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Abstract

In order to understand spatial variations of stable isotope geochemistry in the Quruqtagh basin (northwestern China) in
the aftermath of an Ediacaran glaciation, we analyzed carbonate carbon isotopes (8'>C.ay), carbonate oxygen isotopes
(5180@,1.]3), carbonate associated sulfate sulfur (534SCAS) and oxygen isotopes (6180CA5), and pyrite sulfur isotopes (534Spy)
of a cap dolostone atop the Ediacaran Hankalchough glacial diamictite at four sections. The four studied sections (YKG,
MK, H and ZBS) represent an onshore-offshore transect in the Quruqtagh basin. Our data show a strong paleobathyme-
try-dependent isotopic gradient. From the onshore to offshore sections, §'>Ce,r, values decrease from —29%, to —16%, (VPDB),
whereas 6'80g,.p values increase from —49%, to —19%, (VPDB). Both §**Scas and 534Spy show stratigraphic variations in the
two onshore sections (MK and YKG), but are more stable in the two offshore sections (H and ZBS). 3"80cas values of
onshore samples are consistent with terrestrial oxidative weathering of pyrite. We propose that following the Hankalchough
glaciation seawater in the Quruqtagh basin was characterized by a strong isotopic gradient. The isotopic data may be inter-
preted using a three-component mixing model that involves three reservoirs: deep-basin water, surface water, and terrestrial
weathering input. In this model, the negative 6'C,,,, values in the offshore sections are related to the upwelling of deep-basin
water (where anaerobic oxidation of dissolved organic carbon resulted in '*C-depleted DIC), whereas sulfur isotope variations
are strongly controlled by surface water sulfate and terrestrial weathering input derived from oxidative weathering of pyrite.
The new data provide evidence for the oceanic oxidation following the Hankalchough glaciation.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION hosted a large reservoir of dissolved organic carbon

(DOC) to a Phanerozoic-style oxic deep ocean dominated

The Ediacaran Period experienced a transition from a by dissolved inorganic carbon (DIC) (Canfield, 1998;
Proterozoic-style anoxic/euxinic deep ocean that likely Rothman et al., 2003; Canfield et al., 2008; Swanson-Hysell

et al., 2010). Although there is evidence for an episodic oxi-

dation and regional variation in the oxidation state of Edi-
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processes responsible for the Ediacaran oxidation event are
poorly understood.

Geological and geochemical evidence suggests that the
Ediacaran oxidation event might have been temporally
associated with glaciations (Fike et al., 2006; Canfield
et al., 2007; Kaufman et al., 2007; Peltier et al., 2007). Un-
like the globally-distributed Marinoan glacial diamictite of
the Cryogenian Period (Hoffman et al., 1998; Hoffmann
et al., 2004; Condon et al., 2005), glaciations in the Ediac-
aran Period were possibly regional and diachronous
(Bowring et al., 2003; Xiao et al., 2004; Halverson et al.,
2005; Corkeron, 2007). One of the Ediacaran glacia-
tions—the Gaskiers glaciation in Newfoundland—is tem-
porally associated with the rise of macroscopic life forms
(the Ediacara biota) and deep ocean oxidation, implying a
possible linkage between the Ediacaran glaciation, redox
evolution, and biological evolution (Canfield et al., 2007);
in Newfoundland, complex Ediacara fossils have been re-
corded in the >579 Ma Drook Formation that was depos-
ited shortly after the ~582Ma Gaskiers glaciation
(Narbonne and Gehling, 2003; Hoffman and Li, 2009).

To further decipher Ediacaran redox history and to ex-
plore the possible linkage between Ediacaran glaciations
and oceanic oxidation, we investigated the post-glacial Han-
kalchough cap dolostone atop the Ediacaran Hankalchough
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glacial diamictite in the Quruqtagh area of eastern Chinese
Tianshan, northwestern China (Fig. 1). We focus on cou-
pled multiple stable isotope measurements of cap dolostone
at four sections representing an onshore—offshore transect of
the Quruqtagh basin. Previously, 6'>Cg,.p, and 5' 0y, data
from these successions were reported by Xiao et al. (2004).
In this paper, we present sulfur and oxygen isotope data
of carbonate associated sulfate (CAS) and sulfur isotope
of disseminated pyrite that were extracted from the same
samples analyzed by Xiao et al. (2004).

2. GEOLOGICAL SETTING

The Neoproterozoic Quruqtagh Group in the Qurug-
tagh area (Fig. 1) was deposited in a Neoproterozoic rift ba-
sin following the breakup of Rodinia at ~750 Ma (Xu
et al., 2005). The Quruqtagh Group is dominated by silici-
clastic deposits with volcanic interbeds. Diamictites occur
in the Bayisi, Altungol, Tereeken, and Hankalchough for-
mations (Gao and Zhu, 1984; Xiao et al., 2004). These dia-
mictites have been interpreted as glacial deposits (Gao and
Zhu, 1984), although convincing evidence for glaciation is
noted only for the Tereeken and Hankalchough formations
(Xiao et al., 2004; Xu et al., 2009). SHRIMP zircon U-Pb
ages constrain the Tereecken diamictite between 726 4+ 10
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Fig. 1. Geological map (adopted from Xiao et al., 2004) showing location of the four studied sections of the Hankalchough cap dolostone in
the Quruqtagh area, eastern Chinese Tianshan: Yukkengol-North section (YKG); Mochia-Khutuk section (MK); Hankalchough peak
section (H); and Heishan-Zhaobishan section (ZBS). YKG-MK-H-ZBS represent an onshore-offshore transect. Inset shows the location of

the Quruqtagh area (box) in the northeastern Tarim block.
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(20) Ma and 615 + 6 (20) Ma (Xu et al., 2009). The Teree-
ken diamictite is overlain by the Zhamoketi cap dolostone,
which shares some sedimentary and geochemical features
with the ~635 Ma Doushantuo cap dolostone in South
China and other presumably correlative cap dolostones at
the end of the Cryogenian Period (Xiao et al., 2004). The
Hankalchough diamictite is <615 + 6 (2¢0) Ma (Xu et al.,
2009) and lies below basal Cambrian phosphorites and
cherts (Yao et al., 2005; Dong et al., 2009). Thus, the Han-
kalchough diamictite is clearly of Ediacaran age, and it may
lie very close to the Ediacaran—Cambrian boundary (Shen
et al., 2010).

The Hankalchough Formation can be lithologically di-
vided into two members (Fig. 2). The lower diamictite
member ranges from ~50 to ~400 m in thickness, repre-
senting glacial marine deposits. Out-sized clasts and drop-
stones in finely laminated facies are common. The
Hankalchough diamictite member is overlain by the Han-
kalchough cap dolostone member, a 1-5 m thick unit of
muddy-silty dolostone. Thin section observations indicate
that the carbonate fraction of Hankalchough cap dolostone
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consists of homogenous dolomicrite and dolomicrosparite
(Fig. 3). The content and grain size of siliciclastics (ranging
from silt to clay sized particles) within the dolostone de-
crease upsection. Regionally, the Hankalchough diamictite
has been correlated with the Hongtiegou glaciation in the
Chaidam basin and the Luoquan glaciation in North China
(Wang et al., 1980; Shen et al., 2007), but its correlation
with other Ediacaran glaciations (e.g., the ~582 Ma Gask-
iers glaciation in Newfoundland) is uncertain due to the
lack of tight age constraints (Xiao, 2008). In this study,
we sampled the Hankalchough cap dolostone at four
sections: Yukkengol-North (YKG=Y' in Fig. 1 of
Xiao et al., 2004), Mochia-Khutuk (MK =M in Fig. 1 of
Xiao et al., 2004), Hankalchough Peak (H=H' in Fig. 1
of Xiao et al., 2004), and Zhaobishan (ZBS = H in Fig. 1
of Xiao et al., 2004).

The four investigated sections form a west—east lineation
across the Quruqtagh basin arguably representing an on-
shore to offshore transect. This paleobathymetric interpre-
tation is supported by several lines of sedimentological
evidence. First, the Hankalchough diamictite thickens from
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Fig. 2. Geochemical profiles of the four studied sections. (a) 5"*C; (b) 5'%0; (c) **Scas; (d) >*Spy; (€) A**Scas py = 0>*Scas — 07 Spy; (f) CAS
concentrations; (g) pyrite concentrations; (h) carbonate contents. (i and j) 6'*Ce,r, and 5**Scas of the four studied section plotted against the
relative distance between the sections. Symbols and brackets represent the average isotope values and one standard deviation, respectively, for
each section. Linear regression lines, regression equations, and R values are shown. SQ: Shuiquan Formation; Hankalch: Hankalchough

Formation; and XB: Xishanblaq Formation (basal Cambrian).



1360 B. Shen et al./ Geochimica et Cosmochimica Acta 75 (2011) 1357-1373

Fig. 3. Transmitted light photomicrographs of the Hankalchough cap dolostone at the four studied sections. (a) Zhaobishan (ZBS) section,
homogenous microsparite, thin section ZBS-11; (b) Hankalchough Peak (H) section, homogenous micrite, thin section L-67; (¢c) Mochia-
Khutuk (MK) section, homogenous microsparite, thin section MK-23; (d) Yukkengol-North (YKG) section, silty micrite, thin section YKG-
59. Note the increasing detrital content from offshore (ZBS) to onshore (YKG) sections. Scale bar = 500 um for all photomicrographs.

~50 m in the west to ~400 m in the east (Gao and Zhu,
1984), suggesting that the basin deepened to the east where
more accommodation was provided for the rapid deposi-
tion of diamictite. Second, siliciclastic content and grain
size (from silt to clay) in the Hankalchough cap carbonate
decreases eastward and carbonate content shows a comple-
mentary increase (Fig. 2h), suggesting a terrigenous source
from the west during the deposition of the cap dolostone.
Third, a paleocurrent study of the underlying Zhamoketi
Formation indicates a paleoflow direction from the south-
west to the northeast (Li and Dong, 1991), consistent with
the paleobathymetric trend of the Hankalchough
Formation.

3. METHODS

03 Cary, and 6'80.yy, data and laboratory procedures
were published in Xiao et al. (2004). In this study, we mea-
sured sulfur isotope compositions of carbonate associated
sulfate (CAS) and pyrite, oxygen isotope composition of
CAS, trace element concentrations (S, Mn, and Sr), and
carbonate contents (carbonate%o), using the same rock sam-
ples analyzed by Xiao et al. (2004). CAS extraction proce-
dure was modified from Goldberg et al. (2005) and Shen
et al. (2008). Fresh rock chips (30-50 g) were crushed to
80 mesh. Powders were repeatedly treated (>3 treatments

and lasting >48 h) with 30% H,O, to remove pyrite and or-
ganic matter. After the H,O, treatments, powders were
treated with 10% NaCl for 24 h to dissolve all non-CAS sul-
fate, and then were repeatedly (>3 x) washed with deionized
water. CAS was released by a step-wise acidification proce-
dure that has been described in detail in Shen et al. (2008).
Solution was passed through 1 pm filters to separate insol-
uble residues from the CAS bearing solutions. Insoluble
residues were carefully washed, dried, and weighed to quan-
tify carbonate content of samples. Supernatant was distrib-
uted into several centrifuge tubes, one of which was used
for element analysis. Element concentrations were mea-
sured by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) at the Virginia Tech Soil Testing
Laboratory, and calculated with insoluble residues sub-
tracted from powder weight. CAS concentrations were
determined from sulfur concentrations measured from
ICP-AES analysis, again with insoluble residues subtracted
from sample weight. Sulfate in the other centrifuge tubes
was precipitated as barite by adding 1-2 ml of saturated
BaCl, (30%) to each tube. Aliquots of barite precipitates
were subsequently used for oxygen and sulfur isotope
analyses.

Disseminated pyrite was extracted by a modified chro-
mium reduction method (Canfield et al., 1986; Goldberg
et al., 2005). Our extraction procedure was described in
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detail by Shen et al. (2008). Pyrite concentrations were cal-
culated from Ag,S yields with insoluble residues subtracted
from powder weight. Sulfur isotopes of BaSO, and Ag,S
precipitates were measured at University of Maryland on
a GV Isoprime mass spectrometer, and are reported in
the ¢ notation against V-CDT. Oxygen isotopes of BaSO,
precipitates were analyzed at Louisiana State University
Oxy-Anion Stable Isotope Center, and are reported in the
J notation against V-SMOW. Analytical uncertainties are
0.3%, (16) and 0.5%, (1o) for sulfur and oxygen isotopes,
respectively, and generally better than 5% for elements
above detection limits.

4. RESULTS

Carbon and sulfur isotopic profiles from the four sec-
tions show substantial differences between our interpreted
onshore and offshore sections. On average cap dolostone
from offshore sections is depleted in '*C and enriched in
180 relative to the more siliciclastic rich nearshore sections
(Tables 1 and 2; Fig. 2). Sulfur-34 abundances of both CAS
and pyrite fractions are also enriched in the offshore sec-
tions relative to those nearer to the shoreline. Samples from
the offshore sections show little variation in their C, O, and
S isotope compositions. While the same is true for C and O
isotopes in the onshore sections, 3¢S abundances of both
CAS and pyrite vary widely (Table 1). The onshore—off-
shore patterns in 83 Coary and 5°*Scas values are also
shown in Fig. 2i and j, where the isotope data of each sec-
tion are plotted against the present-day distance between
the sections. Interestingly, there is a very good linear rela-
tionship between isotopes and distances, further supporting
the paleobathymetry-dependent isotopic gradients in the
Quruqtagh basin.

5. EVALUATION OF DIAGENETIC ALTERATION

Thin section observations indicate that the Hankalch-
ough cap carbonate in all studied sections are composed
of dolomicrite and dolomicrosparite with abundant terrige-
nous clay (particularly in the two onshore sections) and a
small amount of disseminated pyrite (typically <0.1%).
The fine grain size of the carbonate argues against high tem-
perature alterations, which would result in extensive recrys-
tallization and completely reset the isotopic systems.
However, possible low temperature diagenetic alterations
cannot be excluded on the basis of petrographic observa-
tions alone. Indeed the preservation of the cap carbonate
as dolomicrite suggests some degree of alteration of the ex-

Table 1
Summary of carbon, oxygen, and sulfur isotopic compositions of
Hankalchough cap dolsotone in four sections.

Section 03 Ceurp %0 5*Scas 3**Spy
VPDB VPDB VCDT VCDT
ZBS ~166+05 —1.0+0.6 +1344+23 +9.9+4.0
H —135+1.6 -42+25 +63=+11 +142+3.0
MK —534+04 51409 +52+86 —3.1£9.0
YKG  -17+14 —40+21 +19+98 +44+99

pected primary calcium carbonate sediments. Given the
unusual environmental conditions that accompanied the
Ediacaran ice ages, it is speculative but possible that these
marine precipitates may have originally been dolomitic —
rather than aragonitic — if shallow seawater became rapidly
warmer, fresher (due to meltwater runoff), and lower in sul-
fate (cf. Fike et al., 2006; Ries et al., 2009) in the glacial
aftermath. In this context we discuss the evidence for alter-
ation revealed by the isotopic compositions of the Han-
kalchough cap dolostone.

5.1. Carbon isotopes

The diagenetic alteration of depositional 8'>C_,y, values
is controlled by the composition of diagenetic fluid and the
mixing ratio between fluids and primary carbonates
(Jacobsen and Kaufman, 1999; Knauth and Kennedy,
2009; Derry, 2010). Reaction of carbonates with meteoric
water that is depleted in both '*C and '®0 may lead to low-
er 613 Coarp and 6'8 0oy, values, resulting a positive correla-
tion between 6°3C..p and 0'%0..., and the so-called
“Forbidden Zone” where no marine carbonates reside
(Knauth and Kennedy, 2009). It is notable that samples
of the Hankalchough cap carbonate from the onshore sec-
tions (where meteoric diagenesis would be expected) fall
within the lithification trend, whereas those from the off-
shore sections do not (Fig. 4a). These '>C depleted samples
are significantly enriched in '®0 with many delta values
near to 0%,. Such values cannot be explained as falling off
of the lithification trend solely by the process of dolomitiza-
tion, insofar as at equilibrium authigenic dolomite would be
enriched in '%0 by only ~2%, relative to calcite at normal
seawater temperatures (Kaufman et al., 1992).

Rather than reflecting diagenetic alteration, the overall
array of Hankalchough samples forms a sub-vertical band
on the carbon/oxygen crossplot that supports a perturba-
tion of the global carbon cycle (cf. Knauth and Kennedy,
2009) in the aftermath of the ice age. Furthermore, it should
be noted that diagenetic stabilization of marine carbonate
by meteoric waters in these offshore sections is even more
unlikely during post-glacial transgression. There is neither
field evidence of methane seeps nor petrographic evidence
for a gradient of increased alteration from offshore to
onshore sections to support the view that methane oxida-
tion resulted in the homogeneous carbon and oxygen iso-
tope compositions of the offshore Hankalchough cap
carbonate (Jiang et al., 2003; Wang et al., 2008).

Carbon isotope compositions of the Hankalchough cap
dolostone also show a weak correlation with Mn/Sr
(Fig. 4b) — an elemental monitor of meteoric alteration
(Kaufman and Knoll, 1995), suggesting that the most neg-
ative 63 Cyopp values (around —169%, at ZBS) are, in fact, the
least altered. On the other hand, strontium isotope compo-
sitions in these dolomites vary between 0.710 and 0.720
(Xiao et al., 2004), which are inconsistent with 8791 /80sr
values (ca. 0.7085) in well preserved limestone samples from
broadly equivalent Ediacaran sections worldwide
(Kaufman et al., 1993; Halverson et al., 2007). While these
trace element measurements might also be taken as
evidence for diagenetic alteration of carbon isotopes



Table 2

Geochemical data of the Hankalchough cap carbonate. The four sections (ZBS, H, MK, YKG) approximately represent an offshore-onshore transect. n.a.: not analyzed and n.s.: not sufficient
yield.

Sample number  Height (m)  33C (%) "0 (%)  0™*Spy (%)  0**Scas (%) A*Scas (%) 0"%0cas (%)  *St/%Sr  Carbonate (%) CAS (ppm)  Pyrite (%) Mn/Sr

Section ZBS
In contact with chert/phosphorite

ZBS-4 1.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
ZBS-5 1.3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.39
ZBS-6 1.1 —16.2 -2.0 8.7 10.9 2.2 n.s. 0.7210362 77 n.s. 0.009 5.14
ZBS-7 0.9 —17.1 -0.9 10.7 n.s. n.a. n.s. n.a. 78 102 0.018 6.22
ZBS-13 0.8 -17.0 -1.3 11.7 11.3 -0.4 n.s. n.a. 73 61 0.005 4.68
ZBS-8 0.7 -16.9 -1.2 7.3 13.6 6.3 n.s. 0.7162001 74 54 0.038 3.85
ZBS-9 0.5 —16.6 -0.3 14.5 11.4 -3.1 n.s. 0.7137853 88 44 0.017 3.88
ZBS-10 0.3 —16.2 —-0.8 2.8 16.8 14.0 n.s. 0.712973 84 35 0.008 n.a.
ZBS-11 0.1 —16.0 -0.4 13.4 14.8 1.4 n.s. 0.7138186 82 68 0.006 n.a.
In contact with Hankalchough diamictite

Section H

In contact with chert/phosphorite

L-69 2.1 —12.3 —4.1 17.6 5.8 —11.8 7.7 n.a. 68 357 0.024 2.41
L-68 1.9 —15.4 -1.9 9.7 8.5 -1.2 n.s. 0.7200232 88 78 n.s. 2.04
L-67 1.7 —14.1 -59 17.0 6.1 -10.9 n.s. n.a. 91 271 0.024 2.22
L-66 1.5 -12.9 —4.4 14.9 n.s. n.a. n.s. 0.720492 87 154 0.003 2.66
L-65 1.3 -12.9 —-2.8 17.0 7.2 -9.8 n.s. n.a. 69 70 0.053 3.95
L-64 1.1 —12.5 —4.2 n.a. 6.5 n.a. n.s. 0.7198593 71 148 n.a. 3.57
L-63 0.9 -11.0 -2.6 12.5 6.4 —6.1 n.s. n.s. 70 86 0.013 4.52
L-73 0.7 —15.9 —6.7 14.4 6.0 —-8.4 n.s. 0.7193278 85 214 0.009 2.04
L-72 0.5 —15.6 —10.0 11.7 5.4 -6.3 7.4 0.7215158 72 482 0.014 3.85
L-71 0.3 —13.6 -2.1 10.3 n.s. n.s. n.s. n.a. 81 86 0.029 5.26
L-70 0.1 —12.1 —1.8 17.2 4.7 —12.5 n.s. 0.7199831 74 243 0.061 5.47
In contact with Hankalchough diamictite

Section MK

In contact with chert/phosphorite

MK-28 2.4 —4.5 —4.2 -1.0 24.7 25.7 n.s. 0.711508 89 108 n.a. 6.75
MK-26 2.2 -5.1 -2.9 1.5 -5.0 —6.5 n.s. 0.713296 80 105 0.005 5.79
MK-25 2.1 —6.1 -3.8 —10.6 17.9 28.4 n.s. 0.713156 72 101 n.a. 6.93
MK-24 1.9 -5.6 —4.6 24 5.5 7.9 9.3 0.715191 73 108 0.005 6.67
MK-23 1.75 -5.6 -5.5 —15.1 —4.8 10.3 n.s. n.a. 71 150 n.a. 4.99
MK-22 1.6 -5.8 —6.1 -1.3 0.9 2.2 n.s. n.a. 64 142 2.091 4.12
MK-21 1.5 -5.9 -5.6 1.5 5.0 3.5 8.1 0.715947 57 243 0.025 4.88
MK-20 1.4 —5.6 —-54 -3.0 n.s. n.a. n.s. n.a. 65 n.s. n.a. n.a.
MK-19 1.3 -5.2 -5 10.8 10.3 -0.5 n.s. 0.716664 50 105 0.04 4.30
MK-18 1 -5.2 —-5.2 11.8 8.8 -3.1 n.s. n.a. 36 137 0.025 4.10
MK-17 0.7 -5.2 —4.4 -9.6 4.1 13.7 n.s. 0.715433 50 n.s. 0.059 n.a.
MK-16 0.5 -5.1 -5.5 n.a. 0.4 n.a. 6.6 n.a. 40 209 n.a. 4.62
MK-15 0.35 -5.1 -5.9 -21.8 —6.1 15.7 6.3 0.716742 34 1032 2.603 4.08

MK-14 0.2 -5.0 —5.6 —-1.7 5.0 6.7 n.s. 0.716679 37 n.s. 1.067 n.a.
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n.a.

n.s. 1.582

34

8.4 0.716777

—4.9 -5.9 —-1.8 5.5 7.3

0.12

MK-13

In contact with mudstone and diamictite

Section YKG

In contact with chertlphosphorite

YKG-61
YKG-60
YKG-59
YKG-58
YKG-57
YKG-56
YKG-55
YKG-54
YKG-53

5.12
7.49

4.8

0.009
0.011

111
189
425
306
n.s.

60
38
38

35

—4.5 n.s.

3.0
2.8

7.5

—4.5
-2.1
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(Kaufman and Knoll, 1995), it is more likely that the stron-
tium isotopic compositions of these dolomites (known to
typically preserve less Sr than their calcitic or aragonitic
equivalents) were affected by the radiometric decay of
8Rb from the abundant clays observed in thin section
and as insoluble residues, with little impact on SBC or
8130 values of the rock.

5.2. Sulfur isotopes

Carbonate associated sulfate (CAS) is trace sulfate that
substitutes for CO;>~ during carbonate precipitation
(Pingitore et al., 1995). General agreement between 6>*Scag
and seawater 6>*Sqyirate (Within a few per mil) has been ob-
served in both modern and ancient carbonates (Burdett
et al., 1989; Kah et al., 2004), suggesting that 5**Scas can
be broadly used as a proxy for seawater 0°*Sygate COMpO-
sitions (Kampschulte et al., 2001; Kampschulte and
Strauss, 2004). However, possible diagenetic alterations of
5%*Scas should be carefully evaluated, particularly for
dolomite samples. Recent analyses of intercalated dolomite
and evaporate samples from the Mesoproterozoic Society
Cliff Formation dolostone reveals similar (within 49%,)
5**S values (Kah et al., 2004; Fike and Grotzinger, 2010).
The same is revealed for CAS sulfur isotopes in Triassic
dolostones and evaporates, but these are slightly depleted
in **S (by a few permil) relative to the correlative limestones
in more offshore environments (Marenco et al., 2008b). The
reason for such discrepancy is unknown, but broad similar-
ities in 6°*S values between dolostones and intercalated
evaporate, and limestone samples from temporally equiva-
lent facies suggest that any of these lithotypes may be used
as proxies for ancient seawater.

The sulfur isotopic composition of ancient samples is
also subject to contamination from gypsum dissolution or
pyrite oxidation during laboratory extraction. Non-struc-
turally bound sulfate (e.g. gypsum) is generally removed
by repetitive treatment of powdered samples with NaCl
or H,O, leaching solutions followed by repeated washing
with deionized water (Goldberg et al., 2005). We suggest
that the leaching step should be repeated until no BaSO,
precipitate is observed in the sequential leachates after addi-
tion of BaCl,. Such tests may reveal the presence of sulfate
formed by the oxidation of pyrite at the outcrop. On the
other hand, pyrite oxidation during laboratory prepara-
tions may also result in anomalous 5**Scas values, partic-
ularly in samples enriched with both pyrite and reactive
Fe** (Marenco et al., 2008a,b; Mazumdar et al., 2008).

Several lines of evidence indicate that our §°*Scas data
are not biased by pyrite oxidation. First, most samples have
very low pyrite concentration (<0.1 wt.%) as determined by
Ag,S yields (Table 2, Fig 2g). In order to minimize the po-
tential effect of pyrite oxidation, we pretreated sample pow-
ders with 30% H,O, (>3 times) until no discernable bubbles
were produced to quantitatively remove pyrite. We suggest
that the lack of correlation between 9**Scas and [CAS]
(Fig. 4c), between 6°*Scas and pyrite% (Fig. 4d), and be-
tween 0°*Scas and 534Spy (Fig. 4e) argue against significant
contamination by pyrite oxidation. Finally, negative fracti-
onations between CAS and pyrite (i.e., 5**Scas < 534Spy;
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Fig. 2e) in many samples are also inconsistent with contam-
ination from in situ pyrite oxidation.

Pyrite in the Hankalchough cap dolostone is preserved
as disseminated microcrystals mostly between 5 and
10 pm in size (Fig. 3). These grains were probably formed
either in an anoxic water column (syngenetic pyrites) or
within shallow depth of sediments. Thus, 634Spy values

may reflect isotopic compositions of seawater or pore
waters that were ultimately derived from seawater.

To summarize, although diagenetic processes may have
had an overprint on the 3B Cp and 0**Scas values of
some samples, the distinct spatial pattern cannot be ex-
plained by diagenetic alteration alone. Instead, we suggest
that this pattern may represent a spatial geochemical
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gradient and offers an opportunity to constrain the geo-
chemical conditions in the Quruqtagh basin after the Ediac-
aran Hankalchough glaciation. Below, we use a mixing
model involving three end members (surface water, deep-
basin water, and terrestrial weathering input) to further
constrain the environmental conditions in the aftermath
of an Ediacaran ice age.

13 13 13
(5 Csurf X Fsurf X mscurf + 0 Cdeep X Fdeep X mgccp + 0 Clerr X Flerr X mC )

6.1. Model description

We use a three-component mixing model to evaluate the
relative contributions of each component. In this model,
013, and 5°*Scas values of the Hankalchough cap dolo-
stone are determined by the proportional mixing of the
three components:

513C b =
carb — C C
(Fsurf X msurf + Fdeep X mdeep + Fterr X mgrr)
34 S 34 N 34 S
534SCAS _ (5 Ssurf X Fsurf X Mg + 19 Sdccp X chcp X mdeep + 19 Stcrr X Ftcrr X mterr)

()

6. POSTGLACIAL GEOCHEMICAL GRADIENT AND
PARTIAL MIXING

Isotopic data of the Hankalchough cap dolostone
have two characteristic features: (1) B3¢ values are
extremely low in two offshore sections and become more
positive toward onshore, and (2) 6**Scas values of the
two onshore sections are more variable but generally low-
er than those of the two offshore sections, although over-
all the Hankalchough values are lower than values
reported from other Ediacaran marine carbonates (Fike

513Ccarb = 513Csurf X MC + 513Cdeep X MC + 613Cterr X MC

terr

surf deep

(534Ssurf X ksurf X MC + 634Sdeep X kdeep X MC

surf deep

. S S S
(FSUl‘l X Mgy + Fdeep X Moy, + Flerr X mterr)

where F; represents water masses in component i, which
should be the same for both carbon and sulfur systems,
and m¢ and m’ denote, respectively, the DIC and sulfate
concentrations in component i. The subscripts surf, deep,
and terr represent the surface water, deep-basin water,
and terrestrial weathering input, respectively. For simplic-
ity, we define ME = F; x m® and k; = m /mE. To calculate
the relative contributions of DIC in the three components,
we set the denominator in the right side of Eq. (1) to be
unity, i.e. MS,; + Mg, + My, = 1. Therefore, M{ now be-
comes the fraction of DIC from component i, and k;

3)

+ 634Slerr X kerr X Mtirr)

34
0" Scas =
deep

et al.,, 2006; McFadden et al., 2008; Ries et al., 2009).
Considering the paleobathymetric trend of the Quruqtagh
basin, the onshore—offshore §'3C.,, gradient can be
interpreted in terms of mixing between marine surface
water and '*C-depleted deep-basin water. As for the sul-
fur isotopes, comparatively lower 6°*Scas values in the
onshore sections likely reflect incorporation of
3S.depleted sulfate derived from terrestrial weathering

13 deep
5 Ccarb =

(ksurt X MS,ip + Kaeep X MG, + kierr X MG,

(513Csurf X Mfurf/ksurf + 513Cdeep X MS /kdeep + 513C1err X Mi:rr/klerr)

)

describes the concentration ratio between sulfate and DIC
in component i. The Egs. (1) and (2) can be rewritten as:
We can also calculate the relative contributions of sul-
fate in the three components by setting the denominator
in the right side of Eq. (2) to be unity, ie.
M3, + M3, + M3, = 1, where M represents the propor-

tion of sulfate from component i. Thus, Egs. (1) and (2) can
be written as:

M Scas = (0™ Squr x M? + 0" Sier X M

sur]

£ + 634Sdeep X MS

deep

of sedimentary sulfides. Thus, the geochemical data of
the Hankalchough cap dolostone can be interpreted in
terms of a partial mixing of three end members: surface
water (S), deep-basin water (D), and terrestrial weather-
ing input (7). Below, we explore some quantitative calcu-
lations to place constraints on this mixing model.

(Mfurf/kSUTf + Mgeep/kdeep + Mirr/kw")

terr

()
(6)

In this model, we assume that the surface water had a
DIC concentration (m€ ;) of 2mM and a DIC carbon iso-
tope composition (8'°Cyyp) of ~0%,, both of which are
comparable to the modern surface ocean chemistry. We fur-
ther assume that the sulfur isotope composition of surface
water sulfate (5°*Squr) was +20%,, which is close to the
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modern seawater composition as well. There is no con-
straint on the surface water sulfate concentration (mS ),
but as shown below m3, ; can be constrained by deep-basin
water chemistry (m,,, mS..,, 6™ Sacep, and 6" Cucep).-

To parameterize the deep-basin water component, we
follow earlier studies that suggest Ediacaran deep oceans
were probably anoxic (Canfield et al., 2008) and enriched
in dissolved organic carbon (DOC) (Rothman et al., 2003;
Swanson-Hysell et al., 2010). Remineralization of DOC in
anoxic deep oceans by anaerobic sulfate reduction bacteria
would generate '>C-enriched DIC. The relative abundance
of pre-existing DIC vs. regenerated DIC through deep-ba-
sin DOC remineralization determines the carbon isotope
composition of the deep water component (513Cdcep). In
modern deep oceans, DIC (2 mM) is about ~50 times more
abundant than DOC (42 uM) (Eglinton et al., 2003). In an-
oxic Ediacaran deep oceans (Canfield et al., 2008), a larger
amount of DOC can be assumed (Rothman et al., 2003;
Swanson-Hysell et al., 2010), although there is no consen-
sus about exact concentrations. As a possible modern ana-
log to the Ediacaran Ocean, we use Pony Lake in the
Antarctica; the Pony Lake ecosystem is exclusively com-
posed of bacteria and algae without the presence of any
metazoans. In Pony Lake, DOC concentration is up to
8 mM (Dieser et al., 2006). Thus, it is plausible to accumu-
late DOC in levels several times higher than that of DIC in
an anoxic Neoproterozoic deep basin when animals (partic-
ularly zooplankton that are critical in maintaining a Phan-
erozoic style carbon cycle; (Logan et al., 1995)) were
ecologically unimportant. In an anoxic deep ocean (Can-
field et al., 2008), remineralization of DOC is mostly carried
out by anaerobic bacteria, primarily by sulfate reducing
bacteria. Bacterial sulfate reduction can be approximated
by the following reaction:

SO;™ +2CH,0 = H,S + 2HCO; (7)

As shown in Eq. (7), one mole of sulfate oxidizes two
moles of organic carbon. If the deep-basin water was anoxic
and ferruginous (Canfield et al., 2008), 328-enriched sulfide
derived from bacterial sulfate reduction would have been
quantitatively precipitated as pyrite (i.e., no reoxidation
of H,S when deep water was upwelled onto shallow
shelves). Thus, the remaining sulfate in deep basin was en-
riched in **S. If we assume that there was sufficient supply
of sulfate relative to DOC availability, a mass balance
equation can be written.

634Sdeep0 X mgeepo - 634Sdeep X (mgeepo - mDOC/2)
+ 534Spyme X mDoc/2 (88)

where mj,,, and 0 Syeepo are the initial (before reminerali-
zation) concentration and isotopic composition of deep-ba-
sin sulfate, 534Sdeep is sulfate sulfur isotopic composition
after remineralization, 534SpymC is sulfur isotopic composi-
tion of cumulative pyrite product, and mpoc is the amount
of DOC (expressed as DOC concentration) that is reminer-
alized to HCO5™. Thus, 534Sdccp can be solved as follows:

- m
S = 5 Sam — A x <—) (8b)

where A = (334Spyri[e — 58 esidual sultate, defined as the isotopic
difference between pyrite produced by bacterial sulfate reduc-
tion and the residual sulfate in deep basin water. Note that
this definition is different from the fractionation associated
with bacterial sulfate reduction, which is typically defined
as A34S = 534Sinitial sulfate — 634Spyrite or 534SCAS - 534Spy-

To simplify our model, we also assume that the Qurug-
tagh basin was originally well mixed and stratification hap-
pened as a result of basin restriction/isolation during
glacioeustatic sea-level fall. At the initiation of stratifica-
tion, the deep-basin water and surface water had identical
compositions in both DIC and sulfate, i.e. mj. o = M3y
and 534Sdeep0 = 634S5urf‘. Convective mixing of sulfate and
DIC between the surface and deep-basin water was then
shut off by basin stratification. Thus, Eq. (8b) can be writ-
ten as:

534Sdeep = 534Ssurf —Ax <M> (9)

S
2 x Mgyre

Similarly, a mass balance equation can be written for the
carbon system and 513Cdeep can be determined as follows:
SE 13
(67 Court x mS,; + 6 Cpoc X mpoc)

(MG 4 mpoc)

08 Ceep = (10)
where 6" Cpoc is the isotopic composition of DOC in deep-
basin water.

In order to couple the carbon and sulfur cycles, we de-
fine two mnew parameters: o= mpoc/mS,; and
B=10.5 X mpoc/ms ;. o denotes the remineralized DOC
concentration in deep-basin water relative to surface water
DIC concentration. For example, the maximum o for the
modern ocean is ~0.02 when all DOC is quantitatively rem-
ineralized to DIC. In contrast, in Pony Lake, the o value
can be up to 4 (with [DOC]= 8 mM and [DIC] =2 mM).

In this analysis f can be understood in two ways. First,
it describes the ratio between the remineralized deep-basin
DOC concentration and surface water sulfate concentra-
tion, and gives an estimate about the sulfate availability
during anaerobic oxidation of DOC. Second, f is the frac-
tion of sulfate reduction in deep-basin water. Given the
consensus of generally low sulfate concentration in Neopro-
terozoic ocean, essentially all marine sulfur was reduced
and buried as pyrite (Canfield and Raiswell, 1991), i.e.
should be close to 1. In our simulation, we choose « =3
and f=0.9. Assuming 6" Cpoc = —30%,, mS;=2mM,
513Csurf = 0%09 634Ssurf = 20%09 and A= _20%:;’
MGoepr My Mg 0" Caceps and 6**Syee, are calculated as
8 mM, 3.3 mM, 0.3 mM, —22.5%,, and +389%,, respectively.
With the above assumed values, the cumulative 634Spyrile
produced in the deep-basin water is ~+18%,; this value is
close to the upper bound of 534Spyme of the Hankalchough
cap dolostone in the two offshore sections (+2.8%, to
+17.6%, with average of +12.5 +49).

Terrestrial weathering input forms another important
end-member in our model. The carbon and sulfur isotope
compositions of the weathering input (513&err and 534Sm,)
strongly depend on the lithologies of the source region,
and are difficult to constrain. In our model, we use the mod-
ern 83 Ciery value of —6%, (Schrag et al., 2002). To capture
the full range of Hankalchough 5**Scas values (between
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Fig. 5. (a) A 6"3Cearp — 0°*Scas space plotted using the mixing model of the carbon system (Egs. (3) and (4); assuming total DIC input to be
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and (4); assuming total sulfate input to be unity). The two plots are similar. Red contour lines represent the fraction of deep-basin water
component, and black contour lines represent the fraction of terrestrial weathering input. D, S, and T denote the corner where the deep-ocean
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Mochia-Khutuk section; and YKG: Yukkengol-North section.

—7.7%, and 24.7%,), we choose a 6**Si value of —8%,,
which is lower than the globally averaged modern value
of +6%, (Kah et al., 2004). The choice of 6**Sir = —8%,
does not represent a global value during the Ediacaran Per-
iod, but an estimate of the local terrestrial sulfate input to
the Quruqtagh basin. This estimate is justified by the
0'%0cas data: the positive correlation between 0°*Scas
and 6'®0cas (Fig. 4f), in which the lowest 6**Scas
(=7.7%,) corresponds to the lowest 8'%0cas value of
~+49.. Sulfate derived from sulfide (e.g., pyrite) oxidation,
either biotic or abiotic, is characterized by low 5'80 values;
this is because oxygen in such sulfate is mainly derived from
80 depleted water—oxygen rather than '#0-enriched molec-
ular-oxygen (Balci et al., 2007). Post-depositional pyrite
oxidation (e.g. oxidation during outcrop weathering or lab-
oratory CAS extraction) is not the cause for low 6'%0cus
values as indicated by the inverse fractionation between
CAS and pyrite (Fig. 2e). Neither could the low 6'%O0cas
values result from exchange between sulfate—oxygen and
water—oxygen, because such reaction is extremely slow even

under low pH conditions (Chiba and Sakai, 1985). Thus,
the only currently viable interpretation is that significant
amount of CAS, particular in samples with low 680cas
values, was derived from oxidative weathering of pyrite
from terrestrial input. 4'30 of modern river water sulfate
varies between —29, and +59,, in sharp contrast to the
oxygen isotopic composition of modern marine sulfate of
~+99%, (Van Stempvoort and Krouse, 1994). The lowest
5'80cas value observed in the Hankalchough cap dolo-
stone is +49,, approaching the upper bound of modern riv-
erine sulfate. Assuming Ediacaran riverine sulfate has a
580 range similar to modern values, 5**Scas of samples
with the lowest 6'80cas values can be used as a maximum
estimate of sulfur isotopic composition of riverine sulfate in
the Quruqtagh basin. Thus, we choose —89, as a represen-
tative value for the local source of sulfate from terrestrial
oxidative weathering of pyrites.

The concentrations of terrestrial weathering input of
DIC (m,,) and sulfate (m3,) are difficult to determine,
but we can estimate the possible DIC/sulfate ratios (C/S).
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C/S ratios of modern rivers vary between ~1 and 100, and
rivers draining from siliciclastic source areas have (C/S) ra-
tios between 3 and 5 (Meybeck et al., 2003). If most terres-
trial sulfate was derived from pyrite oxidation, the C/S
ratio of terrestrial input should be close to that of rivers
draining from siliciclastic source areas. Here, we choose
(C/S) ratio of 5, the upper bound for rivers draining
through siliciclastic regions.

6.2. Modeling result

The relative contributions of D, S, and T to the Han-
kalchough cap dolostone can be evaluated by the mixing
model (Fig. 5). Except for the YKG section, the measured
carbon and sulfur isotopes of the three other sections all fall
within the range predicted by the mixing model. The distri-
bution of the sections within the 6'*Cyp,—6>*Ceas space is
consistent with their paleobathymetric location along an
onshore-offshore transect, and much of the isotopic varia-
tions between the sections can be explained by the relative
input from D and T.

813 C.urp, values are strongly affected by the deep-basin
input because of its high DIC contents and extreme §'*C
values. In the two offshore sections, deep-basin water may
have contributed 60-70% (ZBS section) and 40-60% (H sec-
tion) of DIC for the cap dolostone precipitation, whereas it
probably made very little contribution to carbonate precip-
itation at the onshore MK section. On the other hand, ter-
restrial input has the highest impacts on cap carbonate
precipitation at MK (>80%), but accounts for 40-60%
and 20-30% DIC for cap carbonate precipitation at H
and ZBS sections, respectively. Surface water has little con-
tribution for all sections (<20%), probably because the sur-
face water was volumetrically small and DIC-poor relative
to deep water in the Quruqtagh basin.

On the other hand, the model suggests that deep-basin
sulfate accounts for less than 20% of sulfate for all sections,
probably because of its very low sulfate concentrations (Li
et al., 2010). About 10-40% and 50% of sulfate in the off-
shore sections at ZBS and H comes from terrestrial input.
This result also explains the generally lower §°*Scas values
of the Hankalchough cap dolostones relative to values from
other Ediacaran marine carbonates. In the onshore MK
section, 6**Scas values are highly variable. We speculate
that the variation in 6**Scag may reflect low sulfate concen-
tration in seawater, under which conditions both sulfate
concentration and 6°* Sy are susceptible to external per-
turbations. For example, short term variations in terrestrial
influx of sulfate might have had significant effect on
5**Ssuirate. Compared with the MK section, the offshore sec-
tions at ZBS and H have less stratigraphic variation in
5*Scas, although terrestrial inputs still contribute 10—
50% of sulfate. We speculate that the lack of significant
stratigraphic variation of 5**Scas in two offshore sections
were the result of sufficient mixing between terrestrial and
oceanic sulfate, which eliminates the short term variation
in terrestrial input of sulfate.

We notice that most YKG samples are plotted outside
the field predicted by the mixing model (Fig. 5). There are
two possibilities. Either the YKG isotopic signatures have

been diagenetically altered, or some variables in the mixing
model were improperly parameterized. In particular, we
used the modern values of 6 Cyy and 6> Cpy in the mod-
eling. Whereas our model is not sensitive to (SHCSM7 a slight
increase in 6">Cp would accommodate the YKG data in
the predicted field. This suggests that, like the sulfur system,
isotopic values of the terrestrial input to the Quruqtagh ba-
sin may reflect local or regional conditions, and can be dif-
ferent from the global average.

6.3. Sensitivity test

In our model, 6" Cyyy, 634Ssurf, 68 Crerr, and m, . are as-
signed to the modern values. 5 S e 18 given a value that de-
parts from the modern global average but may be pertinent
to the Quruqtagh basin as indicated by the §'*Ocag values
(Fig. 4f). m&,, and mS, are unknown, but the C/S ratio is
given a modern value for rivers draining through siliciclas-
tic regions. In addition to these parameters, there are three
variables «, f§, and A that are loosely constrained.

Keeping other factors constant, any variation in o, f§, or
A will change the model results. The sensitivity of the model
results to variations in ¢, f§, and A is shown in Fig. 6. In a
8"3C vs. 68 plot, any 6" C and 8**S pairs that can be inter-
preted by the mixing model should be plotted within a tri-
angular area, which is defined by three mixing lines: mixing
between surface water and deep-basin water, surface water
and terrestrial weathering input, and deep-basin water and
terrestrial whether input. Isotopic data that plot outside the
triangles cannot be explained by the mixing model (either
due to diagenetic alteration of the isotopic signatures or
due to incorrect parameterization). As shown in Fig. 6, to
accommodate the data, o must be >2 (Fig. 6a), i.e. the rem-
ineralized DOC must be greater than 4 mM, which is twice
the modern ocean DIC concentration of 2 mM and ~100
times the model DOC level. This is not unreasonable given
the DOC concentration of 8 mM in Pony Lake. Likewise, 8
should be no less than 0.85 (Fig. 6b) to accommodate the
measured data, suggesting that >85% of sulfate in deep-
basin water has been used to remineralize DOC. Fig. 6¢
shows that the model is insensitive to the magnitude of A,
which ranges from —209,, to —459,.

The mixing model also implicitly requires that the isoto-
pic gradients in the Quruqtagh basin was maintained on the
time scale represented by the cap dolostone precipitation,
perhaps 1000-100,000 years (Hyde et al., 2000; Hoffman
et al., 2007). Such gradients can be kinetically sustained
on a similar time scale by the strong terrestrial weathering
input and/or upwelling from deep-basin water in the after-
math of the Hankalchough glaciation. In fact, empirical
data (Li et al., 2010) and geochemical modeling (Johnston
et al., 2009) suggest that oceanic anoxia and euxinia can
be maintained for millions of years when atmospheric
pO, level was low.

6.4. Interpretation of inverse fractionation in sulfur isotope
Perhaps the most enigmatic feature of the Hankalch-

ough cap dolostone is that 17 out of the 33 samples (includ-
ing all four sections) showing inverse sulfur isotope
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mS ; =2mM (as in modern ocean), DOC remineralization in deep-basin water (mpoc) should generate additional 4 mM DIC. (b) The
response of permissible mixing field to three different choices of = 0.5 x mpoc/mS,; values, with other parameters fixed at o =3 and
A = —209%,. The result shows that § should be >0.85 to accommodate the data, suggesting that more than 85% of deep water sulfate was
consumed by bacterial sulfate reduction during DOC remineralization. (¢) The response of permissible mixing field to three different choices of
A= (334Spy,ile — 08 esidual sultae Values, with other parameters fixed at « =3 and f = 0.9. The simulation result is not sensitive to A between
—20%, and —40%,. In all three tests, we kept 0" Courr = 0%4, 6" Crerr = —6%0s 8 Ssurt = +20%0, 3 Sterr = —8%,, mC,,/ms, =35, mC, =2 mM;
and 8" Cpoc = —30%,.

fractionations (A*S = §**Scas — 634Spy <0). Similarly, sulfur isotope analyses of the cap carbonate overlying the
negative A*S values have also been reported from paired Cryogenian Tereeken diamictite in the Quruqtagh area of
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northwestern China (Shen et al., 2008) and the Ediacaran
Nama group in southern Namibia (Ries et al., 2009). Shen
et al. (2008) interpret that the negative A**S in the Zhamok-
eti cap dolostone as reflecting deposition in a stratified ba-
sin, where CAS and pyrites were derived from different
sulfur pools above and below the chemocline. In such a
stratified basin, sulfate in deep-basin water is envisioned
to be **S-enriched (but with a lower concentration than sur-
face water) because of preferential removal of *2S by bacte-
rial sulfate reduction and pyrite precipitation. On the other
hand, surface water had higher concentrations insofar as it
was continuously replenished with **S-depleted sulfate
from terrestrial weathering inputs. In this model, the 34S-
enriched pyrites in samples with negative A**S values may
have exclusively or predominately derived from deep water
sulfate. This view, however, may not be applicable to the in-
verse sulfur isotope fractionation observed in samples from
the Nama Group since these carbonates were deposited on
shallow, well mixed shelves. Alternatively, Ries et al. (2009)
interpret the Nama data (predominantly from limestone
samples) in terms of aerobic reoxidation of sedimentary sul-
fide. Laboratory experiments of sulfide oxidation by O,
indicate that resulting sulfate is ~59%, lower than original
sulfide (Fry et al., 1988), which could explain some reduc-
tion in the magnitude of isotopic differences between CAS
and pyrite. Larger fractionations (up to 189, reported by
Ries et al. (2009)) might result from microbial sulfide oxida-
tion (Kaplan and Rittenberg, 1964) or a Rayleigh type
pathway if the system were isolated (unlikely in this
storm-dominated environment).

Nonetheless, it remains possible that both stratification-
mixing (Shen et al., 2008) and aerobic reoxidation (Ries
et al., 2009) may have contributed to the very low to nega-
tive A3*S values observed in the Quruqtagh sections. In the
offshore sections (ZBS and H), pyrite formation was dom-
inated by precipitation from deep-basin water with very
high 634Spyrite values, whereas 5>*Scag values reflects car-
bonate precipitated from shallow waters and thus are more
strongly influenced by **S-depleted sulfate derived from ter-
restrial input, resulting in negative A*S values. However, in
the more onshore sections (YKG and MK), aerobic oxida-
tion of sulfide (Ries et al., 2009) could have played a more
important role in contributing to the observed negative
AS values.

7. OXIDATION OF EDIACARAN OCEANS AND
ISOTOPIC GRADIENT

The mixing model proposed here critically depends on
two geochemical gradients: terrestrial weathering input
diminishing from onshore to offshore whereas deep-basin
water contribution diminishing in the opposite direction.
The two geochemical gradients in turn depend on the oxi-
dative weathering of pyrite in the terrestrial weathering in-
put and the remineralization of DOC in the deep-basin
water. Thus, the generation of both geochemical gradients
has to do with the oxygenation of the Ediacaran atmo-
sphere and the oxidation of Ediacaran oceans.

Deep-basin >C-enriched DIC derived from anaerobic
oxidation of DOC played an important role in generating

the carbon isotope gradient. Our simulation implies that
the remineralization of deep water DOC could triple the
DIC concentration (i.e. o = 2, remineralized DOC =4 mM,
and pre-remineralization DIC =2 mM; Fig. 6a). The
remineralization would also consume >85% of deep-water
sulfate (Fig. 6b). Upwelling of the '*C-enriched DIC from
the deep-basin water then contributed to the negative
8'3C,p signatures preserved in Ediacaran carbonates.

Extremely negative carbonate carbon isotopes
(63 Cparp, < —10%,) have been reported from many Ediaca-
ran successions, and are interpreted as the indirect evidence
for the oxidation of Ediacaran deep oceans, leading to par-
tial remineralization of a large DOC reservoir stored in the
deep ocean (Rothman et al., 2003). The best known exam-
ple of such negative '*C..p excursions is represented by
the Shuram event, a —10%, O3 C..p excursion from the
Shuram Formation in Oman (Fike et al., 2006). Negative
B3¢, excursions of comparable magnitude have been re-
ported from the middle and uppermost Doushantuo For-
mation in South China (Zhou and Xiao, 2007; McFadden
et al., 2008), Wonoka Formation in South Australia (Cal-
ver, 2000), Krol B-C boundary in northern India (Kaufman
et al., 2006), and the Rainstorm Member and middle Stir-
ling Quartzite in Death Valley (Kaufman et al., 2007).
Available geochronological constraints are inadequate to
prove the synchroneity of negative excursions. Current de-
bates center around whether any of these negative 03 Car
excursions were synchronous, how long these excursions
lasted (Condon et al., 2005; Le Guerroue et al., 2005; Fike
et al., 2006), and whether there were enough oxidants to ac-
count for a long-lasting (~50 million years) and global oxi-
dation of DOC (Bristow and Kennedy, 2009).

As stated above, oxidation of Ediacaran deep oceans
might also result in an onshore—offshore 6'*C gradient, if
12C-enriched deep water is brought to shallow shelves by
upwelling. Indeed, evidence for onshore—offshore 6'*C gra-
dients in Neoproterozoic basins have been reported in sev-
eral studies (Li et al., 1999; Jiang et al., 2007; Giddings and
Wallace, 2009a,b), and such gradients are normally inter-
preted in term of chemical stratification, remineralization,
and subsequent upwelling.

Our mixing model also places some quantitative con-
straints on Ediacaran ocean geochemistry. Based on our
model, if the DIC concentration in the surface water was
2 mM (as in modern oceans), to generate the observed ex-
tremely negative 83 Carpy values requires an o values of
>2 (i.e., remineralization of >4 mM DOC in deep-basin
water). This means that seawater sulfate concentration
should be greater than 2 mM, a value that is broadly con-
sistent with other independent estimates of seawater sulfate
concentrations in Mesoproterozoic oceans (e.g., Kah et al.,
2004). This moderate sulfate concentration, together with a
large DOC reservoir, may have played an important role in
the dynamics of the DIC system during the Neoproterozoic
Era and particularly the Ediacaran Period. If the DOC was
too low (e.g., 47 uM in modern oceans), the isotopic effect
of DOC remineralization would be effectively buffered by
a large DIC pool (e.g., 2 mM in modern oceans). In con-
trast, if ocean sulfate concentration was too low, then
DOC remineralization would be limited by sulfate avail-
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ability even if DOC was abundant in the ocean. The Ediac-
aran Period thus may represent a transitional interval be-
tween a largely anoxic deep ocean in the early Proterozoic
to an extensively ventilated deep ocean in the Phanerozoic.
It is the unique combination of a large DOC reservoir (per-
haps inherited from early Proterozoic; Rothman et al.,
2003) and an increasing ocean sulfate concentration (re-
lated to global oxygenation; (Halverson and Hurtgen,
2007)) that led to the highly dynamic DIC system in the
Ediacaran Period.

Finally, the very existence of an onshore-offshore gradi-
ent indicates that negative 8" Ceary, excursions (with possi-
ble exception of the Shuram event) in the Ediacaran
Period may be short-term local or regional events. Consid-
ering all data available, it is possible that the redox condi-
tions of Ediacaran oceans were metastable, and several
episodic oxidation events of different magnitude and dura-
tion and affecting different geographic areas may have oc-
curred throughout the Ediacaran Period. These oxidation
events may have related to oceanic upwelling, thus oxidiz-
ing only part of the deep-ocean DOC reservoir and driving
surface ocean DIC (rather than whole ocean DIC) to more
negative 6'>C values. The deep ocean might have remained
anoxic until the terminal Ediacaran Period or even early
Cambrian (Canfield et al., 2008; McFadden et al., 2008).
This more complex scenario with multiple episodes and
greater geographic variation would alleviate the problem
of insufficient oxidants to drive a single long-lasting glob-
ally synchronous oxidation of the entire ocean (Bristow
and Kennedy, 2009).

8. CONCLUSIONS

Coupled carbon and sulfur isotope data from the Edi-
acaran Hankalchough cap dolostone in the Quruqtagh
area of northwestern China indicate a strong onshore—off-
shore gradient of 6'3C.,p, and 6°*Scas. 63 Ceup shows a
decreasing trend from onshore to offshore sections,
whereas 0**Scas becomes more negative and more scat-
tered from offshore to onshore sections. The observed
isotopic gradients are best interpreted in terms of a mix-
ing model that involves three C/S sources from the
upwelling of deep-basin water, surface water, and oxida-
tive terrestrial weathering. The model simulation indicates
that the carbon isotope gradient is controlled by the
upwelling of *C-depleted alkalinity derived from anaero-
bic oxidation of DOC in deep basin, and the sulfur iso-
tope gradient is strongly affected by the terrestrial input
of 3*S-depleted sulfate mainly originated from oxidation
of pyrite. The new data support a stratified basin with
a steep geochemical gradient (Jiang et al., 2007; Giddings
and Wallace, 2009a), the possibility of a large DOC res-
ervoir in the deep ocean (Rothman et al., 2003), and en-
hanced oxidative terrestrial weathering. Combined with
other available data, the Hankalchough data suggest that
the oxidation of Ediacaran oceans was a complex pro-
cess, involving multiple episodes of different magnitude
and duration. Some of these oxidation events may not
be globally synchronous and they each oxidized only part
of the deep ocean DOC reservoir.
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