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South China
des at least) hydrothermal silica chimneys are identified in the black chert
successions (up to ∼100 m thick locally), overlain by thick black shales (up to a few 100 m thick), in the
Ediacaran–Cambrian boundary successions along the southern marginal zone of the Yangtze Platform, South
China. Their occurrences are constrained within the lowermost Cambrian by the SHRIMP U–Pb zircon dating
and stable isotopic chemostratigaphic data, and are stratigraphically coincident with the negative isotopic
excursions of organic carbon (∼10‰ VPDB in magnitude) and sulfide sulfur (between 0 and 10‰ CDT), i.e., in
bases of Nemakit–Daldynian and Tommotian stages in the Lower Cambrian. In this case, a causal link could
have existed between which the hydrothermal venting could have released huge amounts of reduced silica-
rich hydrothermal fluids with abundant 13C-depleted greenhouse gases (methane) and volcanic-originated
H2S into the ocean and/or atmosphere, resulting in an extreme warm climate and oceanic anoxia, oceanic
chemical perturbation, and subsequent massive precipitation of silica (chert), and large-magnitude negative
isotopic excursions of organic carbon and sulfide sulfur. This scenario provides a unique chance to explore the
causes of apparent tectono-depositional, oceanic and geochemical perturbations during this critical interval
in South China and elsewhere.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction

The Ediacaran–Cambrian (E–C) transition was a key period for the
understanding of one of the most important turning intervals in the
Earth's history, as it recorded the advent, extinction and accelerated
diversification of metazoans coeval with sharp shifts in ocean
geochemistry (Kaufman et al., 1993; Grotzinger et al., 1995; Knoll
and Caroll, 1999; Amthor et al., 2003), during which a prolonged
global oceanic anoxia (Kimura and Watanabe, 2001; Schröder and
Grotzinger, 2007), and major plate tectonic reconfigurations and
extensive anorogenic volcanism (Kirschvink et al., 1997; Veevers et al.,
1997; Doblas et al., 2002) occurred simultaneously. The triggering
mechanism for these co-occurring processes, however, still remains
controversial (e.g., Bartley et al., 1998). Although extensive studies on
the remarkable biological, oceanic and geochemical changes across
the E–C transition, the emphases mostly have been placed on the
shallow-water strata, and rare studies have been carried out upon the
deep-water strata, leading to much uncertainty to understand those
issues above if taking the oceanic basins as a whole.
).
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Widespread black chert successions (up to ∼100 m thick locally) of
Liuchapo Formation (or equivalents), overlain by thick (a few 100 m)
black shale series of Niutitang Formation (or equivalents), occur in the
deep-water E–C boundary successions around both the northern and
southern flanks of Yangtze Platform, South China (Fig. 1; Zhu et al.,
2003). Numerous studies on the basal metalliferous (Ni–Mo-PGE
sulfides) black shales of the Lower Cambrian in South China were
carried out; in absence of unequivocal geological evidence, their
origin, however, has been extensively debated over years: both
seafloor hydrothermal venting (Lott et al., 1999; Sterner et al., 2001;
Jiang et al., 2003) and marine origins (e.g., Guo et al., 2007; Lehman
et al., 2007) have been proposed to be responsible for their formation.
The origin of underlain chert deposits was even more poorly
constrained, although both hydrothermal (Peng et al., 1995; Li and
Gao, 1996; Li, 1997) and marine (biogenic) origins (Guo et al., 2007)
have been proposed as well. On the other hand, the correlation of
these deep-water strata with the shallow-water equivalents that were
generally better constrained with biostratigraphic and chemostrati-
graphic data, i.e., in eastern and northeastern Yuanan, Southwest
China (Braiser et al., 1990; Zhou et al., 1997; Shen and Shidlowski,
2000; Jenkins et al., 2002), however, is uncertain due to poor
stratigraphic controls. In order to better constrain the remarkable
environmental and oceanic changes during the E–C transition, a
comprehensive study integrated with petrological characterization,
hts reserved.
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geochronologic dating and chemostratigraphic constraints, was
carried out in this study.

2. Geological setting

During the E–C transition, the Yangtze block was evolved from a
rift basin to a passive continental margin basin (Wang and Li, 2003),
most of which was covered by the carbonate platform, surrounded by
narrow marginal slope zones to the north (∼800 km long) and south-
to-southwest (N1600 km long), where shallow-water carbonates
sharply passed basinwards into black chert-shale successions (Fig. 1A).
Our study area is palaeogeographically located along southern
marginal zone of Yangtze Platform, near Dayong (or Zhangjiajie),
western Hunan. The southern marginal zone of the Yangtze Platform
was extended approximately along the antecedent Jinningian
(∼0.8 Ga) orogenic zone (or “Jiangnan orogen”) between the Yangtze
block and Cathaysia block (Li, 1999; Zheng et al., 2008) (Fig. 1A).

The shallow-water E–C successions in the study area include the
Dengying Formation composed mostly of stromatolitic and algal
dolostones, overlain by the Niutitang Formation composed of a basal
phosphorite-rich (locally with a Ni–Mo-PGE sulfide-rich bed) horizon
and an thick upper black shale succession (up to a few 100m thick). The
“deep-water” (actually not so deep as expected) E–C successions include
the Liuchapo Formation composed mainly of bedded to massive chert
deposits (∼10 m up to ∼100 m thick), which is also overlain by the
Niutitang Formation as in the platform interior. A sharp shift from the
shallow-water Dengying dolostones to the Liuchapo chert successions
take place along the platformmargin, where the chert deposits occur as
the stratal wedges embedded in the carbonate successions, which
thicken rapidly into the complete chert successions in a short distance
(Fig. 1B). The Liuchapo Formation is a diachronous stratigraphic unit,
which was deposited earlier in deeper environments basinwards. The
boundary demarcating the Ediacaran and Cambrian systems is
tentatively placedwithin the Liuchapo Formation deposited in a deeper
slope-to-basin setting (Zhu et al., 2003), and is placed near the base of
this formation towards the carbonate platform margin (Fig. 1B).

3. Research methods

Detailed outcrop investigations and descriptions, petrographic
microscopy and X-ray diffraction analysis were carried out to
characterize the petrology of the silica chimneys (Fig. 2) in the E–C
boundary successions.

Several tuffaceous layers in the chert sections were sampled for U–
Pb sensitive high-resolution ion microprobe (SHRIMP) dating for
zircon crystals in order to better constrain the age of the silica
chimneys. However, enough qualified zircon crystals were only
obtained from the tuff sample GZP3S at Ganziping (see Fig. 1 for
location), using standard crushing and heavy liquid separation
techniques. The crystals were hand-picked, mounted and cast in the
epoxy resin discs, then polished. The grains were imaged using CL
techniques. Only elongate euhedral zircon crystals (length/width
ratios: ∼4:1 to 7:1) of volcanic origin are further selected for age
determination (Fig. 3). Dating of zircons was carried out using the
SHRIMP II ion microprobe at the Beijing SHRIMP Centre, CAGS. Five
scans through the mass stations were made for each age determina-
tion. Standards usedwere SL13, with an age of 572Ma andU content of
238 ppm, and TEM,with an age of 417Ma. Every two runs of age dating
were monitored by a TEM dating run. Measured 204Pb was applied for
the common lead correction. The errors for individual analyses are
quoted at the 1σ level (Table 1), whereas the errors for weightedmean
ages given in Fig. 4 are quoted at 2σ (95% confidence level).

Combined analyses of isotopic systematics, for carbon isotopes of
organic carbon (δ13Corg), and sulfur isotopes of pyrite (δ34Spy) and
carbonate-associated sulfate (δ34Scas) from identical samples at
Ganziping, Dayong of western Hunan, were carried out. Diagenetic
influences of carbonate samples for isotopic analyses were firstly
evaluated by petrographic examination. Fresh homogeneous samples
(both dolomites and chert and black shales) were crushed into
powders for isotopic studies. The total organic carbon (TOC) content
was measured by High TOC II analyzer.

Sample splits (300 mg to 1.5 g) for δ13Corg analysis were firstly
dissolved with 5N HCl in a centrifuge beaker to remove carbonates
through multiple acidification (at least two times) and subsequent
drying in the heating oven, and repeatedly rinsed with deionized water
to neutrality. The decalcified samples (30 to 110 mg)+CuO wire (1 g)
were added to a quartz tube, and combusted at 500 °C for 1 h and 850 °C
for another 3 h. Isotopic ratios were analyzed using cryogenically
purified CO2 on a FinniganMAT-253mass spectrometer, and reported in
standand δ-notation relative to Vienna Peedee Belmnite (VPDB)
standard. Analytical precision for δ13Corg is better than ±0.06‰.

The sample split (1–2 g) for δ34Spy was treated with 100 ml CrCl2+
10 ml alcohol in the vessel. The hydrogen sulfide was immediately
purged by the N2 stream, and was trapped and collected in the zinc
acetate (ZnAc) solution, in which 2% AgNO3+6N NH4OH solutions
were added to precipitate Ag2S, then it was rinsed and dried for
isotope measurement. The pulverized samples (dolomites) for δ34Scas
analysis were treated with NaOCl for 24 h and repeatedly rinsed with
deionized water. The bleached residues were treated with dilute HCl
to decompose the carbonate. The acid-soluble sulfate hosted in the
carbonatewas dissolved into the solution and precipitated as BaSO4 by
addition of BaCl2 solution. Both Ag2S and BaSO4 were mixed with
V2O5+pure quartz sands, and combusted up to 1050 °C in the presence
of copper turnings under vacuum to convert to SO2 gases. The purified
SO2 was used to analyze the sulfur isotopic ratio in the Finnigan Delta-
S mass spectrometer. Sulfur isotopic ratios are expressed as standard
δ-notation relative to Canon Diablo Troilite (CDT) standard. The
analytical precision is better than±0.2‰.

The timing of the strata bearing hydrothermal silica chimneys is
firstly anchored by the SHRIMP U–Pb zircon age at a specific horizon
for the studied section. Afterwards, the C isotopic chemostratigraphic
data that cover the dating layer are further introduced to constrain the
timing of specified abnormal events across the E–C interval in
comparison to those typical C isotopic variation patterns with a
good age control elsewhere.

4. Petrology of silica chimneys

Unique mounded chert units with spongy to digitiform internal
structures and splayed/funnelized (generally brecciated) chert bodies
are identified approximately in the range of chert wedges embedded
between the carbonates, mainly in three major horizons: the basal,
mid-upper and top ones above the uppermost dolostones overlain by
the Niutitang black shales; they generally pass into normal thin-to-
medium-bedded chert deposits farther basinwards (Fig. 1B). Their
lithology is composed of a dark grey to black chert (generally N92%
SiO2) in predominance of amorphous to cryptocrystalline silica
commonly impregnated with abundant Fe-sulfides (locally up to
20–25%) and organic matter (∼0.4–1.0%); rare minerals sanidine,
muscovite and zircon were identified locally by X-ray diffraction
analysis and microscopy. Several tuffaceous layers (generally b5 cm
thick each) are intercalated within the chert successions.

The mounded chert units are commonly N0.5 m (up to ∼2 m
locally) thick, exhibiting a bun-shaped or mamillated surface on the
top (Fig. 2A); these mild hummocks, generally 20–50 cm across and
b30 cm in relief above the surface, occur either individually or as
laterally-linked clusters, upon which remnant vents are locally
preserved (Fig. 2B). The well-preserved silica mounds commonly
exhibit irregular spongy to digitiform internal structures (Fig. 2C),
locally with well-preserved interwoven outlet channels (Fig. 2E).
Abundant original vesicles/voids and/or channels were mostly
plugged by botryoidal fibrous (length-fast) chalcedony (commonly
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Fig. 2. Petrographic features of silica chimneys across the E–C successions in Dayong, Hunan. (A), Vertical section of a silica chimneymound, inwhich fluid conduit remnants (arrows)
and voids lined with botryoidal chalcedony (within the dashed circle) were preserved. Note abundant pyrite in the wall around the void (within the circle). Knife for scale (10 cm
long). (B), Relict venting spouts linedwith botryoidal chalcedony on the surface of silica chimneys (arrows). Note the variegated silica lumps. (C), Spongy (or honeycombed) to digitate
structure of the silica chimney, in which the original voids and/or conduits were mostly filled by barites with minor quartz crystals (Q); rarely remained open. (D) Networked micro-
veins/conduits in amorphous silica host, filled by three generations of siliceous cements in order: (1) thin microcrystalline bladed quartz crusts; (2) cryptocrystalline fibrous
chalcedony (or agate) cements (spherolitic extinction), (3) micro- to meso-crystalline quartz mosaics in the centre. Ganziping. Cross-polarized light. (E), Polished slab showing the
tortuous, interwoven vent channels lined with radiating fibrous agate crusts (or chalcedony) (arrows) in the silica chimney mound, in which bladed barites (br) are locally present in
the channel. The channel walls and silica host contain abundant sulfides (mostly oxidized to limonite due to recent exposure). (F), Brecciated chert “intrusive body” cross-cut the
overlying dolomite (dol) and splayed subvertically, within which chert breccias (arrows) dispersed in the chert intrusion. ch–Chert. Hammer for scale (35 cm long). See Fig. 1 for
occurrences of A–F.
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recrystallized), and radiating microcrystalline to coarse quartz
crystals, locally with minor saddle dolomite and lath-like (or bladed)
barite crystals (Fig. 2A–E), and raremuscovite and zircon crystals; only
minor original vesicles and voids still remain open (Fig. 2A, C and E).
Silica hosts (or matrices) are generally composed of amorphous to
cryptocrystalline silica rich in pyrite (or their alteration products, i.e.,
limonite), particularly along walls of emanating channels (Fig. 2A, D
Fig.1. (A), Simplified palaeogeographic map of Yangtze Platform during the E–C transition illu
lithofacies changes straddling the E–C boundary from the platform to the basin on southern
(referring to A for depositional setting). Note the diachroneity of chert deposition (Liuchapo
successions.
and E) with rare marcasite, in which silicified Fe oxyhydroxide shrubs
were preserved locally. The pyrite commonly occurs as disseminated
crystals and irregular colloidal aggregates. Rare volcanic amorphous
glass fragments (platy, cuspate and crescent glass shards) were
preserved within the mounded chert bodies.

Splayed/funnelized brecciated chert “intrusion” occur at the outer
range (Tiangping) of chert wedge, they cross-cut the uppermost
strating the geological setting of study area. (B), Cross-section showing stratigraphic and
flank of the Yangtze Platform near Dayong (or Zhangjiajie), western Hunan, South China
Formation) and tempo-spatial occurrences of hydrothermal silica chimneys in the E–C



Fig. 3. Cathodoluminescence images of zircon crystals from the tuff sample GZP3S in the top of Liuchapo Formation at Ganziping, Dayong (see Fig. 4 for location). Typical euhedral to
subhedral elongate zircon crystals (length: width=4:1 to 7:1) of volcanic origin were selected for SHRIMP dating; circles mark the analysis spots. See Table 1 for the ages of analysis
spots.
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dolostones capping to the chert horizon underneath, and are directly
overlainby theNiutitangphosphorite-richblack shales (Figs.1B and2F).
Locally, such silica “intrusions” occur closely as clusters (each 5–8 m
spaced). Small-scale inboard fissures are extensive within the chert
breccias. Black chert (rarely with subsequent drusy euhedral quartz)
veins are seen locally in the underlying dolostones and/or chert units,
which terminate below the major mounded and/or bedded chert units
(Fig. 1B).
Table 1
SHRIMP U–Pb isotopic data of zircons from the tuff sample GZP3S on the top of Liuchapo F

Spot Element (ppm) 232Th/
238U

Age (Ma)

U Th Pb 206Pb/238U ±1σ% 207Pb/206Pb ±1σ% 208Pb/232Th

GZP3S-1.1 470 229 37.1 0.50 564.0 9.1 381 67 564
GZP3S-2.1 210 151 17.4 0.74 587.0 11 248 210 445
GZP3S-2.2 184 126 15.9 0.71 609.0 11 20 180 437
GZP3S-3.1 462 245 35.9 0.55 555.5 9.9 474 60 558
GZP3S-3.2 379 230 27.0 0.63 509.4 8.6 558 160 482
GZP3s-4.1 190 137 17.1 0.75 639.0 11 562 92 596
GZP3s-5.1 174 102 13.4 0.60 551.1 9.9 489 140 503
GZP3S-5.2 220 179 16.3 0.84 529.0 10 718 120 524
GZP3S-6.1 803 758 60.5 0.98 539.2 8.6 403 57 474
GZP3S-6.2 876 1347 62.1 1.59 509.8 8.5 536 38 398
GZP3S-7.1 305 217 23.2 0.73 544.7 9.1 532 73 545
GZP3S-8.1 143 54 10.5 0.39 526.5 9.8 500 93 458
GZP3S-9.1 260 155 18.9 0.62 522.7 8.7 459 81 496
GZP3S-10.1 116 69 9.41 0.61 570.0 11 161 210 504
GZP3S-11.1 451 497 32.7 1.14 522.2 8.5 545 39 501
GZP3S-12.1 272 291 18.8 1.10 496.9 8.3 571 70 497
GZP3S-13.1 133 103 10.2 0.80 549.7 9.9 368 150 529
GZP3S-14.1 573 298 42.3 0.54 529.5 8.5 448 49 509
GZP3S-15.1 379 165 29.9 0.45 564.0 9.4 461 67 520
GZP3S-16.1 555 278 41.5 0.52 537.1 8.6 542 30 538
GZP3S-17.1 1256 662 83.8 0.54 474.2 7.5 553 75 331
Similar to the mineralogy and textures of hydrothermal silica
chimneys reported in modern oceanic spreading centres (Herzig et al.,
1988; Stüben et al., 1994; Halbach et al., 2002), these mounded chert
and associated splayed/funnelized intrusive bodies in the E–C
boundary successions are interpreted as, unlikely the normal marine
deposits, but silica chimneys formed by submarine hydrothermal
venting on the fault-controlled terraces along the margin-to-slope of
Yangtze carbonate platform where syndepositional fault/fracture
ormation at Ganziping, Dayong, western Hunan

±1σ% Isotope rate
238U/206Pb ±1σ% 207Pb/206Pb ±1σ% 207Pb/235U ±1σ% 206Pb/238U ±1σ%

18 10.94 1.7 0.0542 3.0 0.684 3.4 0.0914 1.7
33 10.49 1.9 0.0512 9.2 0.673 9.4 0.0953 1.9
27 10.10 1.8 0.0464 7.6 0.634 7.8 0.0990 1.8
17 11.11 1.9 0.0565 2.7 0.702 3.3 0.0900 1.9
27 12.16 1.8 0.0588 7.2 0.666 7.4 0.0822 1.8
22 9.60 1.8 0.0589 4.2 0.845 4.6 0.1041 1.8
35 11.21 1.9 0.0569 6.2 0.701 6.5 0.0892 1.9
23 11.70 2.0 0.0633 5.7 0.746 6.1 0.0855 2.0
11 11.46 1.7 0.0548 2.5 0.659 3.0 0.0872 1.7
29 12.15 1.7 0.0582 1.7 0.660 2.4 0.0823 1.7
16 11.34 1.7 0.0581 3.3 0.706 3.7 0.0882 1.7
27 11.75 1.9 0.0572 4.2 0.671 4.6 0.0851 1.9
18 11.84 1.7 0.0562 3.7 0.654 4.1 0.0845 1.7
36 10.81 2.0 0.0493 8.8 0.629 9.0 0.0925 2.0
10 11.85 1.7 0.0584 1.8 0.680 2.5 0.0844 1.7
17 12.48 1.7 0.0591 3.2 0.653 3.6 0.0801 1.7
24 11.23 1.9 0.0539 6.5 0.662 6.8 0.0890 1.9
13 11.68 1.7 0.0559 2.2 0.660 2.8 0.0856 1.7
20 10.94 1.7 0.0562 3.0 0.709 3.5 0.0914 1.7
12 11.51 1.7 0.0583 1.4 0.699 2.2 0.0869 1.7
16 13.10 1.6 0.0586 3.5 0.617 3.8 0.0763 1.6



Fig. 4. (A) U–Pb Concordia diagram for the uppermost tuff bed (bentonite, GZP-3S) of chert section at Gangziping. Analyses with 1σ error ellipses are plotted as radiogenic ratios after
common Pb correction, using measured 204Pb. Weighted-mean 206Pb/238U age at 95% confidence level (2σ) for the main group of zircons shows the best estimated age of the ash bed
(black circles). MSWD–Mean square of weighted deviates. (B) Stratigraphic correlation, constrained by U–Pb zircon ages, of E–C boundary succession at Ganziping with those in
eastern and northeastern Yunnan, Southwest China. BYS–Baiyanshao, XWTS–Xiaowaitoushan, ZYC–Zhongyicun, DH–Dahai, SYT–Shiyantou, BDW–Badaowan.
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zones could have acted as conduits channeling the hydrothermal
fluids heated up by the deep-seated thermal source updip to
the seafloor. Although the hydrothermal silica chimneys are not
found to be fed directly by the volcanoes underneath, the presence of
elongated zircon crystals in the voids/vesicles implies a deep-seated
magma chamber might exist from which the zircon crystals could
have been transported upwards through the hydrothermal fluids.
Moreover, the presence of amorphous glass shards in the chert
mounds indicates simultaneous volcanism could have taken place
elsewhere.

5. Geochronology

To better constrain the placement of deep-water successions
straddling the E–C boundary and the timing of hydrothermal silica
chimneys, we conducted sensitive high-resolution ion microprobe
(SHRIMP) U–Pb dating of zircon grains from tuffs within the chert
succession of Liuchapo Formation at Ganziping (see Fig. 1 for
locations); however, only the top tuff layer (GZP3S) produces enough
qualified euhedral elongate zircon grains of volcanic origin (Fig. 3). In
this sample, zircon crystals have U contents from 116 to 1256 ppm and
Th from 54 to 1347 ppm, with Th/U ratios of 0.45–1.59. Of the 21 age
analyses, 11 yield a weighted-mean 206Pb/238U age at 536.3±5.5 Ma
(2σ), with a MSWD of 1.6 (Fig. 4; Table 1).

In view of the Concordia U–Pb zircon age of 542.0±0.3 for the E–C
boundary derived from Oman (Amthor et al., 2003), the zircon age of
536.3±5.5 Ma yielded in this study, although with a higher analytical
error, is younger than the E–C boundary age within the Early Cambrian.
Compared furtherwith E–C boundary lithological successions in eastern
(Meishucun) and northeastern Yunnan (Laolin and Xiaotan), Southwest
China (e.g., Zhu et al., 2003; see Fig. 1A for locations), this age is then
proposed to correspond to the U–Pb age of zircons (538.2±1.5Ma) from
the ZhongyicunMember (Bed 5-white clay) of Meishucun Formation at
Meishucun (Jenkins et al., 2002); the overlying unnamed dolostone
horizon at Ganziping is accordingly suggested to correlate with the
Dahai Member that sits on the Zhongyicun Member, and the boundary
between the top (unnamed) dolostone horizon and Niutitang Forma-
tions, therefore, is proposed to correlatewith the boundary between the
Dahai and Shiyantou (or Badaowan)members (Marker C) in eastern and
northeastern Yunnan. In this case, the lower and middle parts of



Table 2
Total organic carbon (TOC) content, carbon isotopic data of organic carbon (δ13Corg),
sulfur isotopic data of pyrites (δ34Spy) and carbonate-associated sulfates (δ34Scas) in the
rocks of E–C boundary succession at Ganziping, western Hunan

Sample Stratal
height (m)

Lithology TOC
(wt.%)

δ13Corg,
VPDB

δ34Spy,
CDT

δ34Scas,
CDT

GZP01′ 1 dolostone 0.03 −28.47 13.717
GZP02′ 1.8 dolostone 0.02 −26.82 28.145
GZP03′ 2.6 dolostone 0.02 −24.92 19.753
GZP04′ 3.3 dolostone 0.03
GZP05′ 4.1 dolostone 0.02 −24.74 5.662 25.179
GZP06′ 5.3 dolostone 0.02 −25.02 36.873
GZP07′ 5.8 dolostone 0.03 −27.72 14.019 25.524
GZP10′ 6.11 black chert 0.03 −32.80 21.841
GZP10′-replicate 22.353
GZP12′ 6.45 black chert 0.66 −34.85 7.745
GZP13′ 6.7 black chert 0.55 −34.54 −4.327
GZP14′ 6.85 black chert 0.83 −34.45 4.858
GZP15′ 7.05 black chert 0.57 −34.60
GZP17′ 7.4 black chert 0.65 −34.09 9.874
GZP18′ 7.7 black chert 0.59 −33.43 18.075
GZP20′ 7.95 black chert 0.68 −34.06 18.841
GZP22′ 8.45 black chert 0.54 −33.27
GZP02 8.8 black chert 0.78 −33.15 16.111
GZP02-replicate 15.561
GZP24′ 9.2 black chert 0.82 −33.04
GZP25′ 9.35 black chert 0.56 −33.10
GZP26′ 9.9 black chert 0.55 −33.09 6.036
GZP03 10.2 black chert 0.64 −32.53
GZP03-replicate −32.60
GZP04 10.9 black chert 0.90 −33.02 3.348
GZP28′ 11 black chert 0.82 −32.48 2.283
GZP29′ 11.25 black chert 0.59 −32.70 16.983
GZP05 11.38 black chert 0.89 −33.21 12.631
GZP07D 11.58 black chert −25.789 0.331
GZP07 11.95 black chert 0.04 −29.546 19.509
GZP09 12.58 pyriferous tuff 0.42 −33.301 17.329
GZP10 13.3 dolostone 0.28 −33.13 15.939 34.699
GZP11 14.2 dolostone 0.16 −32.63 12.953 34.149
GZP12 14.8 dolostone 0.19 −32.15 4.998 27.456
GZP13 15.35 dolostone 0.09 −30.12 8.760 40.633
GZP14 15.55 dolostone −30.66 7.761
GZP15 15.9 dolostone 0.09 −31.63 12.963
GZP16 16.1 black chert 0.35 −31.01 13.780
GZP17 16.5 black chert 0.48 −32.81 13.788
GZP17-replicate −32.85
GZP18 16.55 black phosphoritic shale 4.77 −30.22
GZP19 16.8 black phosphoritic shale 14.35 −33.57 18.183
GZP20 16.9 black phosphoritic shale 12.76 −32.87 0.559
GZP21 17.1 black phosphoritic shale 9.27 −32.15 9.309
GZP22 17.4 black mudstone 8.76 −32.41 6.216
GZP23 17.75 black mudstone 12.52 −31.79 14.211
GZP24 18.1 black mudstone 11.76 −31.75 5.899
GZP25 18.55 black mudstone 10.89 −31.60 17.234
GZP26 18.9 black shale 11.65 −31.59
GZP27 19.45 black shale 11.36 −31.57 15.608
GZP28 20.05 black mudstone 10.46 −31.57 15.272
GZP29 20.9 black mudstone 10.44 −31.64
GZP30 23.1 black shale 10.38 −31.65 17.717
GZP31 24.3 black siliceous shale 8.52 −31.64
GZP32 26.3 black siliceous shale 5.88 −30.89 8.638
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underlying Liuchapo Formation is likely correlated with the Xiaowai-
toushan Member in eastern and northeastern Yunnan in view of the
presence of carbonate horizons in the upper parts of the two intervals
(Fig. 4). This stratigraphic correlation scheme is further constrained by
the carbon isotopic stratigraphic data across the E–C boundary from the
same section as stated below.

6. Isotopic chemostratigraphy

6.1. Results and evaluation

Systematic isotopic analyses for organic carbon isotopic ratios
(δ13Corg), sulfur isotopic ratios of sulfide (δ34Spy) and carbonate-
associated sulfate (δ34Scas) are conducted in the E–C boundary
succession at Ganziping, western Hunan, and the analytical results
are illustrated in Table 2 and Fig. 5. One sample of barite in the
emanating channels of chert mound from Daping is analysed for the
sulfate sulfur isotopic ratio (δ34Ssulfate).

In this study, only isotope ratios of organic carbon are analyzed for
the samples covering E–C boundary at Ganziping, western Hunan in
view of limited carbonate horizons there. The δ13Corg values generally
vary from about −25 to −35‰ VPDB (avg. −31.64‰) across the E–C
boundary from the Dengying through Liuchapo to Niutitang forma-
tions at this locality, from which two positive excursions (P1 and P2)
and three negative excursions of δ13Corg values (N1–N3) are identified
(Fig. 5). No apparent covariance is present between the organic carbon
abundance and δ13Corg value, even for those samples with very low
organic carbon abundance (Fig. 6A). This suggests that the primary
signature of δ13Corg values were minimally altered during burial (Knoll
et al., 1986; Hayes et al., 1989, 1999), so that the primary signatures of
δ13Corg values were basically well-preserved. In addition, the studied
section is thinner than 30 m thick, so they should have experienced
generally a same burial temperature during burial, exerting the same
diagenetic influences on the overall samples of this study.

In this study, sulfur isotopic ratios of sulfide (pyrite) (δ34Spy) are
analyzed for samples from E–C boundary successions spanning from
Dengying (dolostones), through Liuchapo (chert) to Niutitang forma-
tions (black shales), and sulfur isotopic ratios of carbonate-associated
sulfate (δ34Scas) only for dolomite samples from Dengying Formation
and unnamed dolostone horizon at Ganziping, Dayong of western
Hunan (Table 2). The analysis results are illustrated in Fig. 5. The δ34Spy
valuesmostly vary from 0 to 20‰ CDT (avg.11.76‰), and δ34Scas values
mostly from 25 to 40‰ (avg. 31.58‰) in the E–C boundary successions.
One sample of vein barite in the chert mound yields a δ34Ssulfate value
of 18.82‰. It is noted that no covariance is present between δ34Spy
values and TOC abundance (even for those organic-rich black shales),
neither between δ34Spy values and δ13Corg values (Fig. 6B, C). This
implies that sulfur isotopic fractionation was not closely associated
with accumulation (or preservation) of organic matter, which was
commonly controlled by primary bioproductivity and/or anoxic
bottom water columns. A similar case is seen between δ34Spy values
and δ34Scas values (Fig. 6D), implying no apparent influences of sulfide
on the sulfur isotopes of sulfate during the extraction of carbonate-
associated sulfate (Marenco et al., 2008).

6.2. Constraints on stratigraphic correlation

Considering that the uppermost chert horizon of Liuchapo
Formation at Ganziping is correlated with Zhongyicun Member
anchored by the U–Pb zircon age as documented earlier, and similar
stratigraphic sequences to those in northeastern Yunnan where the
Xiaowaitoushan (or Daibu) Member commences with chert succes-
sions as well (Fig. 4) (Zhou et al., 1997; Shen and Shidlowski, 2000;
Zhu et al., 2003), the large-magnitude negative excursion (N1) of
δ13Corg values (∼10‰ in magnitude) across the Dengying and
Liuchapo formations at Ganziping is thus proposed to be correlated
with the negative carbon anomaly (S1) between the Baiyanshao and
Xiaowaitoushan (or Daibu) members that marks the first appearance
of small shelly fossils (SSFs; namedMarker A) and occurrences of chert
deposits (Figs. 5 and 7), the proposed E–C boundary in eastern and
northeastern Yunnan, Southwest China (e.g., Shen and Shidlowski,
2000). This large negative excursion, in turn, can be correlated with
the negative carbon isotopic peak (labeled N) in the top of the Staraya
Rechka Formation in the Anabar uplift, northern Siberian (Fig. 7),
where SSFs of the Anabarites trisulcatus Zone firstly appear in the base
of overlying Manykai Formation (Kaufman et al., 1996). Such a
negative isotopic anomaly can also be seen in the lowermost
Adoundon Formation in Anti-Atlas Mountain, Morocco (Fig. 7) and
elsewhere over the world (Magaritz et al., 1991; Brasier et al., 1993;
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Kaufman et al., 1993, 1996; Brasier et al., 1996; Ripperdan, 1994;
Bartley et al., 1998). The first appearance of SSFs, calibrated with a
apparent negative carbon isotopic excursion, has been proposed as the
beginning of Cambrian, which is placed at or near the base of the
Nemakit–Daldynian Stage (e.g., Knoll et al., 1995; Kaufman et al.,
1996), so that the E–C boundary in Chinese successions is then
proposed to place near the marker A (Zhou et al., 1997; Shen and
Shidlowski, 2000). It is interesting to note that this negative carbon
Fig. 5. Systematic variations in total organic carbon (TOC) content, organic carbon isotope (δ1

(δ34Scas) across the E–C succession at Ganziping, Dayong, Hunan Province. Dashed vertical
pyrites. Shaded intervals (I–III) correspond to occurrences of intense hydrothermal venting
gradually intruded and cross-cut, and nearly completely corroded and/or replaced by chert
anomaly event is coincident with the first occurrence of extensive
hydrothermal silica chimneys (I) in this study (Figs. 1, 5 and 7).

Above this basal negative isotopic excursion (N1), the first positive
carbon isotopic shift (P1) in the upper chert succession is accordingly
correlated with the positive isotopic peak S2 in the dolostone horizon
of upper part of Xiaowaitoushan Member and the base of Zhongyicun
Member in northeastern Yunnan (Zhou et al., 1997; Shen and
Shidlowski, 2000); this isotopic peak was proposed to be correlated
3Corg), sulfur isotope of pyrite (δ34Spy) and sulfur isotope of carbonate-associated sulfate
lines mark the range of sulfur isotopic values of hydrothermal (or volcanic)-originated
activities in the studied area. Note the interval II was originally dolostones, which were
veins. See Fig. 1B for the location and stratigraphy.



Fig. 6. Crossplots of organic abundance (TOC) vs. δ13Corg and δ34Spy values, and δ34Spy values vs. δ13Corg and δ34Scas values, respectively.
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with the isotopic peak I in Anabar uplift, northern Siberia and
elsewhere (Fig. 7), constrained by similar fossil assemblage in zone 1
of China and in Nemakit–Daldynian of Siberia (see Shen and
Shidlowski, 2000). It should be noted that the dolomite equivalent
in our studied section, although originally deposited, however, was
nearly completely corroded by the subsequent hydrothermal silica
chimneys (II) (Figs. 1 and 5), thereby the original carbon isotopic
signals of carbonates hereweremostly lost (Fig. 5). Going upwards, the
subsequent negative excursion (N2) between chert succession and the
unnamed top dolostone horizon, although is highly condensed, should
be correlated to the negative excursion in the Zhongyicun Member
(Zhou et al., 1997; Shen and Shidlowski, 2000), which is further
constrained by the U–Pb zircon age derived from this level (Fig. 4) (see
Jenkins et al., 2002); this carbon isotopic anomaly is likely correspon-
dent to the widespread negative carbon excursion between isotopic
peaks I and I′ in Anabar uplift, northern Siberian and other continents
elsewhere (Fig. 7; Braiser et al., 1990; Ripperdan, 1994; Kaufman et al.,
1996; Shen and Shidlowski, 2000). The subsequent positive isotopic
shift (P2) in the top unnamed dolostone horizon is thus correlated to
the positive isotopic excursion (S3) in the DahaiMember (Braiser et al.,
1990; Zhou et al., 1997; Shen and Shidlowski, 2000) in view of the
similar lithological successions, which is then proposed to be
correlated with the positive isotopic peak I′ in Anabar uplift, northern
Siberia and elsewhere (Fig. 7). Accordingly, the negative isotopic
anomaly (N3) between the top dolostones and overlying Niutitang
black shales, anchored by remarkable facies changes seen extensively
over all the Yangtze Platform, is thus proposed to be correlated with
those across the boundary between the Dahai and Shiyantoumembers
(Marker C) (Braiser et al., 1990; Zhou et al., 1997; Zhu et al., 2003),
which is then proposed to be correlated with the negative carbon
isotopic shift in the top of Medvezhya Formation, the base of the
Tommotian Stage (Fig. 7) (Ripperdan, 1994; Kaufman et al., 1996) in
view of appearance of Tommotian fauna in the base of Shiyantou
Member, e.g., at Xiaotan, northeastern Yunnan (Zhou et al., 1997; Zhu
et al., 2003). Interestingly, this negative isotopic anomaly is coincident
with the occurrence of the third hydrothermal silica chimney system in
this study (Figs. 1, 5 and 7).

As documented earlier, the hydrothermal silica chimneys mainly
occur in three horizons (I–III) corresponding to the intervals near
Marker A, the basal portion of S2 peak and Marker C in eastern and
northeastern Yunnan (Figs. 1, 5 and 7) (e.g., Shen and Shidlowski,
2000). They, except for the second horizon of the silica chimney (II),
are coincident with major negative carbon isotopic anomalies, i.e., in
the base of Nemakit–Daldynian and Tommotian stages, which arewell
constrained by biostratigraphic data as well. Therefore, the timing of
hydrothermal silica chimneys found in this study is well constrained
within the earliest Cambrian time.

Three major negative excursions of δ34Spy values (0–10‰) are
recognized in the E–C boundary successions at Ganziping, temporally
coincident with the major occurrences of hydrothermal silica
chimneys (I–III) there (Fig. 5). The negative excursions of δ34Spy
values across the E–C boundary were also reported in Canada and
East Europe althoughwithmorewide variable ranges (Strauss,1997).
A positive shift in δ34Scas values, although with limited data, is also
recognized in the dolostones that encompass the chert horizon, from
25–28‰ (avg. 26.3‰) (except for one high value of 36.9‰) in the
lower stromatolite dolostones to 27–41‰ (avg. 34.2‰) in
the uppermostmicritic dolostones. TheΔ34S (=δ34Scas−δ34Spy) values
also show an upward increase from 11–20‰ to 19–32‰ in these
carbonate horizons (Table 2), reflecting an enhancement of sulfur
isotope fractionation between the sedimentary sulfides and sulfates.
This scenario is generally consistent with δ34S variations of sulfates
across the E–C boundary on the Yangtze Platform (Shen et al., 1998;
Goldberg et al., 2005) and elsewhere (Schröder et al., 2004), making
a complementary stratigraphic constraint for this transitional
succession.



Fig. 7. Carbon isotopic variations across the E–C succession at Ganziping, Dayong, western Hunan and their correlationwith those at Laolin and Xiaotan, northeastern Yuannan, Anarbar uplift, northern Siberia and Qued Sadas, Morocco. Shaded
intervals (I–III) are occurrences of silica chimneys.
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7. Discussions

7.1. Tectono-depositional implications

The sharp facies offset from carbonate successions to chert
successions across the platform margin (Fig. 1B) indicate that
syndepositional extensional faulting at depth could have occurred
along the platformmargin. The identification of silica chimneys in the
E–C successions along the marginal zone of Yangtze Platform indicate
extensive hydrothermal venting must have occurred along the
marginal zone of Yangtze Platform during the E–C transition, such
that the abnormal heat flows were substantially accumulated below
this zone. The southern marginal zone of Yangtze Platform (Fig. 1A)
approximately followed the antecedent collage (or Jiangnan orogen)
of the Jinningian Orogeny (∼0.8 Ga) between the Yangtze and
Cathaysia blocks (Li, 1999; Zheng et al., 2008). In the context of
accelerated breakup of the Rodinia supercontinent from the Neopro-
terozoic (e.g., Veevers et al., 1997), the South China block was initially
subjected to rifting (Zheng et al., 2008), then evolved into a passive
continental margin basin under extensional tectonism (Wang and Li,
2003), such that enhanced edge-driven convection could have
induced the mantle upwelling under the antecedent weak collage
zone (King and Anderson, 1998; Doblas et al., 2002), resulting in
episodic thermal anomalies and faulting reactivation of the ante-
cedent amalgamation zone. Under this circumstance, the hydrother-
mal fluids at deep-seated heat (volcanic) source were driven upwards
along the fault conduits, through which downward-circulated fluids
from shallow depth were progressively entrained and enriched in
silica through intense interactions between fluids and the thick
metasedimentary and sedimentary siliciclastic succession of Meso- to
Neoproterozoic along the fluid pathways, and finally were vented into
the ocean, forming the hydrothermal silica chimneys. On the other
hand, this scenario implies that the antecedent collage zone was not
so tightly amalgamated within the South China block as a whole such
that it could be reactivated during later tectonic episodes although
unnecessary to depart at all; this may also provide a clue to
understand the high abundance of depositional chert horizons in
the whole Paleozoic succession there.

During the E–C transition, widespread continental flood basalts
and other volcanic rocks that accompanied the breakup of the Rodinia
supercontinent and acceleration of seafloor spreading were reported
along the continental margins (Laurentia and Australia) of newly
formed Iapetus and Pacific oceans (Veevers et al., 1997; Doblas et al.,
2002), although loosely constrained in ages, implying intensive coeval
seafloor hydrothermal venting along mid-ocean ridges and/or
volcanic activities, although mostly lost by later tectonic recycling,
could have also occurred.

7.2. Extent of hydrothermal venting

Given that the hydrothermal venting took place both along the
northern (≥∼800 km long) and southern marginal zones
(N∼1600 km) of Yangtze Platform with a lateral extent of about 20–
50 km (Fig. 1), a conservative estimate for the area of vent fields is
about 50,000–120,000 km2; however, this estimates could be, at least,
two to three times greater if the lost western marginal zone and
intraplatform basins are took into account. It thus can be comparable
to the extent of vent complexes (intruded sill complex) in Vøring and
Møring basins (80,000 km2) in the Norwegian Sea (Svensen et al.,
2004) and to the area of magmatic sills (50,000 km2) in Karoo basin,
South Africa (Svensen et al., 2007), the alternative candidates from
which hydrothermal venting of greenhouse gases (particularly
methane) into ocean and atmosphere is suggested to trigger the
initial Eocene and Early Jurassic global warming, respectively.

The identification of hydrothermal silica chimneys in the deep-
water E–C successions provides a unique line of evidence to under-
stand the enigma why silica deposits so dominate off the platform
interior of Yangtze Platform in South China that could not be simply
deposited in a normal marginal slope to a basinal environment, rather
they were likely precipitated in the hydrothermal systems upon rapid
mixing of upflow hydrothermal silica-rich fluids with the cool
seawater (Herzig et al., 1988; Stüben et al., 1994). On the other hand,
extensive venting of silica-rich fluids into the oceans could have, in
turn, increased the abundance of silica in seawater, leading to blooms
of silica-accreting organisms during the E–C transition as reported by
some authors (Zhang and Pratt, 1994; Mazumdar and Banerjee, 1998;
Racki, 1999), rather vice versa. This case history thus can also provide a
useful analogue to examine the widespread chert horizons in the E–C
successions, especially deep-water successions, in many other con-
tinents, such as in Lesser Himalaya of India, West Africa craton, Arabia
craton, Lesser Karatau of Mongolia (Cook and Shergold,1986; Banerjee
et al., 1997; Flicoteaux and Trompette, 1998; Mazumdar et al., 1999;
Kimura and Watanabe, 2001; Schröder and Grotzinger, 2007), in
which prominent positive Eu anomalies, a signature only resulted
from hydrothermal activity on the Earth's surface (Michard, 1989;
Chen et al., 2006), have been evidenced in some of the chert and
phosphate deposits of the basal Cambrian (Flicoteaux and Trompette,
1998; Mazumdar et al., 1999; Schröder and Grotzinger, 2007).
Therefore, the hydrothermal activities in the Early Cambrian were
likely of global significance, which could be an alternative candidate to
trigger the vast changes in climate, oceanic environment and oceanic
chemistry across the E–C transition, in view the extent of vent fields,
as those large igneous provinces being interpreted to link the
prominent negative carbon isotopic anomalies in other critical interval
such as Siberia and Emeishan traps in Permian–Triassic transition
(∼250 M years ago) (Wignall, 2001), and Deccan trap in Cretaceous–
Tertiary transition (∼65.5 M years ago) (Courtillot et al., 1986).

7.3. Hydrothermal venting and oceanic geochemistry

The corollary of the stratigraphic coincidences of hydrothermal
silica chimneys with the major negative carbon isotopic excursions in
the Early Cambrian as documented above (Figs. 5 and 7) point to a
causal link between them, at least, on Yangtze Platform. It is well
demonstrated thatmodern hydrothermal venting activities on oceanic
spreading centres could have released vast amounts of greenhouse
gases into the oceans and atmosphere (e.g., Corliss et al., 1979;
Humphris et al., 1995; Resing et al., 2004), which may lead to global
warming and subsequent negative carbon isotopic excursion of global
carbon reservoir as the ventfields arebig enough (Svensen et al., 2007).
The large-magnitude of negative excursions both for δ13Corg and δ13C
values (∼10‰), coincident with occurrences of hydrothermal venting I
and III, in the base of Nemakit–Daldynian and Tommotian stages on
Yangtze Platform (Fig. 7), suggests a rapid massive input of highly 13C-
depleted carbon (i.e. methane), which is a common scenario observed
in oceanic hydrothermal systems (Horibe et al., 1986; Charlou et al.,
2002), especially when the hydrothermal fluids penetrate the organic-
rich sedimentary successions (Vidal and Vidal, 1981; Svensen et al.,
2004, 2007), as is the case of this study as that hydrothermal fluids
penetrated the underlain Precambrian carbonate- and organic-rich
sedimentary strata, such as the Ediacaran Doushantou Formationwith
organic-rich deposits (≥∼100 m thick) (Zhu et al., 2003).

The carbon isotopic values of thermogenic CH4 could be very low
(−25 to −50‰) (being more depleted as venting fluid temperature
decreases), whether it is vented from sediment-free mid-ocean ridges
(Horita and Berndt, 1999) or from organic-rich sedimentary succes-
sions (Vidal and Vidal 1981; Hunt, 1996). The reported hydrothermal
silica chimneys here, as a low-temperature hydrothermal system,
were channeled through the underlain Neoproterozoic organic-rich
sedimentary successions via fault conduits, fromwhich huge amounts
of isotopically rather depleted CH4 gases (with CO2 as well), resulted
from interactions between upwelling hydrothermal fluids and
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ambient sedimentary host rocks, could have vented into the ocean and
atmosphere, making a big contribution to the extremely warming
climate in the earliest Cambrian, and subsequent large-scale negative
carbon isotopic excursions of exchangeable global carbon reservoir, as
observed in the base of Nemakit–Daldynian and Tommotian stages,
especially the former. The negative shift of Sr isotope ratios in the base
of Tommotian (Brasier et al., 1996; Kaufman et al., 1993, 1996; Walter
et al., 2000) supports an enhanced hydrothermal activity during this
time interval, nevertheless, such a Sr isotopic excursion is absent in
the beginning of the Cambrian just in the base of Nemakit–Daldynian
in global database due to outcrop quality and/or depositional hiatus.

Another major episode of silica chimney (II) is identified in the
mid-upper Liuchapo chert successions, temporally corresponding to
the early time of positive carbon isotopic anomaly S2 in northeastern
Yunnan, and anomaly I in Siberian and elsewhere (Fig. 7). Never-
theless, the persistent low δ13Corg values from occurrences of silica
chimneys I through II suggest that the hydrothermal venting could
have taken place more or less continuously in different localities,
which may account for the missing of the positive carbon isotopic
anomaly Z on Yangtze Platform as a result of buffering of persistent
input of 13C-depleted carbon into the ocean and atmosphere.

The stratigraphic coincidence of silica chimneys (I to III) with the
negative shifts of δ34Spy values (Fig. 5) points to a causal linkage
between them although bacterial-sulfate reduction (BSR) may have
also played a role. In general, the pyrites formed as a result of BSR
display typical framboidal aggregates, commonly represented by
negative δ34Spy values. Nevertheless, the textures of pyrite in the chert,
as described earlier, are not typical features of BSR origin. Moreover,
within these horizons, the δ34Spy values (Fig. 5) fall well within the
range of the δ34Spy values of hydrothermal-originated sulfides formed
in modern oceanic spreading centres (0 to 8‰ mostly), particularly
those formed in immature back-arc spreading centres (0 to 10‰
mostly (Chiba et al., 1998; Herzig et al., 1998; Seal, 2006), reconciling a
coeval significant input of hydrothermal (or volcanic)-derived sulfur
from depths into the ocean through the vents where the sulfur
isotopes were not appreciably fractionated likely due to a sudden
oxidation of some emanating H2S gases during precipitation of
sulfides (e.g., Vidal and Vidal, 1981). The δ34Spy values in the
hydrothermal systems are resulted frommixing of sulfur from upflow
venting fluids with sulfur from reduced seawater sulfate (Chiba et al.,
1998; Herzig et al., 1998), such that the heavier δ34Spy values indicate a
larger portion of reduced seawater sulfate in the hydrothermal fluids
(Herzig et al., 1998). The relative heavy δ34Spy values (generally +12 to
22‰) of other chert deposits and black shaleswere thus likely resulted
from increased sulfur influx of reduced seawater sulfate (by ∼30–60%)
in view of the high δ34S values (∼+35‰) of seawater sulfate in the
early Cambrian (Fig. 5; Shen et al., 1998; Strauss, 1997; Goldberg et al.,
2005), in the context of attenuation of hydrothermal activities and
enhancement of marine BSR. These relatively heavy δ34Spy values
generally fall within the range of average δ34Spy values, although a
wide range did exist, of normal marine-originated pyrites formed in
the Early Cambrian (Strauss, 1997). In addition, hydrothermal fluids
circulating through the Precambrian sedimentary basement may have
also acquired sulfur isotopic values higher than those derived from the
end-member fluids at sediment-barrenmid-ocean ridges (∼0 to +3‰)
(Chiba et al., 1998; Herzig et al., 1998; Seal, 2006), probably owing to
the presence of heavy isotopic sulfur in the Precambrian sedimentary
cover (e.g., Li et al., 1999). In comparison to the δ34S values of seawater
sulfate in the early Cambrian as stated above (Shen et al., 1998;
Strauss, 1997; Goldberg et al., 2005), the low δ34Ssulfate value (18.82‰)
of barite in emanating channel of chert mounds reflects the apparent
incorporation of isotopically light sulfur from the oxidation of H2S in
the hydrothermal fluids (Hannington and Scott, 1988; Herzig et al.,
1998).

On the other hand, the massive releasing of reduced hydrothermal
fluids with abundant H2S and Fe into the ocean through submarine
hydrothermal venting (Herzig et al., 1988; Stüben et al., 1994; Halbach
et al., 2002) could have enhanced the oceanic anoxia, which, in turn,
enhanced the bacterial-sulfate reduction effect as is indicated by the
increased sulfur isotopic fractionation from Ediacaran to the Early
Cambrian, thereby leading to the heavy isotopes of seawater sulfates
in the Early Cambrian as observed (Fig. 5) (Shen et al., 1998; Goldberg
et al., 2005). On Yangtze Platform, abundant barite and witherite
deposits occur in the lowermost Cambrian chert-black shale succes-
sions, approximately corresponding to the base of Tommotian, both
along the northern and southernmarginal zones (Fig.1A;Wang and Li,
1991), implying the seawater sulfate concentration was not a major
limiting factor leading to the heavy δ34S values of seawater sulfates,
which might have been sourced and replenished by the open marine
reservoir in the context of the maxima of the Early Cambrian
transgression on Yangtze Platform (Zhu et al., 2003), although
hydrothermal fluids are commonly depleted in sulfate. The occur-
rences of hydrothermal silica chimneys in the earliest Cambrian is
likely a reflection of the maxima of oceanic hydrothermal activity
initiated from the Neopropterozoic in the context of accelerated
breakup of Rodinian supercontinent (e.g., Veevers et al., 1997), which
may provide a useful clue to account for the deep-water sulfidic
ferruginous seawater conditions during the E–C transition (Canfield
et al., 2008) in view of the vast input of H2S and Fe2+ into the ocean
through the hydrothermal venting.

8. Conclusions

(1) Three-episode hydrothermal silica chimneys (I–III) are well
identified in the black chert-black shale successions of deep-
water E–C boundary successions along the marginal zone of
Yangtze Platform, South China. These silica chimneys are
displayed by stacked mounded chert units with spongy to
digitiform internal structures and splayed/funnelized brec-
ciated chert bodies; abundant initial vesicles and channels are
mostly lined by botryoidal chalcedony cements.

(2) SHRIMPU–Pb dating of the zircon crystals from tuffaceous layer
in the uppermost chert succession of Liuchapo Formation at
Ganziping, western Hunan yields an age at 536.3±5.5 Ma (2σ),
which is proposed to correlate with the U–Pb age of zircons at
538.2±1.5 Ma from the ZhongyicunMember (Bed 5-white clay)
of Meishucun Formation at Meishucun, eastern Yunnan.

(3) Stable isotopic analyses of organic carbon across the E–C
boundary at Ganziping, western Hunan reveal three negative
carbon isotopic excursions and twopositive excursions from the
top Dengying dolostones, through the Liuchapo chert, the
unnamed dolostones to the base of Niutitang black shales. The
first and the third negative excursions are temporally coincident
with the first and the third silica chimney levels (I and III) in the
bases of Liuchapo and Niutitang formations, respectively at this
locality; anchored both by the U–Pb zircon age and biostrati-
graphic data, the two negative excursions are proposed to be
correlated with those in the base of Xiaowaitoushan and
Shiyantou members of Meishucun Formation in northeastern
Yunnan, and further to be correlated with those in the bases of
Nemakit–Daldynian and Tommotian stages in Siberia and
elsewhere. Therefore, the occurrences of the silica chimneys
are constrained within the earliest Cambrian.

(4) Sulfur isotopic data reveal three negative isotopic excursions of
sulfide sulfur (0 to 10‰) and a positive isotopic excursion of
carbonate-associated sulfur across the E–C boundary; the three
negative isotopic excursions of sulfide are temporally coin-
cident well with the occurrences of the three silica chimney
horizons.

(5) The stratigraphic coincidence of hydrothermal silica chimneys
with the major negative isotopic excursions of organic carbon
and sulfide sulfur in the Lower Cambrian points to a causal link
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between which the hydrothermal venting could have released
huge amounts of silica-rich reduced hydrothermal fluids with
abundant 13C-depleted greenhouse gases (methane) and
volcanic-originated H2S into the ocean and/or atmosphere,
resulting in an extreme warm climate and oceanic anoxia, and
subsequent extensive deposition of silica matter (chert), and
large-magnitude negative isotopic excursions of carbon
(∼10‰) and sulfide sulfur (0 to 10‰).
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