the main phase of glaciation expansion began just before
the beginning of the Hirnantian and finished before the end of Ordovician
(Fig. 4). Based on recent estimates of the duration of the Hirnantian Stage
and graptolite biozones (Cooper and Sadler, 2004; Chen et al., 2005), the
duration of the Hirnantian glacial episode can be estimated to have been
approximately 1 My.

The glacial record from Gondwanan and peri-Gondwanan regions
also indicated that there were at least two main phases of glacial
advance, one beginning at or just before the beginning of the Hirnantian,
and one in mid-Hirnantian time (Ghienne, 2003; Legrand, 2003; Monod
etal., 2003; Storch, 2006). Each one of these episodes may have included
two or more minor phases of glacial advance and retreat. Sedimento-
logical data from peri-Gondwanan regions suggest that the second
major glacial phase in the middle-Hirnantian was more intense,
resulting in the greater eustatic sea-level drop (Monod et al., 2003;
Storch, 2006). This is consistent with the data from South China, which
shows the lowest sea level and maximum 6C excursion in the
Kuanyinchiao Bed, spanning the boundary between the N. extraordinar-
ius and the N. persculptus biozones.

Saltzman and Young (2005) proposed a model of long-lived
glaciation in the Late Ordovician (~10 Ma) beginning from the early
Late Ordovician Chatfieldian Stage (Katian) based on 6'C data from
western Laurentia. They suggested that Gondwanan glacial ice buildup
began in the Katian, but reached a peak expansion in Hirnantian time.
The data from South China presented here do not span a sufficiently long
stratigraphic interval to test this hypothesis, but do help to constrain the
timing of the Hirnantian peak glacial episode in relation to the newly-

defined Hirnantian stage, the graptolite biozonation, and the peak
occurrence of the Hirnantia fauna. It should be noted, however, that both
Boucot et al. (2003) and Fortey and Cocks (2005) presented strong
evidence for a phase of significant climatic warming in high paleolati-
tude regions immediately before the Hirnantian glaciation event. This
suggests that if continental glaciation did occur in the early part of the
Late Ordovician, as suggested by Saltzman and Young (2005), it may
have been a separate event, not continuous with the Hirnantian
glaciation.

6.3. Causes of the positive 8">C excursion and biotic recovery

There is currently debate in the literature concerning the causal
relationship between the variations in '>C values and the glacial cycles
in the Ordovician and Silurian. Whereas some authors have suggested
that the 8C variations result from climatically driven changes in
organic-matter productivity and burial patterns (e.g., Brenchley et al.,
2003; Saltzman and Young, 2005), others have suggested that changes
in rates of carbonate platform weathering were an important factor in
generating the regionally variable record of §C (e.g., Kump and Arthur,
1999; Kump et al., 1999; Melchin and Holmden, 2006), whilst Loydell
(2007) proposed a combination of carbonate weathering and enhanced
carbon burial coincident with falling/low sea-level. However, the data
from the Truro Island, Arctic Canada (Melchin and Holmden, 2006,
Fig. 2) and the Wangjiawan North section (Yan et al., 2009; Fig. 5 herein)
both present two peaks in the TOC curve, the first at the base of the
Hirnantian Stage and the second in the N. persculptus Biozone, while the
TOC value between the two peaks is at the same level as in Katian. It is
clear that the second peak in the TOC curve happened during the
regression of the organic C-isotope excursion. Therefore, the data from
the Truro Island and the Wangjiawan North section exclude the
enhanced carbon burial model.

Cramer and Saltzman (2005), Saltzman and Young (2005), and
Young et al. (2005) proposed that the positive 8'>C excursions of the
Late Ordovician and Early Silurian, including the Hirnantian, occurred
during times of post-glacial or interglacial sea level highstands. They
suggested that during these non-glacial, warm, highstand periods
there should be enhanced carbonate productivity in cratonic shelf
regions, and high rates of burial of organic matter in stagnant deep-
ocean settings, resulting in the increase in 6'3C values (called CSY
Model here). However, the data from South China (this study) and
Arctic Canada (Melchin and Holmden, 2006) clearly show that the
613C positive excursions coincide with sea level lowstands rather than
highstands, as predicted by the CSY model and, as noted above, this
appears to be the case at Anticosti Island as well. In addition, the data
from two well-studied sections that represent deep ocean settings
beyond the craton margin, Dob's Linn and Vinini Creek, indicate that
the positive 6'3C excursion coincides with a time of reduced rates of
organic matter burial in the deep ocean, rather than increased, as
predicted by the CSY model.

Melchin and Holmden (2006) proposed that the 6'>C excursions are
the result of increased rates of weathering of carbonate platforms that
were exposed during the glacio-eustatically controlled sea-level fall.
This caused the isotope value of the C-weathering flux to shift towards
the C-enriched carbonate end-member, increasing the 6'3C value of
carbon transported by rivers to both epeiric seas and the oceans. The
evidence of paleogeographic and sea-level changes from South China
supports this hypothesis. Unlike the sedimentary basins studied in
Baltica, Nevada, and Arctic Canada, which are adjacent to widespread
carbonate platforms or shelves, the margins of the Yangtze Basin do not
appear to have been sites of widespread carbonate deposition (Chen
et al,, 2004b). Therefore, the Hirnantian sea level fall would not have
resulted in exposure and weathering of large volumes of recently
deposited carbonate sediments. This may explain why the magnitude of
the peak positive excursion in this section is lower than that in most
other studied, low latitude regions. The approximately 2%, shift seen in
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these strata is similar to those seen in deep ocean strata deposited far
from carbonate platforms in other regions (e.g. Underwood et al., 1997;
Mitchell et al., 2007), and may represent the 6">C values that were
mixed throughout the world's oceans during this time interval (Melchin
and Holmden, 2006).

7. Conclusions

The organic carbon isotope data through the Ordovician-Silurian
boundary strata at the Wangjiawan Riverside section show that a
positive §3C,yq excursion begins just below the base of the Hirnantian
Stage that peaks in the lower part of the N. extraordinarius Biozone. This
is followed by an interval of slightly reduced 6>C values and then a
second peak of 2%. above pre-Hirnantian values, which occurs in the
lower part of the N. persculptus Biozone (upper Hirnantian).

The peaks in 8Coyy values can be correlated well with major
episodes of glacial expansion described from Africa and peri-Gondwa-
nan Europe. Evidence from sedimentological, faunal, and geochemical
data from South China, as well as the evidence of glacial sediments in
North Africa, all suggest a short-lived glaciation of ~1 My in the
Ordovician South Pole region, consisting of two major pulses. The first
phase of glaciation commenced just before the Hirnantian Epoch and
the second phase ended with rapid melting in the late Hirnantian (lower
N. persculptus Biozone).

Carbon isotope curves can be correlated globally, providing useful
data for recognition of Hirnantian strata. However, the timing and
amplitude of peak positive excursions vary between regions of the world.

The present study supports the hypothesis by Melchin and Holmden
(2006) that the 6"C excursions are, to a significant extent, the result of
increased rates of weathering of carbonate platforms that were exposed
during the glacio-eustatically controlled sea-level fall. The low magnitude
of the positive 6"C shift seen from the Wangjiawan strata may be the
result of a scarcity of carbonate platform strata in Katian successions of the
Yangtze region, in comparison with other regions that show stronger
positive excursions.
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