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ABSTRACT

The Ediacaran—Cambrian transition was one of the most critical intervals in
Earth history. During this interval, widespread chert was precipitated,
commonly as a stratal wedge in carbonates, along the southern margin of the
Yangtze Platform, South China. The chert wedge passes into a full chert
succession further basinward to the south-east. Four lithotypes of chert are
identified across the marginal zone in western Hunan: mounded, vein,
brecciated and bedded chert. The mounded chert is characterized by
irregular to digitiform internal fabrics, generally with abundant original
vesicles and/or channels that mostly are lined by botryoidal chalcedony
cements with minor quartz and barite crystals. The host chert (or matrix) of
these mounds is dominated by amorphous cryptocrystalline silica, commonly
disseminated with pyrite. The vein chert, with minor quartz locally, generally
cross-cuts the overlying dolostone and chert horizons and terminates under
the mounded and/or bedded chert bodies. The brecciated chert commonly
occurs as splayed ‘intrusions’ or funnel-shaped wedges and cross-cuts the
topmost dolostones. The bedded chert, the most common type, generally is
thin to medium-bedded and laminated locally; it is composed of amorphous
silica with minor amounts of black lumps. Microthermometry of fluid
inclusions from vein and void-lining minerals (mainly quartz and barite)
revealed homogenization temperatures from 120 to 180°C for the trapped
primary fluids. Compositionally, these chert deposits generally are pure, with
SiO; > 92 wt%, and only minor Fe,O3; and Al,O; contents, most of which
show positive Europium anomalies in rare earth element patterns, especially
for the mounded chert. All these data suggest that the marginal zone chert
deposits resulted from a low-temperature, silica-rich hydrothermal system, in
which the mounded chert was precipitated around the releasing vents, i.e. as
silica chimneys. The vein and splayed brecciated chert, however, was formed
along the syndepositional fault/fracture conduits that linked downward,
while the bedded chert was precipitated in the quieter water column from the
fallout of hydrothermal plumes onto the sea floor. These petrological and
geochemical data provide compelling evidence and a new clue to the
understanding of the extensive silica precipitation; rapid tectono-
depositional and oceanic changes during the Ediacaran—Cambrian transition
in South China.
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INTRODUCTION

The Ediacaran—Cambrian (E—C) transition was a
critical time in Earth history marked by dramatic
changes in the biotic realm, i.e. the disappearance
of Ediacaran biota and subsequent explosive
bioradiation of metazoans in the Early Cambrian
(Brasier, 1995; Grotzinger et al., 1995; Amthor
et al., 2003; Steiner et al.,, 2007) and ocean
chemistry (Shen & Shidlowski, 2000; Kimura &
Watanabe, 2001; Goldberg et al., 2005; Schroder &
Grotzinger, 2007). Extensive black chert succes-
sions of the Liuchapo Formation (or equivalents),
overlain by thick black shale series of the Niuti-
tang Formation (or equivalents), commonly occur
in the E-C successions off the northern and
southern flanks of the Yangtze Platform (Zhu
et al., 2003; Fig. 1A). Compared with the Niuti-
tang polymetallic black shales, less attention has
been paid to the Liuchapo chert deposits, and
thus their origins were even more poorly con-
strained. This scenario is not favourable for a
complete understanding of the vast oceanic
changes which occurred during the E-C transi-
tion. Based mainly on geochemical data, both
hydrothermal (Peng et al., 1995; Li & Gao, 1996;
Li, 1997; Jiang & Li, 2005) and marine (biogenic)
processes (Tang et al., 1997; Guo et al., 2007)
have been proposed as causative mechanisms.
Geological evidence of hydrothermal origin,
although noticed by some earlier researchers (Li,
1997), has not been further investigated and
reasonably documented.

The platform to basin transition zone is a key
area sensitive to oceanic changes both in shal-
low and deep-water regimes. In a previous
study, although a few lines of petrological
evidence for the hydrothermal-originated Liuch-
apo chert deposits (silica chimneys) across the
marginal zone of the Middle Yangtze Platform
near Dayong (or Zhangjiajie) in western Hunan,
South China were reported (Chen et al., 2009;
Fig. 1), they were neither well-documented nor
interpreted in detail. In this paper, additional
petrological evidence for these specific chert
deposits, together with microthermometric and
geochemical data, is provided to refine the
origin of the extensive chert deposits and to
better understand the vast environmental and
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biotic turnovers during the E-C transition. All
these data further support the hydrothermal
origin for the E—C chert deposits across the
marginal zone.

GEOLOGICAL SETTING

During the E-C transition, the Yangtze Block
gradually evolved from a rift to a passive conti-
nental margin basin (Wang & Li, 2003), most of
which was covered by carbonate platforms that
evolved from the early Ediacaran (Doushantuo)
rimmed carbonate platform system (Vernhet &
Reijmer, 2010; Jiang et al., 2011). These platforms
were surrounded by narrow margin-slope zones
on the northern flank (ca 900 km long) and south
to south-western flank (21600 km long; Fig. 1A).
The southern margin-slope of the Yangtze plat-
forms (Fig. 1A) extended approximately along the
antecedent Jinningian (ca 1-0 to 0-8 Ga) orogenic
zone (or Jiangnan orogen) between the Yangtze
and Cathaysia blocks (Li, 1999; Zheng et al,
2008). From the late Ediacaran (ca 551 Ma),
widespread chert, rather than carbonates, was
deposited simultaneously in deeper environ-
ments off platform margins and further basin-
ward, including in intraplatform basins (Zhu
et al., 2003; Fig. 1A). These carbonate platforms
subsequently were drowned in the Early Cam-
brian.

This study focuses on the chert successions
across the marginal zone of the Middle Yangtze
Platform near Dayong in western Hunan, South
China (Fig. 1). On this platform, the shallow
water E-C successions include the Dengying
Formation, composed mostly of stromatolitic
and/or algal dolostones, and the overlying Niuti-
tang Formation (or equivalents), composed of a
basal phosphorite-rich (locally with a polymetal-
lic Ni-Mo-PGE sulphide bed) horizon and an
upper black shale succession up to several hun-
dred metres thick. The correlative ‘deep-water’ E—
C sections include the Liuchapo Formation (or
equivalents), composed mainly of bedded to
massive chert deposits (ca 10 m up to ca 100 m
thick), which is also overlain by the Niutitang
Formation (Fig. 2). This siliceous formation is a
diachronous stratigraphic unit, deposited earlier
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Fig. 1. (A) Simplified palaeogeographic map of the Yangtze Block during the Ediacaran—Cambrian transition,
illustrating the geological setting of the study area. (B) Geological map near Dayong in western Hunan, South China.
The dashed line shows the location of the stratigraphical transect in Fig. 2.

in the deeper, basinward environment (Chen
et al., 2009). The boundary demarcating the Edi-
acaran and Cambrian systems was placed tenta-
tively within the Liuchapo Formation in the
deeper slope to basin setting (Zhu et al., 2003).
Based on zircon U-Pb isotopic dating and carbon
isotopic stratigraphy (Chen et al., 2009; Fig. 2), it
is proposed that the E-C boundary be further
defined and placed near the base of the Liuch-
apo Formation toward the carbonate platform
margin.

METHODS

Detailed outcrop investigation, descriptions and
microscopic examinations were carried out first
to characterize the occurrence and petrology of
the Liuchapo chert on the south-eastern margin of
the Middle Yangtze Platform (see Fig. 1 for the
locations of studied sections). Then microther-
mometric measurement of fluid inclusions was
conducted on selected doubly polished wafers to
determine the properties of fluids from which the
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Fig. 2. Cross-section showing stratigraphic and lithofacies changes straddling the Ediacaran—Cambrian boundary
from the platform to the margin on the southern flank of the Yangtze Platform near Dayong (or Zhangjiajie), western
Hunan, South China (modified from Chen et al., 2009). Three episodes of hydrothermal venting (I, II and III) can be
identified approximately in the study area. DST Fm = Doushantuo Formation, DY Fm = Dengying Formation. Age
data from Chen et al. (2009). See Fig. 1 for the location.

© 2011 The Authors. Journal compilation © 2011 International Association of Sedimentologists, Sedimentology, 59, 809—829



silica precipitated. To minimize the effect of
re-equilibration on the homogenization tempera-
tures (Ty), the fluid inclusion assemblage (FIA),
defined as a group of inclusions along a sin-
gle growth zone with consistent vapour/liquid
ratios (Goldstein & Reynolds, 1994), was applied
in microthermometric measurement. The accu-
racy of Ty, values and final melting temperature of
ice (T,,) is within 0-5°C and 3°C, respectively.
Salinity is calculated using T;, values and is
expressed as wt% NaCl equivalent (Bodnar,
1993): wt% NaCl = 178 x T,, — 0:0442 x T%,, +
0-000557 x T3,,.

After petrographic examination, different types
of chert from each of the studied localities
(Fig. 1B) were selected and separately powdered
for geochemical analyses. Major elements were
analysed using an automatic X-ray fluorescence
spectrometer (Shimadzu XRF-1500; Shimadzu
Corporation, Kyoto, Japan) using fusion glasses
made from a mixture of powdered sample and
flux (Li,B,O;) in the proportion of 1:8. The
precision and accuracy of the major-element data
are <3% and ca 5% (20), respectively. X-ray
diffraction analysis was conducted to assess the
non-silica minerals present in the chert. Samples
(powder) for trace elements, including rare earth
element (REE) analysis, were first digested with
HNO,-HF-HCLO, solution in sealed Teflon®
beakers, then the dissolved solution was intro-
duced into the inductively coupled plasma mass
spectrometer (Finnigan Element ICP-MS; Thermo
Scientific, West Palm Beach, FL, USA) for anal-
ysis. Precision for all trace elements is estimated
to be 5% and accuracy is better than 5% for most
elements, detection limits for almost REE are 0-1
parts-per-billion (ppb) in concentration. All anal-
yses were carried out at the Institute of Geology
and Geophysics, Chinese Academy of Sciences.

To avoid analytical interference on calculations
of Europium (Eu) anomalies caused by Ba con-
centrations in ICP-MS analysis, corrections
according to the method of Dulski (1994) were
applied: Eu/Eu* = (3 x Eu,)/(2 x Sm, + Th,).
Cerium (Ce/Ce*) and Praseodymium (Pr/Pr*)
anomalies were calculated according to the
method of Bau & Duski (1996): Ce/Ce* = Ce,/
(o-5La, + 0-5Pr,), Pr/Pr* = Pr,/(0-5Ce, + 0-5Nd,),
using shale PAAS-normalized abundances. The
‘n’ refers to normalized concentrations against the
shale standard PAAS (Taylor & McClennan, 1985;
McLennan, 1989). The degree of light REEs
(LREEs) enrichment relative to heavy REEs
(HREEs) is presented as the ratio of shale-nor-
malized La to Yb (La,/Yb,).

Ediacaran-Cambrian chert in South China 813

RESULTS

Petrology of chert

The study area was geologically located across
the marginal zone of the Middle Yangtze Plat-
form near Dayong (or Zhangjiajie), western
Hunan in South China (Fig. 1). Stratigraphic
correlation across the depositional strike (from
Wangjiazhai to Ganziping, Daping, Tianping,
Siduping and Xugongping) demonstrates that
shallow-water Dengying dolostones along the
platform margin sharply pass basinward into
Liuchapo chert deposits which occur as a stratal
wedge embedded in the carbonate successions;
this chert wedge thickens rapidly and passes
basinward into a complete chert succession
(Chen et al., 2009; Fig. 2). Detailed observations
across the marginal zone enable four types of
chert to be recognized within the chert wedge: (i)
mounded; (ii) vein; (iii) brecciated; and (iv)
bedded chert.

Mounded chert

Mounded chert is present in the mid-upper
horizon of Liuchapo Formation at Ganziping
and the mid-lower part at Daping (Fig. 2). This
facies, commonly 05 to 2 m thick, is character-
ized by mounded or domal surfaces on the top
(Fig. 3A and B). These mounds, generally 20 to
50 cm across and <30 cm in relief, occur either
individually or as laterally linked clusters,
upon which remnant vents are preserved locally
(Fig. 3B). The well-preserved silica mounds com-
monly exhibit irregular spongy (or honeycombed)
to digitate internal fabrics (Fig. 3C to E), locally
with interconnected channels and veins (Fig. 3F).
Abundant vesicles/voids were present within the
mounds although they were mostly plugged by
botryoidal fibrous (length-fast) chalcedony (com-
monly recrystallized), and radiating micro-quartz
to macro-quartz crystals with minor lath-like
(bladed) barite, pyrite and saddle dolomite (Figs
3C to F and 4A to C). The host chert (or matrix) is
dominated by amorphous to cryptocrystalline
silica, in which silicified Fe-oxyhydroxide shrubs
are preserved locally. The matrix is commonly
impregnated with irregular or idiomorphic
Fe-sulphides or their alteration products (i.e.
hematite; Figs 3E and 4D), especially along the
channel walls (Fig. 3F). Rare sanidine, muscovite
and volcanic glass (cryptocrystalline) fragments
(platy, cuspate and crescent glass shards) were
identified within the matrix of silica mounds
(Fig. 4E).
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Fig. 3. (A) Mounded chert horizon exhibited by the domal surface and spongy internal fabrics in which abundant
vesicles are filled mainly by barite and quartz. Ganziping. Hammer for scale (35 cm long). (B) Relict venting spouts on
the surface of a chert mound (circle). Hammer for scale (35 cm long). (C) Scanning electron microscope photomi-
crograph showing honeycomb-like fabrics of chert within a silica mound. Ganziping. (D) Irregular to digitiform
fabrics in the silica mound, abundant voids and/or conduits, some still open (circle). Ganziping. (E) Polished slab
showing irregular to spongy internal fabrics within the silica mound, abundant original voids and vent conduits
mostly plugged by saddle dolomite ‘sd’, botryoidal chalcedony ‘bc’ and quartz cements. The silica matrix consists of
dark grey amorphous to cryptocrystalline silica impregnated with abundant irregular pyrite crystals ‘py’. Ganziping.
(F) Polished slab showing tortuous, interwoven vent channels lined with radiating fibrous agate crusts (or chalce-
dony) (arrows) in the silica mound. Note the minor bladed barite crystals ‘Br’ within the channel and abundant Fe
sulphides in the silica host (altered to hematite due to later oxidation). Daping (from Chen et al., 2009).

Vein chert

Vein chert, generally 1 to 10 cm wide, is pre-
served in the dolostones as vein/fracture infills in
the middle and/or the top carbonates above the
chert wedge at Ganziping and Daping (Fig. 2).
Vein infills mainly comprise cryptocrystalline
silica (chert), with minor quartz crystals locally.
The chert-filling veins are found to cross-cut the
dolostones sub-vertically, and terminate under
those mounded and/or bedded chert facies
(Fig. 2); they are laterally linked to the interbed-
ded chert veins, forming complicated vein net-
works (Fig. 4F).

Brecciated chert

Brecciated chert occurs where the uppermost
dolostones are present, i.e. at Tianping (Fig. 2).
This facies sub-vertically cross-cuts the upper-
most dolostones and is overlain directly by the
Niutitang phosphorite-rich shales, commonly
forming splayed/funnelled brecciated ‘intrusive
bodies’ (Fig. 4G). Such silica ‘intrusions’ locally
occurred closely as clusters (spaced 5 to 8 m
apart). The breccias generally are angular in shape
and composed of cryptocrystalline silica, within
which micro-fissures, lined with quartz, dolomite
and rare barite, are extensive.

Bedded chert

Bedded chert is the most common type among the
chert facies in the studied sections and tends to
be the exclusive one further basinward (Fig. 2).
This facies generally is thin to medium-bedded,
locally thick-bedded (>30 cm in bed thickness).
The thin-bedded chert generally bears horizontal
fine lamination indicated by compositional
alternations, but the medium-bedded and thick-
bedded chert commonly shows weak to no
lamination. Slumps and/or intraformational trun-
cation are present generally in the thin-bedded
chert at the outer part of the chert wedge, i.e. at
Tianping and further basinward (Fig. 2). The

lithology is composed mainly of amorphous
cryptocrystalline silica with minor amounts of
black lumps (or aggregates) (probably organic
matter). Rare silicified worm-like fossil remains
(Fig. 4H) are present within this type of chert,
particularly at the base of chert successions.
Several thin, tuffaceous beds (generally <5 cm)
are intercalated within the thin-bedded chert
horizons.

Fluid inclusion microthermometry

Two-phase (liquid-vapour) primary aqueous FIAs
were observed along growth zones of relatively
coarse-crystalline void/vein-lining quartz and
barite crystals. However, rare, even single-phase
aqueous, fluid inclusions were observed in the
earlier void/vein-lining botryoidal chalcedony.
Fluid inclusions, with vapour/fluid ratios of 5 to
10%, generally are small (3 to 8 um) in size and
variable (oval, elongate or irregular) in shape.
Each FIA has relatively consistent Ty, and Ty,
values, suggesting minimal re-equilibration.

In this study, microthermometry was con-
ducted on samples derived from Daping and
Ganziping (Fig. 5A to D). At Daping (Fig. 5A
and C), channel-lining equant quartz crystals (see
Fig. 4A) yield Ty, values of 120 to 146°C (average
130°C) and Ty, values of —17-1 to —12-9°C (average
—15-0°C). The salinity, estimated from T, values,
varies from 16:8 to 20-3 wt% NaCl equivalent
(average 18:6%). Channel-filling bladed barites
(see Fig. 3F) yield Ty, values of 125 to 141°C
(average 1347°C) and T,, values of -22-2 to
-181°C (average —20-2°C). The salinity varies
from 21-1 to 23-8 wt% NaCl equivalent (average
22-5%). At Ganziping (Fig. 5B and D), prismatic
quartz crystals in the chert vein (upper part of
Fig. 4F) have Tj, values of 141 to 177°C (average
159-5°C), T,, values between —20-5°C and —16-4°C
(average —18-9°C), and salinity from 19-8 to 22-7
wt% NaCl equivalent (average 21:6%). No fluid
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Fig. 4. (A) A micro-vein/channel in an amorphous silica host filled by three generations of silica cements in order: (i)
thin microcrystalline bladed quartz crusts; (ii) cryptocrystalline fibrous chalcedony (or agate) cements (spherolitic
extinction); and (iii) micro-crystalline to meso-crystalline quartz mosaics in the centre. Ganziping. Cross-polarized
light. (B) Scanning electron microscope (SEM) photomicrograph showing a vesicle/void plugged by three generations
of cements in order: (i) fibrous chalcedony ‘fc’; (ii) barite ‘br’; and (iii) pyrite crystal ‘py’. Daping. (C) Photomicro-
graph showing veins/voids cemented by saddle dolomite ‘sd’ and botryoidal chalcedony ‘bc’ and microquartz
crystals (light-coloured areas). Note the dolomite corrosion by the silica (arrow) and the Fe-oxyhydroxide shrubs in
the silica host. Ganziping. Plane-polarized light. (D) SEM photomicrograph showing kidney-shaped Fe oxide
(hematite) in the quartz-lining void and on the surface. Daping. (E) Volcanic glasses in the chert mound, charac-
terized by amorphous glass shards and devitrified glasses. Ganziping. Plane-polarized light. (F) Black chert head
intruded upward into (hollow arrow) and finally cross-cutting the thin-bedded dolostones (solid arrows), leading to
progressive corrosion and/or replacement of dolostones. Ganziping. Hammer for scale (35 cm long). (G) Brecciated
‘intrusive chert body’ cross-cutting the overlying dolostone ‘dol’” and splaying sub-vertically. Note the chert breccias
and silicified dolobreccia (within the circle) in the ‘intrusive’ chert unit. ‘ch’ = chert. Tianping (from Chen et al.,
2009). Hammer is 35 cm long. (H) Silicified worm-like fossils (Palaecopascichnus jiumenensis, cf. Dong et al., 2008)
preserved in the basal bedded chert. Ganziping. Plane-polarized light.
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of Ty, and salinity of fluid inclusions from Ganziping. FIA = fluid inclusion assemblage.

inclusion data was obtained from the botryoidal
chalcedony for this study.

Element geochemistry

Major and trace element (including REE) concen-
trations for the Liuchapo chert are presented in

Tables 1 and 2. In general, all of the chert types
are dominated by SiO, (generally 92 to 97%),
with minor contributions from total Fe-oxides
(denoted as TFe,O5; 0:34 to 7-14%) and Al,O4
(0-04 to 2-74), and extremely low contents of TiO,
(<0-12%). There is no significant variation in SiO,
content among the different types of chert, except
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for one low value due to a high TFe,O; content
derived from mounded chert. The TFe,0O5; con-
tents are relatively high (average 3:51%) in the
mounded chert, and low in the brecciated chert
(average 0-58%). The Al,O; contents are rela-
tively high in the vein (average 1:28%) and
bedded chert (average 1:34%), and low in the
mounded (average 0-95%) and brecciated chert
(average 0:66%). The TiO, contents are persis-
tently low among all four types of chert. Accord-
ingly, the Al,03/(Al,O3 + Fe,03) ratios are the
lowest in the mounded chert (average 0-23),
increasing from vein chert (average 0-31), to
brecciated chert (average 0-48) and to bedded
chert (average 0-63), respectively. The Fe/Ti ratios
are the highest in the mounded chert (average
78-30), decreasing from vein chert (average 42-19),
to brecciated chert (average 31-52) and to bedded
chert (average 20-71). The Ba contents vary
widely from 14-12 ppm (i.e. in vein chert), to
1-62% (i.e. in the mounded chert).

The shale PAAS-normalized REE patterns for
the four types of chert are given in Fig. 6A to D.
Generally, most of the samples exhibit apparent
convex REE patterns, with intermediate negative
Ce anomalies and intermediate to high positive
Eu anomalies, particularly from the mounded
chert, whereas a few samples from vein and
bedded chert have slightly flat REE patterns with
negative Eu anomalies. The total REE contents
(XREE) are generally very low in all types of chert
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(<519 ppm), particularly in the mounded chert
(average 7-56 ppm). The Ce/Ce* ratios vary from
0-60 to 0-79 (average 0-68) in the mounded chert,
from 0-35 to 062 (average 0-51) in brecciated
chert, from 0-55 to 0-78 (average 0-66) in the vein
chert, and from 026 to 0-86 (average 0-62) in
bedded chert, representing intermediate negative
Ce anomalies in all types of chert. Eu/Eu* ratios
are variable from 2-28 to 24-91 (average 8:66) in
mounded chert, from 0-66 to 18-86 (average 6-00)
in brecciated chert, from 1-50 to 252 (average
1-97) in vein chert, and from 0-15 to 7-82 (average
2-32) in bedded chert. More than half of the
samples have ratios of Eu/Eu* larger than 150,
which indicates apparently positive Eu anoma-
lies. Except for two samples, Pr/Pr* ratios are
larger than 1-05 in all types of chert, but less than
1-78 (average 1-20). The La,/Yb,, ratios are mostly
less than 1-00 in the four lithological types except
for two samples (GZP29’ and TP28).

INTERPRETATION AND DISCUSSION

Petrological constraints on chert formation

Mounded chert

The presence of voids and/or channels lined by
botryoidal chalcedony cements under domal
chert units, and of relict vent spouts on the surface
(Fig. 3B and D) suggests that these features were
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Fig. 6. PAAS-normalized REE abundance patterns of different types of chert (mounded, vein, brecciated and bedded
chert). Most chert types show apparent positive Eu anomalies and weak to intermediate negative Ce anomalies.
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formed along the fluid pathways generated
through hydrothermal venting of silica-rich fluid
migrating upward from depth. Alternative expla-
nations that these were formed through silica
permineralization or replacement of former car-
bonates were not accepted, as these structures
apparently are not associated with the former
carbonates (i.e. extensive microbial lamination in
the absence of evaporites; Hesse, 1988). However,
such emanating outlets were easily plugged and
rarely preserved due to the nature of silica gel.
The botryoidal (or spheroidal) and fibrous silica
cements in voids and channels (Figs 3E, 4A and
4B) are also unlikely to have been a product of
silica replacement, but rather a product precipi-
tated from the rapidly cooling silica-rich fluid as a
result of interactions between hydrothermal
fluids and sea water (Herzig et al., 1988; Stiiben
et al., 1994; Hopkinson et al., 1999). Chalcedony
fibres are indicators of silica polymer chain
linearity, a function of pH levels of fluids (Hea-
ney, 1993), which is favoured in rapidly cooling
acidic siliceous solutions due to widespread
suppression of silica polymer cross-branching
(Hopkinson et al., 1999). On the other hand, as
evidenced by the microthermometric data stated
earlier, occurrences of minor, wall-lining granular
microquartz and drusy macroquartz, as well as
barite and pyrite crystals in voids and veins
(Figs 3E, 4A and 4B), are probably a reflection of
secondary mineral formation through secondary
heating and recrystallization in a relatively silica-
poor fluid at a higher temperature (Alt et al.,
1987; Stiiben et al., 1994). Therefore, the coexis-
tence of amorphous silica, fibrous chalcedony,
micro-macro quartz and barite, as well as pyrite in
some cases, can be attributed to variable super-
saturations and rates of nucleation and growth in
response to episodic hydrothermal activities
(Hopkinson et al., 1999). Minor saddle dolomite
cements along some voids and/or vent channels
(Figs 3E and 4C) could have been precipitated
from the early hydrothermal fluids, with Mg ions
probably sourced from the underlying Neoprote-
rozoic dolostones (i.e. Dengying and Doushantuo
formations) through interactions of upwelling
hydrothermal fluids with the host dolostones.
The amorphous silica host (or matrix) and dis-
seminated pyrite are indicative of precipitation
under a combination of conductive cooling,
together with intermixing of hydrothermal fluids
with sea waters at low-temperature (ca 50°C)
diffusive vent fields as observed on the modern
oceanic sea floor (Herzig et al., 1988; Stiiben
et al., 1994; Halbach et al., 2002).

Ediacaran-Cambrian chert in South China 821

Rare minerals, such as sanidine and muscovite
in chert, are unlikely to be products of the silica
replacement of carbonates or to occur through
direct precipitation from normal sea water. A
more likely mechanism of introducing these
minerals would be through the addition of tuffa-
ceous admixture; on the other hand, their pres-
ence may account for the slight increase in Al,03
contents as described earlier, compared with
those of reported silica chimneys on oceanic
ridges (Herzig et al., 1988; Stiiben et al., 1994).
Additionally, Fe-sulphides (or their alteration
products) and barites are common smoker miner-
als (Herzig et al., 1988; Stiiben et al., 1994; Hal-
bach et al., 2002); their presence in the mounded
chert would also reconcile hydrothermal venting
as the mechanism responsible for their formation.
Thus, minor void or vein-filling barites (Figs 3F
and 4B) probably were precipitated from upflow
Ba-rich vent fluids upon mixing of relatively
sulphate-rich sea waters with respect to hydro-
thermal fluids (Bertine & Keene, 1975; Stiiben
et al., 1994; Halbach et al., 2002). This scenario is
supported by **S-depleted sulphate sulphur iso-
topic data (18-:8%, VCDT) compared with that of
coeval sea water sulphate (ca 35%, VCDT) (Chen
et al., 2009), and microthermometric data as
listed earlier. On the Yangtze Platform, abundant
barite and witherite deposits occur in the lower-
most Cambrian black shale successions both
along the northern and southern marginal zones
(Fig. 1A). These deposits were proposed to have
been precipitated from Ba-rich hydrothermal (or
volcanic-derived) fluids (Xia et al., 2004) or,
alternatively, upon mixing with anoxic sul-
phate-bearing sea waters (Wang & Li, 1991; Wang
& Chu, 1993). In addition, the Fe-oxyhydroxide
shrubs preserved in the silica matrix may repre-
sent the silicified remains of microbial filaments
(Duhig et al., 1992); if so, the extremophilic
microbes could have colonized extensively in
the silica vents, as is seen widely in modern and
ancient hydrothermal vent systems (Humphris
et al., 1995; Jones & Renaut, 2003; Lowe &
Braunstein, 2003; Van Kranendonk, 2006). The
presence of volcanic glass shards in the mounded
chert units (Fig. 4E), however, excludes silica
replacement as the mechanism responsible for
their formation and suggests concurrent volcanic
activities in neighbouring regions.

Vein chert

The vein chert, occurring as vein infills, was
probably precipitated along the fracture/vein sys-
tems as a result of cooling of the silica-rich

© 2011 The Authors. Journal compilation © 2011 International Association of Sedimentologists, Sedimentology, 59, 809—829
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hydrothermal fluids when they flowed upward,
particularly as they flowed into the distal branches
away from the main fractures. The minor quartz
cements probably reflect occasional secondary
heating and/or recrystallization at higher temper-
ature, liquid-deficient episodes, such as those
void/vesicle-filled quartz crystals seen in
mounded chert as documented above. Its termi-
nation below the mounded or bedded chert units
(Fig. 2), thus, further supports that silica-rich
hydrothermal fluids from the deep-seated hydro-
thermal sources were channelled through the fault
and/or fracture conduits.

Brecciated chert

The splayed or funnel-shaped brecciated chert
‘intrusions’ that cross-cut the uppermost dolo-
stone horizon (Figs 2 and 4G) were probably
formed by more intensive fracturing or overpres-
sure hydrofracturing, thereby cross-cutting the
uppermost dolostones. In this case, intense brec-
ciation could have taken place along the fracture
zone, along which the angular breccias were then
silicified by ascending silica-rich hydrothermal
fluids; simultaneously minor silica and secondary
dolomite precipitated along the fractures. Com-
pared with the vein chert, this facies was probably
formed along larger-scale fracture conduits in-
duced by more intense fracturing. This brecciated
chert, in association with vein chert as described
above is, to some extent, similar to the Archaean
chert in the Pilbara Supergroup, Western Austra-
lia, where chert breccia and chert + barite + Fe
veins, occurred as the hydrothermal fluid path-
ways that linked the deep magma chambers to the
overlying bedded chert units (Nijman et al., 1998;
Van Kranendonk, 2006).

Bedded chert

The stratified chert beds reflect cyclic variations
of silica flux during deposition, thus thin-bedded
chert, with respect to the thick-bedded counter-
part, indicates deposition with a low silica flux
(or low depositional rate). The horizontal fine
lamination, commonly developed in thin-bedded
chert, further suggests a relatively quiet and deep
setting where weak current agitation favoured
formation and preservation of lamination, recon-
ciling a lower depositional rate as well. On the
marginal zone, the thickness of the chert beds
can, therefore, to some extent, reflect the distance
to the vent fields; the shorter the distance the
thicker the bed thickness (or the higher silica flux
and depositional rate) and vice versa. Compared
with the relatively high relief and agitation of

exhalative fluids around the vent centre, a rela-
tively quiet and deep pool would also favour the
preservation of tuffaceous fallouts, as observed in
this case. However, it is unlikely that so few
layers of thin tuffs, generally 1 to 3 cm thick,
could provide enough silica for the widespread
deposition of chert up to a hundred metres thick
across the E-C boundary successions. The worm-
like biotic remains (Fig. 4H), resembling Palaeo-
pascichnus jiumenensis described by Dong et al.
(2008), may represent a specific species adapted
to the conditions around hydrothermal vent
fields, as seen near modern hydrothermal vents.
The absence of silica-accreting biota (i.e. sponges)
in the chert suggests that biogenic precipitation of
silica was not a major contribution to chert
formation, at least in the study area.

Constraints from microthermometry of fluid
inclusions

Microthermometric data (Fig. 5) indicate that the
void/vein-lining quartz and barite crystals in the
chert (except for the bedded chert) were precip-
itated in hydrothermal brine fluids at tempera-
tures of at least 120°C (up to 177°C) within
emanating channels, although it may be variable
from place to place. The high salinity of primary
fluids (ca five to seven times sea water salinity)
indicates that the phase separation of magmatic or
sea water-derived fluids must have occurred at
higher temperatures at depth (Bodnar et al., 1985;
Bischoff & Pitzer, 1989; Tivey et al., 1998). The
absence of fluid inclusions in the botryoidal
chalcedony, however, attests to a low-tempera-
ture fluid being responsible for their precipita-
tion; an even lower temperature is commonly
considered to be responsible for the precipitation
of amorphous silica (Herzig et al., 1988; Halbach
et al., 2002). This observation indicates that the
temperature of venting fluids in the same vent
fields could be variable at different vents or
venting episodes. The hydrothermal fluids at
depth, however, should be higher in temperature,
and were subject to rapid conductive cooling and
mixing with the cool sea water during the course
of upward migration, leading to substantial pre-
cipitation of amorphous silica at a lower temper-
ature on the sea floor. Lott et al. (1999) identified
hydrothermal quartz veins, yielding homogeniza-
tion temperatures of primary fluid inclusions up to
290°C, in the dolostones about 10 m below the
boundary between Niutitang (black shales) and
Dengying formations in western Hunan, generally
in agreement with the data presented in this paper.
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Constraints from element geochemistry

In marine basins, siliceous sediments can deposit
either from normal marine waters or from hydro-
thermal fluids. High concentrations of silica and
iron in sediments are typical of hydrothermal
discharges on the sea floor as a result of fluid—
rock interactions (Herzig et al., 1988; Stiiben
et al., 1994; Halbach et al., 2002). In this study,
the Liuchapo chert deposits generally have SiO,
concentrations >92 wt%, indicating a fairly high
influx of silica into the ocean. The Fe influx is
commonly assessed by the Al,03/(Al,03 + Fe,03)
ratio (Murray, 1994) and/or the Fe/Ti ratio (Bos-
trom, 1983) of siliceous sediments; low Al,O5/
(Al,O3 + Fe,03) ratios or high Fe/Ti ratios point
to a high Fe influx. The low Al,03/(Al,O3 +
Fe,03) ratios of mounded, brecciated and vein
chert, compared with those of bedded chert,
indicate higher Fe influxes, thereby implying
stronger hydrothermal influences when they pre-
cipitated with respect to the bedded chert. Some
authors (Bostrom, 1983) suggested that hydro-
thermal-originated chert deposits generally yield
Fe/Ti ratios 220. The chert samples in this study
mostly have Fe/Ti ratios >20, especially those
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derived from the mounded chert (Table 1), point-
ing to precipitation apparently influenced by
hydrothermal activity. The lower Al,O3 contents
(Table 1; Fig. 7A) indicate that the chert was
unlikely to have formed from the alteration of
volcanic or volcaniclastic rocks commonly yield-
ing high Al,O3; concentrations contributed by
aluminosilicate minerals; this is consistent with
the rare presence of tuffaceous layers in the chert
successions. High Ba contents in some chert beds
are probably a reflection of the high abundance of
barite, reconciling a hydrothermal origin in view
of the high Ba associated with hydrothermal
fluids (Bertine & Keene, 1975; Stiiben et al.,
1994; Halbach et al., 2002).

In the sea floor hydrothermal system, REE
patterns of vent fluids generally show an apparent
enrichment in LREEs relative to HREEs with
pronounced positive Eu anomalies and weak or
no negative Ce anomalies (Michard et al., 1983;
German et al., 1990, 1999), as a result of crysto-
chemical exchange with plagioclase phenocrysts
formed in the vent and speciation of vent fluids
(Douville et al.,, 1999). Therefore, sediments
deposited from vent fluids generally inherit the
REE patterns of the parent vent fluids, i.e. with
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Fig. 7. (A) Cross-plots of Eu/Eu* and Al,O3 contents (wt%) in different types of chert, no linear relationship is
present between them. (B) Cross-plots of Eu/Eu* and Ba content (ppm) in different types of chert; although corre-
lation between them exists, it becomes weak if the two samples with high Ba contents are excluded. (C) Cross-plots of
Eu/Eu* and Al,03/(Al,0O3 + Fe,03) ratios in different types of chert where correlation is weak. (D) Cross-plots of Eu/
Eu* and Al,04/(Al,O5 + Fe,03) ratios in the mounded chert. Note the lowest Al,03/(Al,05 + Fe,03) ratios and

enhanced negative correlation (R* = 0.45).
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positive Eu anomalies (German et al., 1990; Mills
& Elderfield, 1995), although REE patterns will
vary as the influx of ambient sea water increases.
Most of the samples in this study, except for a few
samples of bedded chert, display positive Eu
anomalies (Fig. 6A to D), particularly for the
mounded chert, suggesting a strong influence of
hydrothermal fluids on their precipitation (Dou-
ville et al., 1999). Although detrital feldspar
minerals can also lead to the positive Eu anom-
alies (Owen et al., 1999), the absence of correla-
tion of Eu anomalies with Al,O; contents
(Fig. 7A) indicates that aluminosilicate minerals,
such as feldspar, did not contribute to the
positive Eu anomalies (Kato & Nakamura, 2003).

Previous studies showed that positive Eu
anomalies may result from various Ba-compound
interferences during analysis (Dulski, 1994). The
method to calculate the Eu anomalies proposed
by Dulski (1994) is supposed to decrease such
effects resulting from the analytical process.
Although covariance is revealed between the
ratios of Eu/Eu* and Ba contents, this relation-
ship tends to be weak if excluding the two
samples (DP2 and TP28) with high Ba contents
(Fig. 7B). Thus, the high ratios of Eu/Eu* in the
two samples probably are influenced in part by Ba
interference. By comparison, such effects on the
rest of the samples are relatively weak. In addi-
tion, high Ba contents in silica deposits are a
common characteristic of hydrothermal products
(Stiiben et al., 1994; Urabe & Kusakabe, 1990).
Although the negative correlation between Al,O3/
(Al,O3 + Fe,03) and Eu/Eu* ratios is generally
weak for all types of chert (Fig. 7C), it is enhanced
in mounded chert (Fig. 7D), implying that the
positive Eu anomalies were positively associated
with increased Fe flux which, in turn, was
enhanced by hydrothermal activity during depo-
sition (Murray, 1994). The relatively low magni-
tude of positive Eu anomalies in vein chert
suggests that this type of chert might have
precipitated from the waning hydrothermal fluids
near the end of hydrothermal activity and/or in
the distal parts of fracture systems away from the
principal conduit zone. The presence of negative
Eu anomalies in a few samples of bedded chert,
on the other hand, suggests precipitation in a sea
water-dominant fluid away from the hydrother-
mal vent centre.

The REE patterns of sea water are characterized
by depletion in LREEs relative to the HREEs with
apparent negative Ce anomalies and no Eu
anomalies (Elderfield & Greaves, 1982). Thus,
mixing of sea water with hydrothermal fluids will

produce hybrid REE patterns inherited from the
two primary fluids, as indicated by relative
depletion in LREEs with both negative Ce and
positive Eu anomalies. The extent to which this
occurs depends on the fractions between the two
primary fluids involved (Mills & Elderfield, 1995).
Most of the studied samples yield Pr/Pr* ratios
>1-05, indicating that the negative Ce anomalies
are authentic, rather than a result of La enrich-
ment (Bau & Duski, 1996). The flat REE patterns
with, more or less, negative Ce anomalies for most
of the chert samples (Fig. 6A to D) indicate that
their formation involved both sea water and
hydrothermal fluid, rather than just the latter. A
similar situation is seen in other examples of
modern and ancient ocean hydrothermal systems
(German et al., 1990, 1999; Mills & Elderfield,
1995; Kato & Nakamura, 2003; Chen et al., 2006).
Therefore, the highest degree of positive Eu
anomalies accompanying weak to no negative
Ce anomalies in mounded and brecciated chert
points towards precipitation under the strongest
hydrothermal conditions when compared with
the other types of chert facies. Most samples
demonstrate positive, but very weak, Y distribu-
tion patterns, suggesting, more or less, mixing
between hydrothermal fluid and sea water during
their deposition (Bau & Duski, 1996; Douville
et al.,, 1999). The REE geochemical data fully
support the scenario revealed by petrological and
microthermometric data as documented above.

Depositional setting

On the modern oceanic sea floor, the occurrence
of amorphous silica in association with sulphides
and/or sulphates is quite common in hydrother-
mal systems. Herzig et al. (1988) reported inactive
silica chimneys in the rift valley of the Galapagos
spreading centre at depth of 2600 m (‘Cauliflower
Garden’). These silica chimneys were formed at
temperatures between 32°C and 42°C; they con-
sist of mainly porous and cell-like, soft silica,
spongy or honeycomb-like in appearance with
abundant cavities and vesicles, and locally are
associated with minor sulphide and Mn-Fe oxy-
hydroxides. Numerous sub-concentric tube-like
structures may represent small vent conduits. A
hydrothermal silica chimney field was also found
in the median rift valley of the Mariana Trough
backarc spreading centre (‘Topless Tower’; Stii-
ben et al., 1994), where the chimneys are charac-
terized by an irregular surface and consist almost
entirely of amorphous silica and barite. The
silica-rich parts are spongy in appearance, and
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contain abundant cavities and voids, which
locally are infilled by cryptocrystalline, chalce-
dony-like aggregates. Hypidiomorphous pyrite
crystals are disseminated throughout the amor-
phous silica along the fluid channels. These
crystals suggest that silica chimneys mainly
occurred at temperatures between 41°C and
50°C, although a higher temperature (about
230°C) may have occurred in the inner part where
pyrite, barite, marcasite and quartz were formed
along the fluid channels. Halbach et al. (2002)
first reported sulphide-impregnated and pure
silica precipitates of hydrothermal origin from
the central Indian Ocean, where jasper occurs
without columnar and/or zonal structures, or
associated feeder channels. Smaller cracks or
voids within the jasper horizon commonly were
plugged by sulphide minerals formed during
hydrothermal infiltration; the remaining larger
cavities often are lined with ZnS, FeS and/or
BaSO, crystals. These iron-rich silica deposits
were precipitated from a low-temperature (about
60°C) diffusive vent fluid, and sphalerite and
barite-impregnations were precipitated from a
fluid at intermediate temperatures between
155°C and 265°C, based on fluid inclusion data.

Textural and compositional similarities with
silica chimneys on the modern oceanic sea floor
(Herzig et al., 1988; Stiiben et al., 1994; Halbach
et al., 2002) and older examples (Nijman et al.,
1998; Van Kranendonk, 2006) as described above,
make it reasonable to assume that the Liuchapo

NW Carbonate platform interior |
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chert deposits, especially those mounded and
associated vein/splayed brecciated chert bodies
along the carbonate platform margin, were pre-
cipitated in submarine silica-rich hydrothermal
vent fields (Fig. 8). Similar textures and compo-
sitions, however, also occur in silica deposits
forming in subaerial siliceous hot springs (gey-
sers; Jones & Renaut, 2003; Lowe & Braunstein,
2003).

The occurrences of dolostone breccias on the
foreslope underlying the chert wedge, i.e. at
Tianping (Fig. 2) and subaerial exposure (karstic)
unconformities in the upper part of Dengying
Formation toward the platform margin and inte-
rior (Xue et al.,, 1992), probably resulted from
block-tilting, in the context of basin rifting on the
Yangtze Block (Wang & Li, 2003), as reflected by
the isolated carbonate platform-basin configura-
tion (Fig. 1A). The sharp lateral contact between
carbonates and the chert deposits, and vertical
facies offset across the marginal zone (Fig. 2)
further reconciles syndepositional extensional
faulting at depth under the platform margin.
It was the syndepositional faulting that produced
a terraced sea floor across the margin and pro-
vided conduits for silica-rich fluids to migrate
upward from depth, forming silica chimney
fields on the sea floor (Fig. 8). A small portion
of this silica could have precipitated directly from
the fluids to form the mounded chert around
silica chimneys (or vents) and vein/brecciated
chert along the fractured conduits as a result of
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Fig. 8. Conceptual model showing the tectono-depositional setting for the development of hydrothermal venting
fields and chert deposition on the terraced margin of the Yangtze Platform and further basinward, South China

during the Ediacaran—Cambrian transition.
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conductive cooling and mixing with cooling sea
water (Herzig et al., 1988; Stiiben et al., 1994).
However, most of the silica-rich hydrothermal
fluids were vented into the water column, gener-
ating hydrothermal plumes that moved away
from the vents, and simultaneously fell out onto
the sea floor (Fig. 8). Initially thick-bedded, chert
deposits thinned basinward away from the vent
fields (Fig. 2) as hydrothermal influences waned
and oceanic influences dominated. This scenario
is further corroborated by fluid inclusion micro-
thermometry and element geochemistry data as
documented earlier.

Unlike the hydrothermal-originated chert
directly fed by the volcanic chamber on the
oceanic spreading centres (Herzig et al., 1988;
Stiiben et al.,, 1994; Halbach et al., 2002), the
chert deposits described here were not fed by a
magma chamber immediately underneath. In-
stead, these chert deposits were precipitated from
the hydrothermal fluids infiltrated through thick
metasedimentary and sedimentary siliciclastic
infills in the rift basin, resulting in minor differ-
ences particularly in their composition, i.e. rela-
tively high Al contents. Such hydrothermal chert
deposits along carbonate platform margins are
rare, especially in the Phanerozoic. In view of the
extensional tectonism on the Yangtze Block dur-
ing the E-C transition, it is reasonable to suppose
that lower-temperature hydrothermal activities,
probably by diffusive venting or bubbling, may
also have taken place on the basin floor, resulting
in extremely silica-rich sea water, as indicated by
widespread occurrences of bedded chert deposits
off platform margins and further basinward. This
observation can be analogous to the case in the
modern Red Sea where the deep silica-rich hot
(up to ca 67°C) brine pools in sub-basins were fed
by hydrothermal activities, although vent fields
have not been discovered on the sea floor (Schoell
& Hartmann, 1978; Monin et al., 1981; Cember,
1996; Winckler et al., 2001).

Identification of hydrothermal silica chimneys
in the E-C successions provides a unique line of
evidence linked to the abnormal silica enrich-
ment off the carbonate platform of the Yangtze
Block during the E-C transition. The silica chim-
ney systems occur mainly at three intervals (I to
III); with the exception of the basal interval that
sits locally on the Dengying dolostones (I), the
other two intervals (I and III) generally comprise
a basal, thin-bedded chert, followed by a middle
vein and/or splayed brecciated chert body termi-
nating under mounded and/or bedded chert
horizons (Fig. 2). The enhanced hydrothermal

activity was inherently a reflection of intensified
tectonism; multiple episodes (I to III) of hydro-
thermal venting (Fig. 2) thus indicate episodic
tectonic activity. The multiple occurrences of
slumps and/or slides at the outer edge of the chert
wedge, i.e. at Tianping and Siduping (Fig. 2)
indicate that episodic slope failures may have
taken place on the upper slope, implicating a
temporal link to the structurally controlled hydro-
thermal activity as well. In view of the width of the
vent field across the margin (ca 20 km) and the
total length of the platform margin on the Yangtze
Block (ca 5000 km), including the lost margin to
the west (see Fig. 1), the vent fields along the
margin are conservatively estimated to occupy an
area of ca 10 x 10* km?, assuming that vents were
present on all platform margins. If the diffusive
vents within the basin are included within this
estimate, the area of the vent fields would be
considerably larger. Under these circumstances,
hydrothermal venting during the E-C transition
could have influenced the oceanic environment
and chemistry. The widespread chert deposits on
the Yangtze Block alone are obviously a direct
reflection of an extremely silica-rich ocean appar-
ently different from that in the earlier Doushantuo
and later Niutitang times. The temporal coinci-
dences of the silica chimney occurrences with
apparent geochemical perturbations (i.e. coupled
negative C-S isotopic anomalies; Chen et al.,
2009), on the other hand, also support the conclu-
sion that hydrothermal venting had induced fun-
damental changes in oceanic environment and
chemistry through the release of vast amounts of
reducing metal-rich fluids and gases (for example,
3C-depleted CO,, CH, and **S-depleted H,S, SO,)
into the ocean and atmosphere (Corliss et al.,
1979; Herzig et al., 1988; Halbach et al., 2002;
Resing et al., 2004).

CONCLUSIONS

Four lithotypes of chert in the Ediacaran—
Cambrian (E-C) boundary successions along the
margin of the Yangtze carbonate platform are
distinguished, they are: mounded, vein, brecciat-
ed and bedded chert facies. The mounded chert
units containing abundant primary voids and
vesicles were formed at or near the vent fields,
probably by both conductive cooling and inter-
mixing of hydrothermal fluids with cool sea
water. Vein chert was precipitated from ascend-
ing silica-rich hydrothermal fluids along the
fractures. Splayed brecciated chert bodies were
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formed in larger-scale fracture systems, probably
by brecciation or overpressure hydrofracturing
and simultaneous silicification and silica precip-
itation. The thin to medium-bedded chert hori-
zons were precipitated in quiet water away from
the vent fields from the silica-rich fallouts of
hydrothermal plumes.

Although most of the chert deposits were
formed in a low-temperature (<60°C) hydro-
thermal vent system, higher-temperature epi-
sodes (generally 120 to 180°C) of venting could
have also occurred within vent centres or venting
conduits. Most of the chert types are relatively
rich in iron and show positive Eu anomalies in
rare earth element distribution patterns, indicat-
ing an association with hydrothermal venting
activities when precipitated.

The hydrothermal venting activity associated
with thermal anomalies at depth occurred on the
carbonate platform margin following the ante-
cedent collage zone where deep-seated fault
zones probably reactivated and acted as the
feeders, allowing the hydrothermal fluids to
move upward and emanate onto the sea floor to
form silica chimneys, thereby resulting in pre-
cipitation of different types of chert across the
margin and further basinward. This example
provides a new insight into understanding the
remarkable tectono-depositional and oceanic
changes in this region, and elsewhere, during
the E-C transition.
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