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a b s t r a c t

The rapid diversification of early animals during the Ediacaran (635–541 Ma) and early Cambrian (ca.
541–509 Ma) has frequently been attributed to increasing oceanic oxygenation. However, the pattern
of oceanic oxygenation and its relationship to early animal evolution remain in debate. In this review,
we examine the redox structure of Ediacaran and early Cambrian oceans and its controls, offering new
insights into contemporaneous oceanic oxygenation patterns and their role in the coevolution of environ-
ments and early animals. We review the development of marine redox models which, in combination
with independent distal deep-ocean redox proxies, supports a highly redox-stratified shelf and an
anoxia-dominated deep ocean during the Ediacaran and early Cambrian. Geochemical and modeling evi-
dence indicates that the marine redox structure was likely controlled by low atmospheric O2 levels and
low seawater vertical mixing rates on shelves at that time. Furthermore, theoretical analysis and increas-
ing geochemical evidence, particularly from South China, show that limited sulfate availability was a pri-
mary control on the attenuation of mid-depth euxinia offshore, in contrast to the existing paradigm
invoking decreased organic carbon fluxes distally. In light of our review, we infer that if oceanic oxygena-
tion indeed triggered the rise of early animals, it must have done so through a shelf oxygenation which
was probably driven by elevated oxidant availability. Our review calls for further studies on Ediacaran-
Cambrian marine redox structure and its controls, particularly from regions outside of South China, in
order to better understand the coevolutionary relationship between oceanic redox and early animals.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The appearance of animals (metazoans) in the Cryogenian and
their subsequent radiations in the Ediacaran (635–541 Ma) and
early Cambrian (~541–509 Ma; i.e., ‘‘Cambrian Explosion”) are
among the most important biotic events in Earth history [1–5].
Because early animals lived in seawater and required O2, which
was linked to greater aerobic requirements with increasing organ-
ismal complexity and activity levels [6–8], the history of oceanic
oxygenation is central to an understanding of early animal evolu-
tion (note: we define ‘‘oceanic oxygenation” as buildup in seawater
of dissolved O2 as well as other oxidants). However, the relation-
ship of early animal evolution to Ediacaran-Cambrian oceanic oxy-
genation remains strongly debated. Conventional coevolution
hypotheses argue that a significant increase in deep-ocean oxygen
levels (i.e., a so-called deep-ocean ventilation; note: ‘‘deep ocean”
in this study signifies subsurface waters ranging from continental
shelves to abyssal plains, unless otherwise specified) associated
with the Neoproterozoic Oxidation Event (NOE) triggered the rise
of early animals (Fig. 1a) [9–13], whereas non-coevolution
hypotheses argue that limited oceanic oxygenation [14–16] or
the low metabolic O2 requirements of early animals [e.g., 6] pre-
cluded significant oceanic oxygenation serving as an evolutionary
stimulus, and, therefore, that genetic or ecological factors were
more important in the rise of early animals (Fig. 1b). Recently,
stratified marine redox models emphasizing significant spatial
heterogeneity of marine redox, particularly in shelf oceans, have
been proposed [e.g., 17–19]. In the context of a redox-stratified
ocean, a new coevolution hypothesis, in which oxygenation led
to dynamic expansion of the oxic ocean-surface layer in shelf set-
tings, has been proposed to account for the spatiotemporal radia-
tion of animals in the Ediacaran and early Cambrian (Fig. 1c)
[20–25]. Therefore, the redox structure of Ediacaran-Cambrian
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Fig. 2. Alternative models for the redox structure of Ediacaran and early Cambrian
oceans. Redox-homogeneous ocean models with (a) an oxic deep ocean [26,27] or
(b) a euxinic [28,29] or ferruginous [30] deep ocean; redox-heterogeneous deep-
ocean models including (c) the euxinic wedge model [17] or (d) a multi-layer model
[18]; and modern-like ocean redox models, including (e) a standard oxygen-
minimum zone model [31] and (f) a modified oxygen-minimum zone model
[32,33].

Fig. 1. Alternative hypotheses for the relationship between oceanic oxygenation
and early animal evolution during the Ediacaran and early Cambrian. (a) Conven-
tional coevolution hypotheses postulating control of early animal evolution by a
significant deep-ocean oxygenation or oxygenic ventilation. (b) Non-coevolution
hypotheses postulating that oceanic oxygenation was (very) limited and had no
direct relationship to the rise of early animals. (c) New coevolution hypotheses in
which dynamic shelf oxygenation was spatiotemporally coupled with early animal
evolution. O2, Fe2+ and H2S denote oxic, ferruginous and sulfidic (or euxinic)
conditions, respectively.
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oceans is a key to evaluating alternative hypotheses regarding co-
evolutionary relationships between early animals and their envi-
ronment. In this review, we focus on the development of marine
redox structure models for Ediacaran and early Cambrian oceans
and their controls, offering new insights into the co-evolutionary
history of the marine redox environment and early animals.
2. Evolving models of redox structure in Ediacaran and early
Cambrian oceans

Based largely on geological evidence such as the disappearance
of banded iron formations, the deep ocean was long regarded as
oxic after 1.8 Ga (Fig. 2a) [26,27]. Subsequently, a model invoking
a dominantly ferruginous (i.e., anoxic and Fe2+-bearing) deep ocean
after ~740 Ma was proposed based on global iron speciation and
sulfur isotope data (Fig. 2b) [30]. However, a euxinic (i.e., anoxic
and H2S-bearing, or sulfidic) deep ocean during the Ediacaran
and early Cambrian has also been inferred (Fig. 2b) [e.g., 28,29].
In 2010, the ‘‘euxinic wedge model”, in which a mid-depth euxinic
watermass coexisted dynamically with an oxic surface (i.e., the
atmospheric O2-enriched layer) and deep ferruginous waters, was
proposed for Ediacaran oceans based on unique patterns of Fe-S-
C-trace metal chemistry of the Doushantuo Formation on the
Yangtze Platform, South China [17] (Fig. 2c). In this model, the
‘‘mid-depth” euxinic wedge dynamically developed within a vari-
able range of water depths between the oxic surface layer and
the deep ferruginous watermass (i.e., from shelf to slope and basi-
nal settings). Its size and location depended on local Fe-S-C biogeo-
chemical balances that were influenced by tectonic, climatic,
paleogeographic and other factors (see Section 3.2). One important
feature of this model, i.e., strong spatial heterogeneity of redox
conditions in Ediacaran shelf oceans, is significant in (1) accounting
for conflicting redox records that imply co-occurrence of oxic, fer-
ruginous, and/or euxinic conditions [e.g., 26–30], and (2) establish-
ing a co-evolutionary link with early animal evolution, which
occurred mainly on continental shelves rather than in the deep
ocean [17]. Based on more detailed paleofacies analysis of the Edi-
acaran Doushantuo Formation on the Yangtze Platform [34,35], it
was proposed that the mid-depth euxinic wedge was likely a eux-
inic intra-shelf basin/lagoon behind a rimmed platform margin
[36,37]. However, later studies suggested that the euxinic wedge
model was applicable to both Ediacaran and early Cambrian oceans
[e.g., 11,14,20,22,38–45], and possibly also to other Proterozoic
intervals [e.g., 46–50]. The development of the mid-depth euxinic
wedge model was important in fostering an emerging concept—re-
dox heterogeneity in our understanding of Ediacaran and early
Cambrian oceans.

In 2015, an idealized chemical zonation (or ‘‘multi-layer”)
model, representing an update of the earlier euxinic wedge model,
was proposed for >510-Ma oceans [18]. In this model, the water
column below the oxic ocean-surface layer was comprised of mul-
tiple reducing zones that mirrored the redox zonation observed in
modern sedimentary porewaters [51] and in some restricted basins
(e.g., the Black Sea) [52]: (1) a nitrogenous zone (i.e., with nitrate
reduction and NO3

�–NO2
� enrichment), (2) a manganous-

ferruginous zone (i.e., with Mn-Fe reduction, leading to Mn2+-
Fe2+ enrichment), (3) a sulfidic (euxinic) zone (i.e., the euxinic
wedge with sulfate reduction, leading to H2S enrichment), (4) a
methanic zone (i.e., with CH4 enrichment through organic matter
disproportionation), and (5) a ferruginous deep-water zone (i.e.,
with hydrothermal Fe2+ supply) (Fig. 2d). This redox zonation pat-
tern was hypothesized to have existed not only vertically within
the water column but also as a proximity gradient across continen-
tal shelves (Fig. 2d). The development of multiple redox layers in
this model depended on the supply and, thus, availability of vari-
ous oxidants in seawater [18].
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A number of recent studies have examined the applicability of
the multi-layer model to Ediacaran and early Cambrian marine
systems. Hammarlund et al. [53] found that their integrated Fe
speciation, N isotope and trace-metal data supported the existence
of a nitrogenous zone immediately below the oxic surface layer,
enhancing conditions for preservation of the early Cambrian
Chengjiang Biota. Tostevin et al. [19] reported that cerium (Ce)
anomaly proxy data from the Ediacaran Nama Group (~550–
541 Ma) in Namibia supported the existence of manganous-
ferruginous zone below the oxic surface layer of the late Ediacaran
ocean. Cheng et al. [54] found that Fe-Mn-Mo-U-C data from black
shales of the lower Cambrian Niutitang Formation provided evi-
dence of Mo cycling within a manganous-ferruginous zone above
the euxinic wedge on the early Cambrian Yangtze shelf margin
(South China). Zhang et al. [42] reported that integrated Fe-Mo-
U-S-N-C data from lower Cambrian black shales of Qingxi Forma-
tion supported the co-existence of multiple redox zones on the
southeastern (Cathaysian) margin of the early Cambrian Nanhua
Basin (South China). These individual cases from various geo-
graphic locations indicate that Ediacaran and early Cambrian
oceans were likely highly redox-stratified below the oxic surface
layer, particularly on continental shelves.

Recently, ocean redox structure models based on modern ocea-
nic oxygen-minimum zones (OMZ) have been proposed for Edi-
acaran and early Cambrian oceans. These models invoke a deep
ocean that was largely oxic rather than anoxic, as in the stratified
redox models above (Fig. 2). For example, Guilbaud et al. [31]
hypothesized OMZ-like conditions on the productive margin of
an oxic deep ocean in the early Cambrian based on Fe speciation
and trace element data from the Baltic Basin (Fig. 2e). However,
we realize that the stratigraphic correlations in this study actually
indicate that the strata of distal sections yielding oxic deep-water
signals were older than those of the proximal sections exhibiting
OMZ development, thus casting doubt on this model. Based on
N-isotope data from the Yangtze Platform, Wang et al. [32,33] pro-
posed a modified OMZ model for Ediacaran and early Cambrian
oceans (Fig. 2f). This model is similar to the modern ocean in hav-
ing an oxic deep ocean (as inferred from modern-like d15N values,
implying a similarly sized seawater NO3

� reservoir) as well as an
OMZ on productive shelf margins, but it differs in having a thin
anoxic bottom-water layer in distal deep waters inferred from local
Fe speciation and redox-sensitive trace-element data. However,
the N-isotope data demonstrate significant spatial heterogeneity
in both Ediacaran [32] and lower Cambrian units [55] of the
Yangtze Platform, consistent with an aerobic N cycle dominant in
shallow waters and an anaerobic N cycle dominant in distal waters
and, thus, with an anoxic deep ocean. Therefore, the assumption of
an oxic deep ocean in these OMZ models is still unproven.

A major hurdle to analysis of redox conditions in distal deep
oceans of the Ediacaran and early Cambrian is that nearly all ocea-
nic crust and overlying marine sediments of those ages have been
subducted, limiting investigations to continental shelf, cratonic,
and marginal sea deposits. However, independent evidence indi-
cates a generally anoxic deep ocean despite increasing O2 concen-
trations during the Ediacaran and early Cambrian. For example, the
average Fe3+/ƩFe of oceanic basalts and Fe3+/ƩFe plus V/Sc of island
arc rocks indicate that the global deep ocean was not fully oxy-
genated until the Devonian [56,57], when land plants spread
rapidly and vertebrates radiated [58,59]. Late deep-ocean oxygena-
tion is consistent with the rise of atmospheric O2 to modern levels
for the first time in the Devonian [60], and it is also supported by
global compilations of redox proxies such as Mo isotopes and con-
centrations [61], Fe speciation [15], and carbonate-associated Ce
anomalies [62]. In addition, marine U isotopes provide evidence
for strongly fluctuating global-ocean redox conditions, and not
fully oxygenated deep ocean during the Ediacaran and early Cam-
brian [12,13,63,64]. In summary, existing observations suggest that
global deep oceans of the Ediacaran and early Cambrian were
anoxia-dominated, whereas contemporaneous continental shelf
watermasses had a stratified redox structure.
3. Mechanisms for stratified ocean-redox structure in Ediacaran
and early Cambrian oceans

3.1. Why anoxic and stratified?

Our review of the development of ocean-redox structure mod-
els indicates that shelf redox stratification and dominance of
deep-ocean anoxia were major features of Ediacaran and early
Cambrian oceans. The prevalence of anoxia in deep-ocean water-
masses was probably related to low atmospheric pO2 during the
Ediacaran (<1%�40% PAL, or present atmospheric level) and early
Cambrian (~10%�40% PAL), although O2 levels were significantly
higher than those during the preceding billion years [65]. Biogeo-
chemical modeling indicates that a combination of low atmo-
spheric O2 levels and an active biological pump inevitably results
in deep-ocean anoxia due to respiratory O2 demand exceeding
the resupply of O2 to deep oceans through vertical mixing and dif-
fusion [65–67]. Modeling results also show that even at higher pO2,
deep-ocean anoxia can potentially be maintained through strong
respiratory O2 consumption related to high productivity and
organic matter sinking fluxes without requiring reduced vertical
mixing of seawater, as in some modern OMZs [68].

The persistence of strong redox stratification in shelf oceans for
an interval > 108 years during the Ediacaran and early Cambrian
was likely due to lower vertical mixing rates than in the modern
ocean. Key evidence for this inference is the long-term existence
of stable vertical and/or lateral gradients in C-S-N isotopes and/
or concentrations in marine shelf deposits of those ages [e.g.,
17,21,22,32,69,70]. Here, we focus on gradients in seawater sulfate
concentrations ([SO4

2�]sw) and isotopic compositions (d34Ssulfate). In
modern marine sediments in which fluid advection is limited, sul-
fate exhibits pronounced concentration and isotopic gradients
with depth below the sediment–water interface [68]. Geochemical
gradients of sulfate have also been reported in the water columns
of hydrologically restricted modern watermasses, e.g., coastal
ponds in the northeastern USA in which microbial sulfate reduc-
tion (MSR) is the dominant process of organic remineralization
[71]. However, modern oceans contain high concentrations of sul-
fate (~29mmol/L) [72,73], and modern open-shelf areas are subject
to physical processes (e.g., baroclinic pressure gradients, eddy mix-
ing, tidal friction mixing, and wave breaking) that promote vertical
mixing within the water column [74], preventing the formation of
such geochemical gradients.

In order to quantitatively evaluate the effect of vertical mixing
on the distribution of sulfate in the water column of Ediacaran
and early Cambrian oceans, we developed a one-dimensional,
depth-dependent geochemical model. In this model, sulfate con-
centration (S) at depth x varies with time (t) according to the fol-
lowing equation (Eq. (1)), which considers the physical processes
of diffusion and advection, as well as the depth-dependent rate
of sulfate reduction [75]:

dS
dt

¼ D
d2S
dx2

� v dS
dx

� LkGexp � k
v

� �
x

� �
; ð1Þ

where D is the diffusion coefficient, v is the advective velocity, L is
the stoichiometric coefficient equal to the number of sulfate mole-
cules reduced for each carbon atom oxidized (i.e., 1/2), k is the car-
bon oxidation rate constant for sulfate-reducing microorganisms,
and G is the concentration of organic carbon that can be utilized
for MSR. In this approximation, we assume that v is constant with
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depth, and we ignore other processes (e.g., precipitation or dissolu-
tion of sulfate minerals, and bacterial oxidation of sulfide to sulfate)
that were not important in Ediacaran-early Cambrian shelf oceans
[71,75]. We can further calculate the d34Ssulfate at depth x (d34Sx)
through a mass balance equation (Eq. (2)) when [SO4

2�]sw is known
at 0 m ([SO4

2�]0) and x m ([SO4
2�]x).

d34Sx ¼ SO4
2�

h i
0
d34S0 � SO4

2�
h i

MSR
d34S0 � D34S

� �� �
= SO4

2�
h i

x
;

ð2Þ
where [SO4

2�]MSR = [SO4
2�]0 � [SO4

2�]x and D34S = 7.03 ln([SO4
2�]x)

+ 21.22 [76]. In this model, we prescribed the initial boundary con-
ditions for sulfate concentrations ([SO4

2�]0 = 2 mmol/L) [77] and iso-
tope composition (d34S0 = ~27‰) [78] in the surface layer of
Ediacaran and early Cambrian shelf oceans. Because an increase in
the vertical mixing rate is equivalent to an increase in D in terms
of its effect on sulfate distribution in the water column, we varied
the value of D in this model to simulate scenarios ranging from a
restricted-basin setting (initialized to bottom waters of the modern
Black Sea, i.e., DBS) to an open-shelf setting (expressed as multiples
of DBS). The parameters used in our model are listed in Table 1, and
more details of the model can be found in the Supplementary mate-
rials (online).

Our model results confirm that lower vertical mixing rates
result in gradients of sulfate concentrations and isotopic composi-
tions in shelf oceans [17,21,22,83], whereas higher vertical mixing
rates eliminate such gradients (Fig. 3). A remarkable observation in
our modeling is that vertical mixing rates theoretically lower than
a certain threshold cause the complete depletion of deep-water
sulfate. In the current parameter framework, D < 2.06 � DBS results
in a zero sulfate concentration (Fig. 3a) and an infinitely positive
sulfate isotopic composition (Fig. 3b; but note that d34S is mean-
ingless in the context of [SO4

2�]SW = 0 mmol/L) at depths �
~200 m below the chemocline. An absence of deep-water sulfate
is consistent with the inferred existence of a large dissolved
organic carbon (DOC) reservoir in the Ediacaran deep ocean [84–
86]. A large deep-ocean DOC reservoir, which does not exist in
the modern, could not have been maintained theoretically for mil-
lions of years during the Ediacaran if dissolved sulfate had been
available for MSR.

The hypothesis that strong redox stratification of Ediacaran and
early Cambrian shelf oceans was likely due to low vertical mixing
rates is thus supported by current geochemical and modeling evi-
dence. Low mixing rates may have been related to hydrological
restriction of contemporaneous marginal seas [e.g., 34,87] and/or
to equator-to-pole temperature gradients that were flatter than
in the modern or inverted (e.g., linked to high (>54�) axial obliq-
uity; [88]). However, these hypotheses are speculative at present,
and the underlying mechanisms for low mixing rates remain
uncertain, with further research from a physical oceanography per-
spective needed. We note that most existing evidence for spatial
gradients in C-S-N isotopes and/or concentrations is from South
Table 1
Model input parameters.

Parameter Symbol Value Source

Carbon oxidation rate constant
for sulfate reducing bacteria
(Black Sea)

k 1.4 � 10�10 s�1 [79,80]

Advective velocity (Limfjorden) v 0.6 � 10�8 cm s�1 [81]
Diffusion coefficient (4 �C bottom

waters of Black Sea)
D ~0.8 � 10�5 cm2 s�1 [82]

Utilizable organic carbon
concentration (Santa
Barbara Basin)

G 2.6 � 10�4 mol cm�3 [80]
China, where sedimentary paleogeography and correlations of Edi-
acaran and lower Cambrian strata are complex and sometimes
controversial [e.g., 17,20,34–37,89,90]. Thus, more data, especially
from regions outside of South China, are also needed to test the
existence of such gradients.
3.2. Why mid-depth euxinia?

3.2.1. Theoretical controls on euxinia in Ediacaran and early Cambrian
oceans

Although some of the redox zones predicted by Li et al. [18] to
have been present in Ediacaran and early Cambrian shelf oceans
remain unproven, the existence of a mid-depth euxinic zone in Pre-
cambrian oceans has been widely recognized [e.g., 46–49,91–95].
One unresolved issue is why this euxinic wedge disappeared in
the distal (oceanward) direction. In oceanic systems, sinking
organic carbon (OC) generated by photoautotrophs in the ocean-
surface layer tends to be oxidized sequentially by O2, NO3

–, Mn4+,
Fe3+, and SO4

2� due to the progressively lower energy yields of these
reactions [68]. However, the theoretically low levels of most of
these oxidants (e.g., O2, NO3

�, Mn4+ and Fe3+) in the Ediacaran and
early Cambrian anoxic deep ocean allowed sulfate to play a domi-
nant role in OC degradation [18]. In anoxic waters in which sulfate
serves as the main electron acceptor, the two main reactions influ-
encing the development of euxinia are: (1) MSR, which consumes
SO4

2� and generates HS– (or H2S; note: H2S = HS� + H+) via the reac-
tion of OC with SO4

2� (Eq. (3)), and (2) pyrite formation, which gen-
erates FeS2 via reaction of HS� (or H2S) with Fe2+ (Eq. (4)), although
other reactions (e.g., H2S reoxidation) play a minor role [71]. In
such systems, the watermass becomes euxinic when the HS� or
H2S flux exceeds two times of the Fe2+ flux (i.e., the ratio of S to
Fe in stoichiometric pyrite), but otherwise ferruginous conditions
develop. At a given concentration of aqueous Fe2+, the relative
availability of OC versus SO4

2� determines the magnitude of the
HS� or H2S flux and, thus, whether euxinic or ferruginous condi-
tions develop. At higher Fe2+ concentrations, larger fluxes of sulfate
and organic matter are required for euxinia to develop. The quan-
titative relationships of Fe:S:C in Eqs. (3) and (4) suggest that, for
euxinia to develop in a watermass in which MSR is the dominant
process of OC remineralization, two quantitative conditions

must be met: (1) SO4
2�

h i
local

> 2 Fe2þ
� 	

local, and (2) OC½ �local >
4 Fe2þ
� 	

local; all fluxes are in units of moles.

2CH2Oþ SO2�
4 ! HS� þH2Oþ CO2 þHCO�

3 ; ð3Þ
2HS� þ Fe2þ ! FeS2 þH2; ð4Þ
CH2Oþ 4Fe OHð Þ3 ! 4Fe2þ þ 3H2Oþ 7OH� þHCO�
3 : ð5Þ

In modern oxic oceans, iron concentrations are extremely low
(< ~4 nmol/L) [96]. However, thermodynamic modelling indicates
that Fe2+ concentrations must have been > 50 lmol/L in the anoxic
Precambrian oceans in which banded iron formations precipitated
[97]. Fe2+ in Ediacaran and early Cambrian oceans may have been
sourced from subaerial reduction of Fe3+ (Eq. (5)) or hydrothermal
emissions of Fe2+ (Fig. 4). Although Fe3+ availability (and thus the
Fe2+ flux from its reduction) would have been limited in a generally
reducing Earth-surface environment, Fe2+ fluxes from hydrother-
mal venting are thought to have been high during the Ediacaran
and early Cambrian [98], and generally ferruginous deep-ocean
conditions have been inferred for this interval [17,22,30,39,99].
Thus, in theory, both sulfate and OC availability were important
factors controlling the development of euxinia in Ediacaran and
early Cambrian shelf oceans.



Fig. 3. (Color online) Quantitative modeling of the effect of variable vertical mixing rates on the distribution of sulfate (a: concentration, b: isotopic composition) in the water
column of Ediacaran and early Cambrian shelf oceans. Note: the 0 m level represents the oxic/anoxic chemocline of the water column. See text, Table 1 and Supplementary
materials (online) for modeling details. DBS: diffusion coefficient of Black Sea bottom waters (4 �C) = ~0.8 � 10�5 cm2 s�1 [82].

Or

Fig. 4. (Color online) Theoretical controls on the disappearance of the mid-depth euxinic wedge distally in Ediacaran and early Cambrian oceans. The availabilities of both
sulfate and organic carbon (OC) were probably key factors controlling development of euxinia in Ediacaran and early Cambrian shelf oceans. DIC: dissolved inorganic carbon;
IRM: iron-reducing microbes, SRM: sulfate-reducing microbes.
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3.2.2. Sulfate availability as a primary control on development of mid-
depth euxinia

The standard paradigm for development of euxinia in Precam-
brian oceans is that OC sinking fluxes consumed water-column
O2, allowing deep-water H2S buildup [e.g., 65,67]. In this scenario,
the attenuation of euxinia in the distal deep ocean was linked to
decreasing OC sinking fluxes offshore. This model is applicable to
modern oceans, in which continental margins are highly produc-
tive (>40% of global net production despite being only ~6% of total
ocean area; [100]) due to nutrient inputs from continents and/or
upwelled deep waters, and in which dissolved sulfate is present
in high concentrations (~29 mmol/L) throughout the ocean. For
example, the formation of OMZs on modern ocean margins is
widely associated with high OC sinking fluxes. The proposals for
OC-driven marine euxinia in Precambrian oceans have been based
mainly on observations linking euxinic conditions with elevated
sediment total OC (TOC) content [e.g., 46,92,93]. However, euxinic
conditions alone would have strongly enhanced organic preserva-
tion in Precambrian sediments [e.g., 101], and, thus, high TOC con-
tent is not necessarily an indication of elevated primary
productivity or OC sinking fluxes. Thus, the mechanism of OC-
driven marine euxinia that is characteristic of modern oceans can-
not be assumed to have applied to Precambrian oceans because of
their much lower dissolved sulfate concentrations [77,78].

Given a generally anoxic stratified ocean as outlined in
Section 2, seawater sulfate concentrations are theoretically
expected to have been low in Ediacaran and early Cambrian oceans
(i.e., a small sulfate reservoir), particularly in the distal anoxic deep
ocean where dissolved sulfate would have been consumed rapidly
whenever OC was available. Accordingly, continental weathering
fluxes are likely to have been the major source of sulfate to Edi-
acaran and early Cambrian oceans. Furthermore, given low vertical
mixing rates (Section 3.1) and deep-water MSR consumption (Sec-
tion 3.2.1), the flux of riverine sulfate would have theoretically led
to maximum sulfate concentrations in proximal areas of continen-
tal shelves and generated a gradient toward lower concentrations
offshore (Fig. 4). These inferences are supported by published esti-
mates of < 2 mmol/L for seawater sulfate concentrations in shallow
carbonate platforms and even lower values for distal shelves of
Ediacaran and early Cambrian oceans, based on the S-isotopic com-
positions of coexisting sedimentary carbonate-associated sulfate
(d34SCAS) and pyrite (d34Spy) from South China, Oman, Mexico, and
the United States [17,73,77,102]. In this context, the availability of
both OC and sulfate must have sufficient to generate a H2S flux that
exceeded the 2 times of Fe2+ flux in themid-depth euxinic watermass
(Section 3.2.1), but both OC and sulfate availability probably declined
further oceanward, and, at some point, an increasing Fe2+ supply
from deep-water hydrothermal sources would have resulted in a
transition to a ferruginous deep ocean due to an insufficiency of OC
and/or sulfate (Fig. 4).

Low sulfate concentrations distally in Ediacaran and early Cam-
brian oceans do not mean that sulfate was available only in shal-
low shelf areas, as sulfate availability can be influenced by local
factors such as riverine inputs, marine productivity, and estuary
changes etc. [e.g., 39]. There is increasing evidence to support a
large-scale sulfate gradient in the Ediacaran and early Cambrian
oceans of South China. Li et al. [17] reported large differences in
d34Spy, eMSR (=d34SCAS–d34Spy; i.e., the S-isotopic fractionation of
MSR), and C/S ratios of Ediacaran Doushantuo Formation between
the intra-shelf Jiulongwan and shelf-margin Zhongling sections on
the Upper Yangtze Block that are consistent with lower sulfate
concentrations offshore. As supported by recent advances in dating
of the Doushantuo Formation [e.g, 103,104], this sulfate gradient
was confirmed by quantitative estimates of seawater sulfate based
on paired d34SCAS and d34Spy data from the mid-Ediacaran strata of
this formation, which yielded higher concentrations for the intra-
shelf Jiulongwan section than for the upper-slope Siduping section
[21]. Significantly, this study also demonstrated pulsed inputs of
sulfate at both sites that were likely linked to increased continental
weathering fluxes, which is consistent with control of sulfate avail-
ability in Ediacaran shelf oceans by weathering intensity [21].
Declining sulfate concentrations offshore were also suggested by
generally heavier d34Spy values in deep-water (slope to basinal)
Ediacaran sections of the Lower Yangtze Block [105] and lower
Cambrian sections of the Upper Yangtze Block [22,39,83]. These
observations support limited sulfate availability as a possible pri-
mary cause for the distal disappearance of mid-depth euxinia in
Ediacaran and early Cambrian oceans.

Sulfate availability as a primary control on development of the
mid-depth euxinic wedge in Ediacaran-Cambrian oceans was for-
mally proposed by Feng et al. [39]. In that study, sulfate limitation
of MSR in distal deep-water sections of the early Cambrian Yangtze
Platform was supported by weak correlations (R2 � 0.22) between
euxinic extent (given as the ratio of pyrite Fe versus highly reactive
Fe) and TOC contents for anoxic deep-water sections as well as
high TOC contents (averaging 6%) in the deepest ferruginous sec-
tions. This inference was reinforced by the more comprehensive
study of Jin et al. [22], who studied redox conditions of eight
early-Cambrian sections along two shelf-to-basin transects of the
Yangtze Platform. Recently, Li et al. [83] undertook a comparative
analysis of redox conditions on the northwestern (Yangtze Block)
and southeastern (Cathaysia Block) margins of the early Cambrian
Nanhua Basin, documenting more extensive development of mid-
depth euxinia on the Cathaysian margin. They also found evidence
of higher continental weathering intensity on the same margin,
and, because riverine sulfate fluxes are enhanced through oxida-
tion of sulfide minerals which are increasingly exposed by
enhanced subaerial weathering of their host silicates in continents,
their findings are consistent with the hypothesis that weathering-
derived sulfate fluxes likely were the primary control on the spatial
development of marine euxinia in the early Cambrian Nanhua
Basin. Because most evidence to date for sulfate gradients and
the sulfate control on the development of mid-depth euxinic
wedge during the Ediacaran to early Cambrian is from the Nanhua
Basin, additional data are needed from regions outside of South
China in order to test if the model of sulfate-driven marine euxinia
is generally applicable to Ediacaran and early Cambrian oceans.
4. Implications for early animal evolution

Our review demonstrates that a highly redox-stratified shelf
ocean and an anoxia-dominated deep ocean were major features
of the Ediacaran and early Cambrian, and that the spatial distribu-
tion of euxinia was probably controlled by sulfate availability.
These features are consistent with oxidant control of marine redox
stratification as proposed in the multi-layer model for >510-
Ma-old oceans [18]. These inferences have important implications
for competing hypotheses regarding the relationship between
oceanic oxygenation and early animal radiation (Fig. 1).

First, given the anoxia-dominated nature of contemporaneous
deep oceans, the early radiation of animals during the Ediacaran
and the subsequent ‘‘Cambrian Explosion” were most likely not
related to significant oxygenation or ventilation of the global deep
ocean, as suggested in conventional co-evolution hypotheses
(Fig. 1a) [9–11,13,33]. Such hypotheses seem inherently unreason-
able given that early animals mainly or exclusively occupied shal-
low continental shelves [106,107], meaning that oxygenation of
the global deep ocean was not a necessary precondition for meta-
zoan diversification.

Second, if oceanic oxygenation indeed triggered the rise of early
animals, it must have done so through shelf oxygenation, which
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was probably driven by increased oxidant availability (Fig. 1c), as
inferred from the existence of oxidant-driven ocean-redox stratifi-
cation in shelf settings (see Section 3) and concurrent dominance
of anoxia in the deep ocean (see Section 2). Many lines of elemental
and isotopic evidence support significant oceanic oxygenation dur-
ing the Ediacaran and early Cambrian [9–11,13,23,33,108–114].
However, other studies have inferred limited oceanic oxygenation
at that time [14,15]. If the oxygenation process was limited primar-
ily to shelf oceans, these conflicting inferences can be reasonably
reconciled. Recent work has documented strong spatiotemporal
heterogeneity of redox conditions in Ediacaran-early Cambrian
shelf oceans, which may have profoundly shaped the local ecosys-
tems of early animals [24]. Furthermore, a recently published co-
evolution hypothesis: the ‘‘dynamic shelf oxygenation hypothesis”
[24,25], argues that pulsed or stepwise shelf oxygenation driven by
increases either in local primary productivity (thus photosynthetic
O2 production) and weathering oxidant fluxes (mainly sulfate) or
in atmospheric pO2 and ocean-surface O2 concentrations may have
stimulated early animal radiations during the Ediacaran and early
Cambrian (Fig. 1c). This hypothesis is consistent with the major
features of Ediacaran-early Cambrian ocean-redox structure and
its controls, as outlined in this review, providing a framework for
understanding the relationship between the process of oceanic
oxygenation and the evolutionary development of early animals
that can be qualitatively and quantitatively investigated further
in future studies.
5. Summary and perspective

Our review of the development of marine redox structure mod-
els for the Ediacaran and early Cambrian highlights the existence of
highly redox-stratified shelf oceans and anoxia-dominated deep
oceans. Dominance of anoxia in the deep ocean was the product
of generally low atmospheric O2 levels in combination with strong
shelf redox stratification that was likely linked to low vertical mix-
ing rates. Theoretical analysis and geochemical evidence, particu-
larly from South China, show that the distal disappearance of the
mid-depth euxinic watermass was probably controlled to a greater
degree by oceanward decreases in sulfate availability rather than
in organic carbon sinking fluxes, as previously hypothesized. Con-
tinental weathering intensity and riverine sulfate fluxes were
likely key controls on seawater sulfate availability and in turn,
the spatial distribution of mid-depth euxinic watermass in Edi-
acaran and early Cambrian oceans. Our review supports the
hypothesis that dynamic shelf oxygenations, likely driven by ele-
vated but dynamically variable local oxidant availability, must
have been responsible for the radiations of early animals. Our find-
ings highlight the need for continued studies on marine redox
structure and its controlling mechanisms—particularly in terms
of quantification and global scope, and with a focus on regions out-
side of South China—in order to better understand the coevolution-
ary history of ocean-redox conditions and early animals.
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