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A revisit to the anoxic — oxic evolution of the early
Cambrian ocean in the Yangtze Block, South China

RUMANA YEASMIN'2", DAIZHAO CHEN? & JIANGUO WANG?

Abstract

The dramatic evolution in life form on earth as well as their diversification during the
early Cambrian was probably linked to dynamic changes in ocean water chemistry. The ocean
water condition during accumulation of the early Cambrian black shale dominant sequences on
the Yangtze Block is a widely studied issue, but still debatable. Hence, we compiled different
published geochemical data, based on which we tried to construct some paleoenvironmetal
models that illustrate the temporal variations of ocean water chemistry of the Yangtze Block
during the early Cambrian on a basin scale. By correlating the previously reported Fe-S
isotope-trace elements data from inner shelf to deep basin, it has been suggested that the deep
ocean waters in the Yangtze Platform was anoxic and ferruginous at the beginning of Cambrian
and metastable euxinic waters might have dynamically invaded in shallow shelf waters with an
increasing weathering sulfate supply and extended up to upper slope. Evidence for this highly
stratified water column is given by increase of istopically lighter sulfur (6*%S) in sedimentary
sulfides though the ambient Ediacaran-early Cambrian ocean was depleted in sulfate, high
concentrations of reactive iron (Fe) including Fe in sedimentary sulfides, and exceeding
contents of redox sensitive trace elements. This stratification of ocean redox chemistry was
probably widespread during a marine transgression, but started to shrink and finally,
disappeared when the basin evolved with a subsequent regression.
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Introduction

Soft-bodied Ediacaran fauna started to extinct during Precambrian-Cambrian
transition (e.g. NARBONNE, 2005), and were replaced by small shelly fauna (SSFs)
during early Cambrian (KNOLL & CARROLL, 1999). This bio-radiation, known as the
‘Cambrian Explosion’, is one of the most significant periods of animal evolution.
Progressive oxygenation of ambient ocean water perhaps prompted this evolutionary
diversification (e.g., KNOLL & CARROLL, 1999; SCOTT et al. 2008) as seen in late
Neoproterozoic when the rise of the atmospheric oxygen level might have assisted
the oxygenation of ocean waters and eventually the diversification of eukaryotes was
terminating with the appearance of early animals (FIKE et al. 2006; CANFIELD et al.
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2007). But many recent studies disagree with the scenario of subsequent oxygenation
of ocean, especially the deeper part, with rise of atmospheric oxygen concentration
and it has been shown that the ocean water in the Yangtze Platform was still severe
anoxic during the Ediacaran-Cambrian transition (e.g., GOLDBERG et al. 2007; GUO et
al. 2007; CANFIELD et al. 2008; WILLE et al. 2008). However, the detail structures of
ocean redox conditions of the entire Yangtze Platform remain ambiguous, despite
these extensive studies on the significant oceanic geochemical changes around the
early Cambrian. Therefore, to mitigate this inconsistency, it is necessary to
re-examine the ocean chemistry during the early Cambrian on a basin scale.

Marine sedimentary sequences of the early Cambrian age are widely deposited
throughout different paleoenvironmental settings of the Yangtze Platform including
shelf, slope and basinal conditions (ZHU et al. 2003; YEASMIN et al. 2017). These
sedimentary successions are well exposed in several sections where extensive
researches have been carried out to comprehend spatial variability of ocean
chemistry during the early Cambrian. In this paper, detail major and trace elements
chemostratigraphy of the early Cambrian succession of the Longbizui section,
western Hunan province has been established and correlated with previously
published spatiotemporal geochemical data, for examples, iron specification, sulfur
isotope in pyrite and trace element concentrations of the early Cambrian sequences
from different depositional water depths to explore the marine redox structure of the
entire Yangtze Platform during the early Cambrian. For this purpose, the Shatan
section (northern Sichuan; GOLDBERG et al. 2007; GUO et al. 2007); the Jinsha and
Weng'an sections (northwestern Guizhou; JIN et al. 2016), the Dingtai profile
(Guizhou; Xu et al. 2012); the Yangjiaping section (northwestern Hunan; FENG et al.
2014); the Songtao section (eastern Guizhou; GOLDBERG et al. 2007; GUO et al. 2007;
CANFIELD et al. 2008); the Longbizui section (western Hunan; WANG et al. 2012a); the
Daotuo and Bahung sections (northeastern Guizhou; YEASMIN et al. 2017) were
considered (Fig. 1).

Geological Settings

The Yangtze platform inherited due to rifting and consequent extension of a late
Neoproterozoic rifted basin that was initiated at ca. 820-830 Ma (WANG & LI, 2003).
As a consequence, the passive continental margin setting was developed during the
Ediacaran—Cambrian (E-C) time (JIANG et al. 2011) and intense extensional tectonism
and block-tilting (KORSCH et al. 1991) resulted in the development of different
depositional environments with a wide range of water depths that prevailed along a
general present-day northwest-to-southeast axis (STEINER et al. 2001) - carbonate
platforms (the Dengying Formation and its correlative units) were dominated in the
shallower northwest part, surrounded by siliceous Liuchapo Formation of slope-basin
environments (Fig. 1; CHEN et al. 2009; WANG et al. 2012a). During the E-C
transition, the studied sections were palaeogeographically located in different
depositional settings of the Yangtze Platform, for examples, the Jinsha and Weng'an
sections were situated in shelf area, the Shatan, Dingtai and Yangjiaping in the shelf
marginal areas of different intra-platform basins, the Daotuo and Songtao in the
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carbonate-dominated upper slope of the platform area; the Longbizui in the deeper
siliceous-dominated mid-slope, while the Bahuang section was located in the
deepest siliceous- dominated basin (Fig. 1).

The shaly sequences of the Niutitang Formation and its correlative units
(including Guojiaba Formation; Fig. 2) were deposited all over the carbonate
platform, slope to deep basin during the early Cambrian due to transgression and
subsequent drowning of the carbonate platforms (e.g., GOLDBERG et al. 2007). The
lower Niutitang Formation generally consists of a thin basal polymetallic sulfide layer
and/or nodular phosphate-rich bed overlain by a thick black shale succession (MAO
et al. 2002). In the upper part of Niutitang and Guojiaba Formations, a change in
lithology is observed regionally, e.g., mudstone and silty mudstone layers at the
Jinsha and Weng'an sections; mudstone intercalated with limestone at the Shatan
section; silty shale at the Dingtai and Yangjiaping sections; shale intercalated with
silty shale/siltstone at the Daotuo section; muddy limestone intercalated with
mudstone at the Songtao section; thin dolostone bed overlying by thick mudstone
layer at the Longbizui section; and mudstone layer in the Bahuang section.

The Niutitang Formation is overlain by the Jiumenchong Formation in
paleo-slope to basinal area which is characterized by alternation of limestones with
thin black shale layers, but its shallow water equivalent (i.e., Migxinsi Formation at
outer shelf areas) is more carbonate dominant. However, only at the Daotuo and
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Fig. 1. Sedimentary lithofacies, paleogeographic map of the Yangtze Block during Ediacaran-Cambrian
transition (after YEASMIN et al. 2017). Disposition of privously studied sections along with the
Longbizui are marked. AA” & BB’ lines are used to construct hypothetical Basin models (Fig. 8)
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Longbizui locations the uppermost Bianmachong Formation persists which is
dominated by black shales.

Stratigraphic Correlation between Studied Sections

Because of sparse availability of reliable biostratigraphic and radiometric age
data, accurate stratigraphic correlation between the early Cambrian sedimentary
sequences at different locations on the Yangtze Block is difficult (e.g., ZHU et al.
2003; JIANG et al. 2012). Fig. 2 shows the lithology and possible correlation between
different sections of the Yangtze Block which were located from shelf to deep basin
area during the E-C transition (Fig. 1).

The exact position of the E-C boundary (542.0£0.3 Ma; AMTHOR et al. 2003) in
South China has been highly debated due to the absence of precise radiometric ages.
It is traditionally defined by the first occurrence of small shelly fossils (SSF) (CHEN,
1984; QIAN, 1999) and Micrhystridium-like acritarchs (YIN, 1997). The SSF
assemblage 1 (Anabarites trisulcantus — Protohertzina unguliformis) and 2 (Paraglob-
orilus subglobosus — Purella squamulosa) are abundant in the Shatan section, mainly
in phosphorite breccia layers of the upper Kuanchanpu Formation which implies a
Fortunian time (STEINER et al. 2007). The occurrence of SSF 1 in basal Niutitang
Formation of the intrabasinal shelf margin Yangjiaping sections also indicates more
or less equivalent time of deposition (ZHU et al. 2003; STEINER et al. 2007). But owing
to the lack of index fossils, the E-C transition cannot be clearly identified in slope to
deep basinal deposits based on biostratigraphy. However, the muddy chert with
carbonate and phosphorite layers in the uppermost Liuchapo Formation at Songtao is
similar to limestone and phosphorite breccia of the Kuanchanpu Formation in the
Shatan section (GOLDBERG et al. 2007) that signifies the Fortunian age and the E-C
boundary is probably located within the Liuchapo Formation of the deeper part of the
basin. Moreover, A large negative Cog isotopic excursion is noted in the mid
Liuchapo Formation at middle slope Longbizui section which substantiates the
placement of the E-C boundary there (WANG et al. 2012a), as Cog isotopic profile has
been proven as a reliable tool for the large-scale correlation, particularly in the
fossil-deficient E-C successions (KNOLL & WALTER, 1992; KAUFMAN & KNOLL, 1995;
ISHIKAWA et al. 2008). In deep basinal Bahuang section, the E-C transition is
established based on U-Pb zircon age dating which also reveals a lower placement
of the boundary in upper-mid Liuchapo Formation (CHEN et al. 2015).

In the Yangtze Block, the regional (even intercontinental) phosphogenetic event
of the Early Cambrian (SHELDON, 1980; COOK, 1992) is well established since the
phosphate-rich layers were deposited all over the carbonate platform and even
extended in some basinal areas (Fig. 2). Moreover, several radiometric ages of the
basal Niutitang Formation from different sections of the Yangtze Block, e.g., SHRIMP
U-Pb zircon age of 532.3+0.7 Ma from volcanic ash bed in Guizhou (JIANG et al.
2009); 536.3£5.5 Ma from tuffaceous beds below the Ni-Mo-PGE sulfide layer from
western Hunan (CHEN et al. 2009); 522.7 + 4.9 Ma from a tuffaceous bed below the
polymetallic (Ni-Mo-PGE) sulfide layer from the Taoying section, northeastern
Guizhou (WANG et al. 2012b); and most recently the U-Pb zircon age dating
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(522-524 Ma) of poly-metallic sulfide layer from the Bahuang and Panmen sections
of northeastern Guizhou (CHEN et al. 2015), point out the depositional age of
Ni-Mo-PGE enriched sulfides layer of the basal Niutitang Formation should be much
younger than the E-C boundary, probably from Fortunian to end of Stage 2 of the
early Cambrian. However, most part of the Fortunian strata in the Jinsha, Weng'an
and Dingtai sections are missing, either due to non-deposition or subaerial erosion
associated with a low-angle unconformity between the Dengying and Niutitang
Formations (e.g., XU et al. 2012; JIN et al. 2016).

The different types of trilobite fossils were reported from the black shale layers
of lower Niutitang Formation, especially at previous shelf to shelf marginal sections,
e.g., trilobites 7. armatus at the Jinsha and Weng'an sections and T. niutitangensis at
Dingtai areas including both the Jinsha and Weng'an sections (YANG et al. 2003;
2014), point out the depositional age of the black shale layers at beginning of Stage
3. These trilobite species were also abundant in the silty/muddy layers of upper
Niutitang Formation at those sections of the previous shelf (JIN et al. 2016). Therefore,
it has been suggested that the fossil-poor black shale sequence of lower Niutitang
Formation in slope to basinal settings supposed to also be placed within the Stage 3
and the overlying silty shale/muddy sequences of upper Niutitang Formation is
probably deposited at mid of the Stage 3 (Fig. 2). Numerous fossils have also been
preserved including the trilobites Foredlichia and Wutingaspis and the bivalved
arthropods Liangshanella cf. liangshanensis and Hanchungella rotundata in the
upper Guojiaba Formation of Shatan (YIN et al. 1999). However, the fossil assem-
blages dominated by sponge spicules have been found in shales of the upper
Niutitang Formation of both Longbizui and Bahuang sections (YEASMIN et al. 2017)
which are somewhat similar to that in the well known '‘Chengjiang Fauna’ of Stage 3
(YANG et al. 2005).

The trilobite fossils Mayiella and Drepanuroides in the carbonate dominant
Mingxinsi Formation at Jinsha (ZHANG et al. 1979); Hupeidiscus sp. and
Metaredlichia sp. in same formation at Weng'an (YANG et al. 2003) and also in
muddy carbonate layers of the lower Xiaosi member in Songtao section (ZHAO et al.
2001); and Hunanocephalus sp. at Yangjiaping (YIN et al. 1999) are abundant. The
appearences of the trilobites Hubeidiscus orientalis, Sinodiscus changyangensis and
Hunanocephalus sp. in these sediments indicate roughly late Qiogzhusian to early
Changlangpuan age, i.e, within late Stage 3 of early Cambrian (YUAN & ZHAO, 1999;
YANG et al. 2003). In Daotuo, the occurrences of archaeocynthid in the upper
Jiumenchong Formation, and hyolithid and brachiopod in the Bianmachong
Formation (YEASMIN et al. 2017) suggest the deposition of this sediment at Stage 3
(YIN, 1996; ZHU et al. 2007). On the other hand, the basal part of overlying
Bianmachong Formation, which generally bears trilobites Protelenella and
Chengkouia in eastern Guizhou, is suggested to correlate with the Canglangpu Stage
(YIN, 1996) or the Botoman in Siberia (PENG et al. 2012).
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Fig. 2. The stratigraphic correlation of the Early Cambrian strata based on available lithology, fossil records and radiometric age data (see text for description

and references). Lithology records for the sections: Jinsha and Weng'an (JiN et al. 2016); Shatan (GOLDBERG et al. 2007); Dingtai and adjoining areas (Xu
et al. 2012); Yangjiaping (FENG et al. 2014); Songtao (GOLDBERG et al. 2007); Daotuo, Longbizui and Bahuang (YEASMIN et al. 2017).
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Methodology

25 shale/mudstone samples from Longbizui were collected and pulverized
(<62 m size) in an agate mortar for geochemical analyses. X-ray fluorescence
spectrometry (XRF) was used to determine the major elements. Before analysis,
oxidized powdered samples were mixed with lithium borate (mixture of 67%
LioB4O7 and 33% anhydrous LiBO,) and then melted at 1200°C to make a fusion
glass disk of samples which were analyzed using a AXIOS Minerals (PANalytical)
spectrometer. Precision of analysis is better than 5%. The samples were also analyzed
through an inductively coupled plasma mass spectrometer (Finnigan Element
ICP-MS) to determine the concentrations of trace elements such as Ni, Cr, V, Th and
U. Precision for all trace elements is estimated to be 5% and accuracy is better than
5% for most elements. The total organic carbon (TOC) in each sample was measured
by using a LECO CS-400 analyzer. All analyses were carried out at the Institute of
Geology and Geophysics, Chinese Academy of Sciences.

The trace element concentrations are normalized to aluminum (Al) content to
avoid the lithological effect and to assess the element concentration from
non-aluminosilicate (e.g., biogenic and/or authigenic) sources (CALVERT & PEDERSEN,
1993; VAN DER WEIDEN, 2002; TRIBOVILLARD et al. 2006). These ratios are compared
with average shale (AS) vs. Al values (Fig.3) (WEDEPOHL, 1971, 1991).

Result and Discussion
Paleoredox Conditions at Longbizui

Some trace elements, for examples, molybdenum (Mo), vanadium (V) and
nickel (Ni) can exhibit distinct sensitivities to different redox conditions to some
extent. They are less soluble under oxygen-depleted conditions, resulting
syndepositional enrichments in sediments (CALVERT & PEDERSEN, 1993; JONES &
MANNING, 1994; POWELL et al. 2003) associate with either trace constituents of pyrite
or distinct sulfides and/or organic matters (TRIBOVILLARD et al. 2006). Therefore, these
trace element enrichments, especially their indices such as V/(V+Ni) and V/Cr are
used to evaluate relative redox potential for depositional environments. It has been
inferred that V/Cr ratios of < 2 signifies oxic seawater, 2 — 4.25 indicates dysoxic
conditions, and > 4.25 ratios for suboxic to anoxic conditions (JONES & MANNING,
1994). On the other hand, HATCH & LEVENTHAL (1992) suggested that environments
characterized by anoxic conditions lead to sediment V/(V+Ni) ratios of 0.54 — 0.82,
while values from 0.46 to 0.60 indicate dysoxic conditions. However, >0.84 values
signifies euxinic ocean waters. Another trace element index, i.e., the ratio between
actinide metals Th and U is also a good paleoredox indicator (WIGNALL & TWITCHETT,
1996; KIMURA & WATANABE, 2001). The average shale of normal oxidized condition
has a Th/U ratio of 3.2 (WEDEPOHL, 1991), but a lower Th/U ratio from 0 to 2 is
proposed to indicate an anoxic condition (WIGNALL & TWITCHETT, 1996), because
some of U fraction may be precipitated from anoxic pore waters in the course of
organic matter (OM) decomposition in sediments during the early diagenesis (GUO et
al. 2007).
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Fig. 3. Vertical variations of multiple geochemical proxies for the Early Cambrian sediments from the
Longbizui section. Seawater redox ranges inferred from V/(V + Ni) (HATCH & LEVENTHAL, 1992), V/Cr
(JONES & MANNING, 1994) and Th/U ratios (WIGNALL & TWITCHETT, 1996) are marked by the vertical
dashed lines. Representative concentrations of trace element (x10™) in the average shale vs. Al
(V/Al=14.7,Ni/Al = 7.7, Cr/Al = 10.2; after WEDEPOHL, 1971, 1991) are also marked by the vertical
dashed lines.

In shales from the basal Niutitang Formation of the Longbizui section, V and Ni
concentrations (i.e., V/Al and Ni/Al ratios) are significantly high, which gradually
decrease upward, although much fluctuating particularly in the lower Niutitang
Formation (Fig. 3). Among the trace inter-element indices, V/(V+Ni) variations
generally follow the patterns of V/Al variations at the studied section (Fig. 3). Their
values are greater than 0.6 throughout the studied successions, with some even
greater than 0.84, particularly in the basal Niutitang Formation, which reflect
variably dysoxic to anoxic conditions throughout the Early Cambrian time with
invasion of euxinic waters during deposition of the basal Niutitang Formation.
Similarly, V/Cr ratios are mostly higher than 2 (Fig. 3) that also suggest the fluctuating
dysoxic to anoxic conditions that gradually evolved into more oxic conditions during
deposition of the Bianmachong sediments (i.e., Botomian time).

However, another paleoredox indicator, i.e., Th/U ratios in the Early Cambrian
sediments of Longbizui shows relatively low values, thus pointing to an anoxic
condition during deposition. But the slight increase of Th/U ratios (up to 1.57) in the
Bianmachong Formation suggests a less anoxic, probably suboxic-dysoxic condition
during deposition in the Early Botomian, reconciling the scenarios revealed by
V/(V+Ni) and V/Cr ratios as documented above.
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Early Cambrian Ocean Water Chemistry in the Yangtze Block

Detailed assessment and compilation of iron specification, sulfur isotope and
trace element concentrations of the early Cambrian sequences from different parts of
the Yangtze Block provides persuasive evidence for temporal and spatial variability
of ocean redox conditions on the early Cambrian Yangtze Block (Figs. 4 - 8).

Inferences from Trace Element Concentrations

Together with V and Ni concentrations, Mo is considered one of the best proxies
for recognizing the seawater anoxia (especially euxinia) due to strong enrichment in
organic-rich facies deposited under seawater sulfate-reducing conditions (DEAN et al.
1997; SCOTT & LYONS, 2012). Mo concentrations above the crustal average (2 ppm)
and below 25 ppm indicate sediment deposition under non-euxinic conditions,
whereas enduring euxinic ocean waters with a link to the open ocean has been
suggested if the contents in sediments exceed 100 ppm (SCOTT & LYONS, 2012).
However, the intermediate values (25-100 ppm) also reflect euxinia where these
relatively low values probably caused by anomalously high sedimentation rates, low
concentrations of dissolved Mo in water column, variations in pH of the water
column and/or rapid oscillation of euxinic and non-euxinic conditions (SCOTT &
LYONS, 2012).

The black shale sequence of the lower Niutitang and lower Guojiaba
Formations of the Yangtze Block shows a remarkable enrichments of Mo and most of
the samples have concentrations >25 ppm (Fig. 4) which have been attributed to
deposition under sulfidic water columns. Mo contents for these sediments range from
30 ppm to 394 ppm (avg. 86 ppm) in the shelf section Jinsha and 21 ppm to 246 ppm
(avg. 92 ppm) in the outer shelf Weng'an section. In the lower Niutitang sediments of
intrabasinal shelf margin locations, Mo concentrations vary from 2 ppm to 71 ppm
(avg. 32 ppm) (Shatan section), 38 ppm to 394 ppm (avg. 171 ppm) (Dingtai) and 45
ppm to 249 ppm (avg. 133 ppm) (Yangjiaping area); whereas 11 ppm to 248 ppm
(avg. 99 ppm) Mo contents are found in these sediments of the upper slope Songtao
section. In addition, the anoxic to euxinic seawater conditions has been designated
by observing V/(V+Ni) values during deposition of the lower Niutitang and Guojiaba
formations in the intrabasinal shelf margin to deep basinal areas since the ratios range
from 0.54 to 0.82 (Fig. 5). In contrast, the V/Cr ratios in basal part of the Formation of
all sections from intrashelf margin to mid slope (Figs. 4 and 5) and Th/U ratios in
Shatan section (Fig. 4C) do not show good agreement with V/(V+Ni) values and they
suggest less extreme conditions where ocean waters might have been gradually
shifted from oxic to anoxic regime. However, high V/(V+Ni) and V/Cr ratios and low
Th/U values in the lower Niutitang Formation (above the polymetallic beds) of the
shelf margin to upper slope sections of the Yangtze Block imply the persistence of
anoxic (occasional euxinic) bottom water conditions (Figs. 4 and 5). In mid slope
Longbizui section, the V/(V+Ni) and V/Cr ratios in the entire Niutitang Formation vary
in oscillatory fashion where V/(V+Ni) values suggest frequent shifting between
euxinic and anoxic conditions, but V/Cr ratios point out fluctuation of dysoxic to
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anoxic conditions (Fig. 5E). The V/(V+Ni) and V/Cr ratios in all over the Niutitang
Formation at Bahuang section (Fig. 5F) suggest predominance of overall anoxic
waters in deep basin, although the basin waters progressively turned into less anoxic
(or dysoxic) conditions at the termination of the Niutitang time.

After atrocious anoxic-euxinic conditions, a significant change in ocean water
conditions with changes of lithology has been observed in the shelf area of Yangtze
Block as low Mo concentrations specify annihilation of euxinic ocean (Fig. 4A and
B). Furthermore, low Mo contents coupled with low V/Cr (< 2) and high Th/U (> 2)
ratios in the upper Guojiaba Formation in the Shatan section signify rapid shifting to
oxic condition, although the V/(V+Ni) values suggest continuation of anoxic
condition (Fig. 4C and 5A). These paradoxical hints of paleoredox conditions during
deposition of the upper Niutitang are probably the result of several factors such as
proportion of riverine influx, types and relative amounts of organic matters, degrees
of oceanic mixing, and so on, which significantly affect the trace element
concentrations within basin waters (RIMMER, 2004).

However, the trace element indices from the upper Niutitang of Dingtai section
(Fig. 5B) indicates the continuation of anoxic conditions in other intrabasinal shelf
areas, and the Mo contents in these sediments (Fig. 4D) including another shelf
marginal section, i.e., Yangjiaping (Fig. 4E), shows that the anoxic bottom water was
persistently fluctuated from euxinic to non-euxinic environments. In contrast,
fluctuating anoxic and dysoxic (even occasional oxic) conditions are inferred at that
time from trace element indices of the upper Niutitang sediments in relatively deep
water upper slope to mid slope settings (i.e., the Daotuo and Longbizui sections) (Fig.
5C and E). Such oscillation of anoxic-oxic conditions also continued during
deposition of the Jiumenchong Formation as shown by fluctuating V/(V+Ni) (0.48 -
0.75) and V/Cr (0.75 - 3.86) ratios in the upper slope Daotuo section (Fig. 5C),
although the oxic condition dominated at that time. However, the slight increase of
these values in the Daotuo and Longbiozui sections of the previous Yangtze slope
(Fig. Fig. 5C and E) signifies reoccurring of a more stable anoxic—dysoxic ocean
waters during Bianmachong time.

Inferences from Iron Speciation

Iron (Fe) speciation, i.e., total Fe (Fet) and highly reactive Fe (Feyr) concen-
trations in sediments have been widely used in evaluating the ancient ocean redox
chemistry owing to the high sensitivity to water column redox conditions (CANFIELD
etal. 2008; GILL et al. 2011; POULTON & CANFIELD, 2011). The FeHr comprises pyrite
(Fepy) and residual Fe-phases, e.g., ferric oxides, magnetite and Fe-carbonates which
are also reactive enough to form pyrite if they are exposed to H,S (POULTON &
CANFIELD, 2011). However, the ratio Feqr/Fet usually exceeds 0.38 when sediments
are deposited under anoxic waters (RAISWELL & CANFIELD, 1998). But thermal
alteration might potentially alter the Fenr to nonreactive Fe during burial, reducing
this threshold value to 0.15 [ 0.10 (SD)] (RAISWELL et al. 2008). Thus, the Fepy/Ferr
ratio in sediments is additionally used to explore the nature of ocean waters. When
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the ocean water is euxinic due to H., S production by bacterial sulfate reduction (BSR),
most of FeHRr in the system will be altered to Fepy, therefore ratios of Fep/Fenr is
usually found to be higher than 0.80, whereas the values are lower than 0.80 in
ferruginous water columns (POULTON et al. 2004; CANFIELD et al., 2008). Another
important proxy in this context is the ‘degree of pyritization (DOP)’, which is the ratio
of pyrite (Fep,) over total reactive iron (Fer) where Fer is the sum of Fe,, and
HCl-soluble Fe (RAISWELL et al. 1988). Thus, euxinic condition seems to appear when
DOP values are >0.75 and the DOP of <0.45 indicates an oxic water column
(RAISWELL et al. 1988). However, intermediate values may reflect dysoxic conditions,
but in case of high detrital input to anoxic basin, pyrite formation in water column
might be cloaked that decrease the DOP values (ANDERSON & RAISWELL, 2004).

Fig. 6 summarizes the iron speciation data available for the sedimentary
sequences in different sections of the Yangtze Block with different water depths
during early Cambrian. Most of samples from black shale dominated lower Niutitang
Formation of the Yangtze Block have relatively high Fenr/Fer ratios (>0.38),
suggesting persistent of ferruginous bottom waters during depositions; except in
previous shelf Jinsha location where the variable Fenqr/Fer ratios reflect fluctuating
oxic to ferruginous waters (Fig. 6). But high (mostly >0.80) Fe,/Feg ratios in the
basal Niutitang Formation including the polymetallic Mo-Ni-PGE sulfide ore and/or
phosphate-rich layers at Yangjiaping, Dingtai and Songtao areas (Fig. 6D - F), suggest
that the euxinic event was apparently triumphed over these relatively shallow water
part of the Yangtze Block during the earliest Cambrian. However, in previous
mid-slope Longbizui section, only two samples in the nodular phosphate-rich shale
bed at base of Niutitang Formation have high Fepy/Feg (>0.80) (Fig. 6G), indicating
a temporarily punctuated sulfidic episode in the earliest Cambrian. The euxinic
condition was not prominent in open ocean during the deposition of the black shale
since the Fep,/Fe ratios are relatively low (<0.8), whereas episodic exaggerations
of euxinic waters within ferruginous ocean have been noted by observing variable
Fepy/FeHR ratios in shales of some semi-enclosed intrabasinal shale marginal areas,
for example, and Yangjiaping (Fig. 6D). However, low Fepy/Fepig and Feyr/Fert ratios
in some of these black shale samples might also be caused by oxidation of pyrite
during weathering after exposure and/or deposition of these shales within
iron-limited system (FENG et al. 2014).

During deposition of mud dominant upper Niutitang Formation, the ocean
water condition was variable from oxic to anoxic (even euxinic) in different part of
the Yangtze block. The Fegr/Fer values are low in upper Niutitang silty shales of
Jinsha, Weng'an and Dingtai areas (Fig. 6A, B and D), suggesting dominance of oxic
waters during deposition. But the Fep,/Fer ratios are not analogous with Fepg/Fet in
these rocks of Weng'an section (Fig. 6B), suggesting probable diagenetic formation of
pyrites in sediments. However, these ratios are variable and rises stratigraphically in
an oscillatory fashion in other locality of intrabasinal shelf margins, i.e., in
Yangjiaping (Fig. 6E) where the water columns were probably less anoxic to oxic in
general but sometimes oscillated to euxinic and ferruginous conditions. On the other
hand, during the deposition of muddy limestone of Xiaosi Member at the upper slope
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the Songtao and mudstone dominated upper Niutitang Formation at mid slope
Longbizui section the ferruginous condition was still persistent which is suggested by
high Fepr/Fer ratios (Fig. 6F, G). Afterward, these deep ocean waters were promptly
transferred into a rather oxygenated ocean during deposition of the Bianmachong
Formation as shown by low Feygr/Fer ratios in Longbizui section (Fig. 6G). But high
Fepr /Fer (0.38-1.00) and variable Fe,y/Fer (0.13-0.85) in sediments of the
Mingxinsi Formation at outer shelf Weng'an section (Fig. 6B) indicates dominantly
ferruginous conditions which is not supported by Mo concentration in these
sediments (Fig. 4B). However, carbonate dilution effects could cause such
ambiguous concentrations in the Mingxinsi sediments (JiN et al. 2016).

The DOP values were collected only from the intrabasinal shelf margin Shatan
section where those values from the black shales of the lower Guojiaba Formation
vary from 0.29 to 0.93 (Fig. 6C), signifying the fluctuating redox conditions from
dysoxic to anoxic-euxinic waters and they were most likely deposited within or just
below a ferruginous chemocline. The values decrease progressively (mostly <0.5) in
the upper Guojiaba Formation of this section where limestone layers were frequently
deposited within the black shales (Fig. 2). The low DOP and sedimentary evolution
point out a subsequent oxygenation of the ocean waters at inner shelf areas during
deposition of the upper Guojiaba Formation.

Sulfur Isotopic Composition of Pyrite (634Spy)

The sulfur isotopic composition in pyrite to some extent depends on the initial
abundance of sulfate as well as sulfur isotopic composition of ambient seawater. This
isotopic composition in seawater varies throughout the geologic time (SHEN et al.
2001). During Archean, the ocean water had low sulfate concentration due to lack of
oxidation on continents (HABICHT et al. 2002) where &3*Squlfate Values were about
+4%o and the value increased to +32%o at the E-C transition (STRAUSS, 2004). Later
during Phanerozoic, continental oxidation and weathering provided sulfate to ocean
(STRAUSS, 2004).

The sulfur isotopic compositions of pyrite within the black shale layers of the
lower Niutitang Formation are variable (Fig. 7) and range from -12 to 39.4%o. (mean
13.5%o) in the Jinsha section, from 1.7 to 17.5%0 (mean 8.3%o) in the Yangjiaping,
from -5 to 27.0%o. (mean 8.6%o) in the Songtao, and 10.7 to 27.4%o. (mean 19.5%o) in
the Longbizui section. A similar chemostrati§raphic trend is observed in the black
shale sequences of these sections where 83*Spy values first shows discrepancy in
basal part and then increase towards the top (Fig. 7D-F), though &3*Spy values of the
upper part of the black shale strata shows slightly declining trend in the Jinsha
location (Fig. 7A). But in the Shatan section, a quite opposite trend is observed where
83*Spy values are low and mostly show negative values (up to -16.2%o) in the upper
most part of black shale layer of the Guojiaba Formation (Fig. 7C), whereas the §4Spy
values of the Weng'an section are highly variable through the lower Niutitang
sequence (Fig. 7B). These observations suggest the spatial heterogeneity of §3*Spy in
ocean waters of the entire Yangtze Block during the early Cambrian (e.g., FENG et al.
2014; JIN et al. 2016). However, considering the 834Ssulfate values of Ediacaran-
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Cambrian coeval seawater (25 to 35%o; STRAUSS, 1997), these relatively low positive
values in basal Niutitang indicate a relatively high sulfate contents in seawaters
during deposition all over the Yangtze Block and the concentrations became variable
during deposition of the upper part of the black shale sequences, except in deeper
parts of the basin where sulfate concentrations were consistently low, as &>4Spy
values are generally higher for those deep-water samples (Fig. 7E-F). Therefore, it is
evident that the development of euxinic waters in shallow shelf which might be
sustained up to the upper slope water. Such lateral gradient in ocean water chemistry
has also been inferred for the Ediacaran Doushantuo Formation in the Yangtze
Platform when the low sulfate ocean had been feed through riverine sulfate flux (LI et
al. 2010). The recurrence of heterogeneous seawater sulfate concentrations during
deposition of the lower Niutitang and Guojiaba Formations in the Yangtze Block
might also be related to the sources of sulfate. Relatively high sulfates in §32S were
probably dominant in the near shore shallow shelf close to the riverine sources,
whereas low and depleted in §2S concentrations prevailed in the deeper part of the
basin far away from the sources (LI et al. 2010; POULTON et al. 2010). In addition, the
total organic carbon (TOC) contents in these sediments are relatively high, such as in
Jinsha TOC contents vary from 3.7 to 8.6 wt.% (avg. 5.9 wt.%), in Weng'an from 5.5
to 10.2 wt.% (avg. 7.7 wt.%), in Shatan from 0.9 to 4.9 wt.% (avg. 3.1 wt.%), in
Yangjiaping from 7.6 to 15.6 (avg. 10.9 wt.%), in Songtao 1.5 - 13.8 (avg. 8.3 wt.%)
and in Longbizui 1.9 - 8.9 (avg. 6.1 wt.%), which indicate elevated flux of organic
matters in ocean waters through high bioproductivity, because the increment of TOC
contents in sediments is fairly propotional with ocean surface-water bioproductivity,
regardless of complications arise with efficient organic recycling, export productivity,
delivery to the sediment-water interface and final burial (TRIBOVILLARD et al. 2006).
Such enrichment of organic carbon from shallow to deep waters suggest that the
sulfate availability with isotope composition variance might be the main factor
controlling the §3#S,y in the lower Niutitang Formation of the Yangtze Block.

The 83*Spy values gradually increase in silty/muddy layers of the upper
Niutitang Formation at shelfal Jinsha location (Fig. 7A) and also in the upper
Guojiaba Formation at inner-shelf Shatan section (Fig. 7C), implicating return of low
sulfate condition during deposition. However, 84Sy, values display more or less
increasing-upward tendency in the upper Niutitang Formation of both the Songtao
and Longbizui sections of previous slope settings (Fig. 7E-F), while 634Sp, values
decrease abruptly from -4.5 to -20.7%. during deposition of silty shale of the upper
Niutitang Formation at Yangjiaping section that was located in one intrabasinal shelf
margin (Fig. 7D). Similar trend is also observed in muddy sediments of the upper
Niutitang at outer shelf Weng'an section (Fig. 7B). The negative &3#Spy values are
likely to reflect the largely increased BSR-mediated sulfur isotopic fractionation in
some part of the Yangtze Block during deposition of the upper Niutitang (and
equivalent upper Guojiaba Formation), where sulfate concentrations probably
increased locally due to rapid land exposure, extensive weathering and consequently
high river input during a possible sea-level fall (FENG et al. 2014). Similar type of
decrease in 83*Spy values occurred during deposition of Mingxinsi Formation at
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Jinsha (Fig. 7A) and Weng'an (Fig. 7B) sections and also at the time of the
Bianmachong deposition at Longbizui (Fig. 7F) which most likely resulted from a
rapid increase in sulfate concentrations in ocean waters as a consequence of
increased oxygen concentration (HABICHT et al. 2002).

Evolution of Redox Conditions during Early Cambrian

Integrated iron-speciation, sulfur isotope and trace element chemistry from the
early Cambrian sedimentary sequences in different areas of the Yangtze Block reveal
both temporal and spatial diverse ocean water chemistry that points to a highly
stratified water columns and heterogeneously redox marine basin at the beginning of
the early Cambrian which gradually oxygenated later. Anoxic bottom water
conditions were probably prominent in the Yangtze Block during the late Fortunian
to Stage 2 where euxinic condition dominated in the shallower part (Fig. 8A, B). The
deposition of polymetallic Mo-Ni-PGE sulfide ore bed along the ancient platform
margin of the Yangtze Block gives evidence of a provisional enhancement of
sulfide-rich water column (JIANG et al. 2007; CHEN et al. 2009).

The less positive to negative values of §*Spy, variable Ferir/FeT and low
Fepy/FeHRr ratios and relatively low Mo concentrations in the lowermost Niutitang
shale in shallow shelf area (i.e., Jinsha section) reflect depositions in fluctuating redox
conditions from dysoxic to euxinic. But the permanent euxinic condition developed
in relatively deeper shelf and possibly extended up to upper slope during the
Fortunian-Stage 2 time (Fig. 8A, B). The §3#Spy values in the outer shelf to upper slope
the basal Niutitang black shales including the phophate-rich layers display mostly
less positive 634Spy values and the Fepy/FepR ratios are generally >0.8 (Figs. 6 and 7)
which are consistent with generation of H,S by bacterial reduction and syngenetic
precipitation of pyrites within the water column as well as in sediment pore water.
However, the deeper slope to basin waters were perhaps ferruginous during that time
as evident from high Feyg/Fer (>0.38) and low Fepy/Fepr (<0.70) values within the
same stratigraphic interval of basal Niutitang that deposited in Longbizui (Fig. 6C).
Multiple studies have revealed that the euxinic and ferruginous stratified redox water
conditions coexisted frequently in ancient deep oceans, for example, in Precambrian
ocean (JOHNSTON et al. 2010; POULTON & CANFIELD, 2011). Therefore, under these
circumstances it can be presumed that the Precambrian type ocean chemistry
persisted possibly in the earliest Cambrian ocean on the Yangtze Block.

The ferruginous waters might have dynamically invaded up to shelf with
probable sea-level rise at the beginning of Stage 3 (Fig. 8C, D) and the ferruginous
chemocline shifted upward to shelf marginal areas like Weng'an area. The thick
black shale sequences had been deposited in this vicious anoxic condition that is
suggested by high Fepr/Fer and low Fep,/Fepg ratios in these shale samples from the
outer shelf Weng'an to deep slope Longbizui sections (Fig. 6), which is also indicated
by trace element ratios (Fig. 5). Such anoxic condition was prolonged up to the end
of the Niutitang time in deep water settings of the Yangtze Block, as suggested by
high Feyr/Fet and trace element indices values in the carbonate rich Xiaosi Member
at Songtao and also at the upper Niutitang silty/muddy shale at Longbizui and
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Bahuang sections (Figs. 5 and 6). In contrast, the stepwise oxygenation of water
columns took place in the shallowest waters much earlier (Fig. 8E), probably during
the deposition of the black shales of the lower Niutitang. At that time, ocean waters
fluctuated to anoxic-dysoxic conditions at first and then evolved to more oxic state,
as observed in the Jinsha section.

The oxygenation of deep basin waters was probably started during the
deposition of the Bianmachong Formation at the Longbizui section (Fig. 8F).
Available Feyg/Fer data from these sediments (Fig. 6G) suggest that the deepest
waters in the basin might have been slightly oxygenated, though the trace element
indices (Figs. 4G and 5E) indicate the anoxic condition; but their values hint that the
anoxia was not as severe as that occurred during the deposition of the Niutitang.
However, the decreasing trend in 634Sp, values in Bianmachong sediments at
Longbizui (Fig. 7F) and even in Mingxinsi Formation at Jinsha (Fig. 7A) and Weng'an
(Fig. 7B) sections probably resulted from a rapid increase in sulfate concentrations in
ocean waters as a consequence of increased oxygen concentration (HABICHT et al.
2002) that led to enhance the BSR activity in sediment pores just below
sediment-water interface.

The ocean water chemistry in different intra-platformal basins of the Yangtze
Block generally follows the overall trend of redox shifting from euxinic (and/or
ferruginous) to oxic (Fig. 8). The geochemical data, for examples, the gradual
decrease in DOP, Mo concentrations and V/Cr ratios, and subsequent changes of less
positive-negative-positive values of 63*Spy in the Guojiaba Formations at Shatan
reflect that the waters of a large enclosed basin that was situated within the carbonate
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Fig. 8. Hypothetical basin models representing the spatial-temporal evolution of ocean water chemistry in
the early Cambrian Yangtze Block. The locations of every section in these models are represented
in relative sense, respect to the paleogeography (See Fig. 1 for the location of the cross-sections).
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platform at the beginning of the Cambrian (Fig. 1), was rapidly shifted from euxinic
waters to oxic, via fluctuating redox conditions from ferruginous to dysoxic (Fig. 8A,
C, B). Such condition was coincided perfectly with the changes of water chemistry
within previous platformal shelf areas of the Yangtze Block. On the other hand, in
one of the semi-enclosed basin where the Dingtai section is located, the redox
condition changed according to transformation of water chemistry in outer shelf to
upper slope settings. The high Mo concentrations and Fepy/FeHRr ratios in the basal
Niutitang at Dingtai (Figs. 4D and 6D) suggest euxinia that gradually changed to
ferruginous conditions, and finally from dysoxic to oxic state during deposition of the
upper Niutitang, although trace element indices values indicate severe anoxic state
during the deposition of the Niutitang Formation at that area (Fig. 5B). In contrast, the
Yangjiaping section that was most likely located at shelf margin of another
semi-closed intra-platform basin (Fig. 1) where euxinic bottom waters were
continued probably for an extended period than in other shelf margin areas of the
Yangtze Platform, as shown by high Fe,,/Feyr (=0.8) (Fig. 6E) which are consistent
with strong Mo enrichments in the black shale sequence of the lower Niutitang
Formation (Fig. 4E). Later, less anoxic water columns had been established, but
highly variable that frequently fluctuate between oxic-ferruginous-euxinic states (Fig.
8F).

Summary

This review article presents a preliminary ocean redox chemistry analysis based
on geochemical data such as Fe, S-isotope and trace elements concentrations
available in the early Cambrian sedimentary sequences from inner shelf to deep basin
areas of the Yangtze Block. These data reveal development of a stratified marine
basin in which widespread euxinic waters had been triumphed over inner shelf to
slope areas within ferruginous deep waters during the Fortunian-Cambrian Stage 2
time. With sea-level rise, the ferruginous condition became dominant from outer
shelf to deep basin, except in one semi-enclosed intra-platformal depression where
sulfidic waters dynamically coexisted with the ferruginous waters. This severe anoxic
condition began to change in entire Yangtze Block, gradually from shallow shelf to
deep basin at the Stage 2-3, probably followed by subsequent regression.

The invasion of severe euxinic waters in shallow shelf was probably main factor
for extinction of the Ediacaran fauna and subsequent stepwise bottom water
oxygenation further assisted the evolution of new small shelly fauna during the early
Cambrian.
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