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a  b  s  t  r  a  c  t

We  have  recently  reported  non-mass-dependent 17O  depletion  in  sulfate  deposited  after  the  Marinoan
glacial  meltdown  at ca. 635  million  years  ago.  Further  investigation  linking  the  �17O  of barite  to  its
sedimentological–geological  context  in Marinoan  South  China  reveals  that  the 17O  depletion  in  sulfate
is  most  pronounced  at sites  near  paleo-continents,  supporting  the hypothesis  that  atmospheric  O2 was
the source  of  the  depletion  which  was  transferred  to  sulfate  via  oxidative  weathering  of sulfides.  Host
minerals  or  rocks  for the  Marinoan 17O depletion  have  been  limited  to barite  (southern  China  and  western
Africa)  and  carbonate-associated  sulfate  (CAS)  in limestone  lenses  within  a  diamictite  (Svalbard).  If  the
Marinoan 17O depletion  event  is indeed  related  to  an extraordinary  atmospheric  condition,  the  signal
should  be  global  in  its  distribution.  The  Kimberley  region  of Western  Australia  was  close  to  a  continent
in  the  late Neoproterozoic  and  will  serve  as  a test  of  our hypothesis  that  the  anomalous 17O  depletion
may  be  widely  recorded  in  the  rock  records  of this  time  period.

We  report  here  that  the  CAS  in  the  Moonlight  Valley  (MV)  cap  dolostones,  Texas/Mabel  Downs  (TMD),
the  eastern  Kimberley  region,  Western  Australia  is  anomalously  depleted  in 17O  (�17O  value  as  low  as
−0.68‰).  The  magnitude  of  the  anomaly  decreases  gradually  toward  the  overlying  Ranford  mud-silt-
sandstones.  This  finding  not  only  expands  the  geographic  distribution  of  the  depleted 17O  signal,  but  also
the  type  of  host  rocks  or minerals  that  the anomalous  sulfate  resides.  The  CAS  in  the  MV  cap  dolostones
in  Palm  Spring  (PS)  section,  ∼150  km south  of TMD,  however,  does  not  bear  a 17O  depletion.  Neither  does
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the CAS  in  the  Egan  cap  dolostones.  The  presence  and  absence  of  pronounced O  anomalies  in the  two
time-equivalent  yet  spatially  different  MV  cap dolostones  are  consistent  with  the paleogeography  that
indicates  TMD  was  close  to the  continent  while  PS  was at an  open-ocean  environment.  While  sharing
some  of  the same  sedimentological  features  with  that of  the  MV  cap dolostones  at  TMD,  the  Egan  cap  has
distinct �13C  and  �18O values  for dolostones  and  distinct  �17O, �34S  and  �18O  values  for  CAS,  supporting
an earlier  assignment  of  the Egan  glaciation  to be  younger  than  Marinoan  in  the late  Neoproterozoic.
. Introduction

Glacigenic deposits of late Neoproterozoic age have been stud-
ed since the 1960s in the Kimberley region of Western Australia
Coats and Preiss, 1980; Dow and Gemuts, 1969; Li, 2000; Plumb,
981). Recent work by Corkeron and her colleagues (Corkeron,
007, 2008; Corkeron and George, 2001; Grey and Corkeron, 1998)
dded further sedimentological, geochemical, and paleontological
nsights into the stratigraphic correlation, paleogeography, and

ges of the many glacial events. The most widely occurring glacial
eposits in the Kimberley region are the Moonlight Valley (MV)
iamictite and cap dolostones. There has been no geochronological
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data on the age of the MV diamictite, but a Marinoan age was
inferred based on sedimentary and stable carbon isotope simi-
larities to other Marinoan glacial packages in central and South
Australia (Corkeron, 2007; Grey and Blake, 1999).

Signals of non-mass-dependent 17O depletion have recently
been found in sulfate deposited after the Marinoan glacial melt-
down at ca. 635 million years ago (Bao et al., 2008, 2009). An
extremely high pCO2 atmosphere could result in a large magni-
tude of 17O depletion or anomaly in atmospheric O2 and in turn
transfer the anomaly to sulfate oxygen via oxidative weathering.
The finding has become one of the strongest lines of evidence sup-
porting the “snowball” Earth hypothesis (Hoffman et al., 1998;

Kirschvink, 1992). Further studies linking the �17O of barite to
its sedimentological–geological context in Marinoan South China
(Peng et al., 2011; Zhou et al., 2010) support that the 17O-depleted
sulfate was derived from oxidative weathering and the anomalous
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7O signal was recorded at sites close to paleo-continental runoff
hile the signal was diluted or undetectable in the open oceans.

f the 17O depletion is indeed closely related to an extraordinary
tmospheric condition, the signal should be global in its spatial dis-
ribution. The Kimberley region of Western Australia experienced
ontinental glaciations in the late Neoproterozoic (Corkeron, 2008;
ow and Gemuts, 1969), within the context of Rodinian continental
onfigurations at that time (Hoffman and Li, 2009; Li et al., 2008). A
ositive identification of this anomalous signal in Australia would
upport our hypothesis. However, a negative finding does not nec-
ssarily negate our hypothesis due to factors such as dilution by
ixing, elimination by microbial activities, or lack of preservation,

s we will demonstrate later in this paper.
Host minerals or rocks for the Marinoan sulfate 17O anomalies

ave been limited to barite (South China and western Africa) (Bao
t al., 2008; Peng et al., 2011; Zhou et al., 2010) and carbonate-
ssociated sulfate (CAS) in limestone lenses within the diamictite
Svalbard) (Bao et al., 2009). In the Kimberley region, neither lime-
tone lenses nor barite have been reported from the MV  diamictite
r cap dolostones. That leaves us the option of examining the triple
xygen isotope composition of CAS in the MV  cap dolostones. A
onfirmation of sulfate 17O depletion in a new host rock would add
o our understanding of the origin and preservation of the anoma-
ous 17O signal. In addition, two MV  cap dolostone sections, the
exas/Mabel Downs (TMD) and Palm Spring (PS), in the eastern
imberley region exhibit different sedimentary features and rep-
esent different depositional settings. Thus, we expect to see some
ariation in the magnitude of the sulfate 17O anomaly between the
wo sections.

In addition, the Egan diamictite and cap dolostones are well
xposed in Mt.  Ramsay area of the Kimberley region (Fig. 1), and
ts age has been assigned to be younger than the MV  (Corkeron,
007; Corkeron and George, 2001) (see Coats and Preiss, 1980 for

 different view), largely based on occurrence of the stromatolite
ungussia julia (Grey and Corkeron, 1998). The morphology of stro-
atolites is strongly affected by facies/environmental settings and

ts utility in stratigraphic correlation is often problematic. Lack-
ng radiometric dating, the current age assignment of the Egan, as

ell as other Neoproterozoic diamictites in the Kimberley region,
s tentative. Since anomalously 17O-depleted sulfate has been so far
xclusively associated with Marinoan glaciation around the world,
he presence or absence of the signal, together with CAS’s �34S and
18O values will help to test if the Egan is indeed a glaciation event
ounger than Marinoan.

In this study, we present the first sulfate 17O data for two  MV
nd one Egan cap dolostones in the Kimberley region. These data are
ccompanied by the �18O and �34S of CAS and the corresponding
13C and �18O data of the host dolostones and by sedimentologi-
al and petrographic context. The results confirm the presence of
nomalously depleted sulfate 17O signals in the Kimberley Neopro-
erozoic and support a Marinoan age for the MV and a younger age
or the Egan.

. Sedimentological and petrographic context

In the eastern Kimberley region, the Neoproterozoic sequences
nclude the Duerdin and Albert Edward Groups. The former com-
rises the Fargoo Formation, Frank River Sandstone, Moonlight
alley Formation, and Ranford Formation. The latter consists of the
ount Foster Sandstone, Elvire Formation, Boonall Dolomite, Tim-

erley Shale, Nyuless Sandstone, and Flat Rock Formation (Table 1).
f these, the Fargoo and Moonlight Valley formations are con-
idered as equivalents of the Elatina glaciation (Corkeron, 2007),
hereas the Boonall Dolomite is correlated with the Egan Forma-

ion of the neighboring Mount Ramsay area based on a common
ccurrence of domical stromatolites. The Egan Formation can be
16– 219 (2012) 152– 161 153

correlated with the Wonoka Formation of South Australia based on
a common occurrence of stromatolite Tungussia julia and both units
were referred to as possible equivalents to the Gaskiers glaciation
of Newfoundland, but more likely local events (Grey and Corkeron,
1998; Table 1).

The three cap-dolostone sections in the Kimberley region (Fig. 1)
have been described by Corkeron and her colleagues (Corkeron,
2007, 2008; Corkeron and George, 2001). Sedimentological and
stable carbon and oxygen isotope analysis of the two MV  cap
dolostones have also been conducted by others (Kennedy, 1996;
Williams, 1979). The TMD  cap dolostones (Fig. 2) were mostly
deposited in a low-energy, below storm wave-base environment as
indicated by laterally continuous and thin beddings bearing wavy
algal laminae (Figs. 2 and 3). On the other hand, the PS dolostones
(Fig. 2), now ∼150 km south of TMD, were probably deposited in
an open, high-energy environment as suggested by disrupted bed-
dings, flat-pebble-like breccia, more and bigger detrital grains, and
lack of fine algal laminae (Figs. 2 and 3). Our observation and conclu-
sion are consistent with an earlier paleogeographic reconstruction
for these MV deposits, which suggests that the two time-equivalent
MV cap dolostones at TMD  and PS were deposited at a near-
continent and a distal or open-ocean location, respectively, on the
basis of paleocurrent data and facies relationship (Corkeron, 2008;
Williams, 1979). Being not disrupted by wave action, the TMD  MV
capstones could be supratidal as suggested (Williams, 1979) or
deeper-water (below storm wave base) as suggested (Corkeron,
2007; Kennedy, 1996).

The Egan cap dolostones (Fig. 4) are rich in fine but often
deformed algal laminae, tepee structures, and are more abundant
in detrital quartz grains than the two MV  dolostones, indicating a
shallower depositional environment. These visually different sedi-
mentological and petrographic features, however, are not sufficient
to exclude the possibility that the Egan is not of the same age as
that of the MV cap dolostones. The evidence supporting Egan’s
younger age came from the occurrence of one characteristic stro-
matolite (Grey and Corkeron, 1998), basinal stratigraphic sequence
and facies analysis (Corkeron and George, 2001), and carbon iso-
tope data (�13C) of the dolostones (Corkeron, 2007). In this study,
the lower ∼4 m purple-reddish cap dolostones, below a 1.2-m thick
distinct yellow dolostone bed, were analyzed for CAS (Table 2).

3. Analytical methods

Dolostone sections were sampled in 0.2–1 m interval. Thin-
sections were prepared and examined, and carbonate samples were
analyzed for the �13C and �18O at Nanjing Institute of Geology and
Palaeontology. For carbon and oxygen isotope analyses, powders
were obtained using dental drills from dolostones and an aliquot
of 80–100 �g was  reacted with orthophosphoric acid for 150–200 s
at 72 ◦C in a Kiel IV carbonate device automatically connected to a
MAT  253. Isotopic data are reported in per mil  (‰) versus VPDB.
Standard deviation (1�) for multiple runs of a reference sample is
better than 0.05‰ for �13C and 0.1‰ for �18O.

Laboratory procedures for extracting, purifying, and measur-
ing the triple oxygen (�18O and �17O) and sulfur (�34S) isotope
composition of CAS in bulk carbonates are detailed in an ear-
lier paper (Bao et al., 2009). In brief, fresh dolostone chips were
crushed into smaller grains using mortar and pestle. Approximately
100 g carbonates were slowly digested in 1–3 M HCl solutions and
multiple supernatants were collected until no further fizzing in
acid. The solution was  then centrifuged, filtered through a 0.2 �m
filter, and acidified before saturated BaCl2 droplets were added.

Precipitates were collected after >12 h and treated with DDARP
method (Bao, 2006), a step critical for accurate oxygen isotope
measurement for sulfate. The cleaned and dried BaSO4 was then
run for three different isotope parameters: (1) �17O,  by converting



154 H. Bao et al. / Precambrian Research 216– 219 (2012) 152– 161

Fig. 1. A geographic map  showing the distribution of Neoproterozoic rocks in the Kimberley region of NW Australia (modified from Corkeron, 2007). The studied sections:
1 , Palm
F

t
2
s
t
r
fl
w
l

,  Texas/Mabel Downs, the type section of the Moonlight Valley (MV) Formation; 2
ormation at Mt.  Ramsay. Stratigraphic units are listed in Table 1.

o O2 using a CO2-laser fluorination method (Bao and Thiemens,
000); (2) �18O, by converting to CO through a Thermal Conver-
ion Elemental Analyzer (TCEA) at 1450 ◦C; (3) �34S, by converting
o SO2 through an Elemental Analyzer at 1050 ◦C. The �17O was

un in dual-inlet mode while the �18O and �34S in continuous-
ow mode. Both the �17O and �18O were run on a MAT  253
hile the �34S on a Micromass Isoprime. The �17O was calcu-

ated using the definition of �17O �′17O − 0.52 × �′18O in which
 Spring, where the MV  Formation is also exposed; 3, the type section for the Egan

�′ 1000 ln(Rsample/Rstandard) and R is the molar ratio of 18O/16O
or 17O/16O. All ı values are in VSMOW and VCDT for sulfate
oxygen and sulfur, respectively. The analytical standard devia-
tion (1�) for replicate analysis associated with the �17O, �18O,

and �34S are ±0.05‰, ±0.5‰,  and ±0.2‰,  respectively. All sul-
fate related analyses were conducted at Louisiana State University
except for the �34S measurement which was done at University of
Maryland.
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Fig. 2. (Upper panel) Field views of two Moonlight-Valley diamictite and cap dolostone sections and their underlain and overlain deposits in the Kimberley region, Western
Australia: Texas/Mabel Downs (TMD) (17◦4.9′S, 128◦21.0′E) and Palm Spring (PS) (18◦26.1′S, 127◦49.7′E). (Lower panel) Outcrop comparison between the two  Moonlight
Valley cap dolostone sections: (A) Texas/Mabel Downs (TMD): thinly bedded and laterally continuous; (B) TMD: fine and occasionally wavy laminae (15 cm in cross view);
(C)  Palm Spring (PS): thinly bedded and laterally disrupted (hammer length 40 cm); (D) PS: cross-beddings and erosional surfaces (15 cm in cross view).
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Table 1
Neoproterozoic stratigraphic correlations between the Kimberley region and South Australia (modified from Grey and Calver, 2007; Grey
and  Corkeron, 1998; Lan and Chen, 2012; Preiss et al., 2011). Gray fill indicates glacigenic deposits or the equivalents.
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Fig. 3. Photomicrographs of thin-sections in transmitted lights; 3.5 mm in cross view for all: (A) (ZCB10-8) and (B) (ZCB10-14) are from Texas/Mabel Downs, both displaying
wavy  laminae with fewer quartz clasts; (C) (ZCB10-38) and (D) (ZCB10-36) from Palm Spring, showing erosional surface and internal clasts, with more quartz clasts and no
or  poorer lamination.
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Fig. 4. (A) Field outcrop view of the type section of the Egan diamictite and cap dolostone at Mt.  Ramsay (6 m in cross view) (18◦34.2′S, 127◦6.3′E); (B) close-up view of
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 cap-dolostone outcrop with fine and occasionally disrupted laminae (30 cm in c
isrupted algal laminae with abundant quartz clasts (ZCB10-101); (E) horizontal al
E)  are in transmitted light with 3.5 mm in cross view.

. Results

CAS content ranges from 150 to 500 ppm in the cap dolo-
tones as estimated from the weights of extracted sulfate as barite
nd that of the initial dolostone chips. The weathering resistant
enses sporadically occurring in the MV  diamictite in TMD  are
ound to be poor in carbonate and contain little sulfate. Thin-
ection examination revealed that disseminated pyrite grains in
ll the three cap dolostones are rare or absent. This minimizes
he chance of the extracted CAS being contaminated by post-
epositional oxidation or by extraction procedures. We  analyzed
ut are not reporting the CAS data from the Walsh cap dolostones
t Mt.  House area, which represents a glacial event possibly of Mari-
oan (Corkeron, 2007) or an older age (Li, 2000) in the Kimberley
egion, because there are abundant disseminated pyrite grains in
he sheet-crack-rich dolostones. Stable isotope data and their cor-
esponding stratigraphic levels in cap dolostones are reported in
able 2.

.1. Pronounced 17O depletion in CAS from the MV cap dolostones
t Texas/Mabel Downs section while absent at Palm Spring section
The CAS from the MV  cap dolostones at the type section TMD
isplays non-mass-dependent 17O depletion throughout the entire
8 m thick dolostone sequence, ranging from −0.35 to −0.68‰
iew); (C) fine, horizontal algal laminae with fewer quartz clasts (ZCB10-97); (D)
inae with abundant quartz clasts (ZCB10-104). Photomicrographs of (C), (D), and

(Fig. 5). The magnitude of the 17O anomaly generally decreases
with increasing stratigraphic heights. The accompanied �34S value
increases slightly from the 21–22‰ in the lower 4 m to 22–23‰
in the upper 4 m,  while the �18O remains largely unchanged at
19–20‰ except for the highest two samples which are 1–2‰ more
positive (Fig. 5).

While exhibiting a pronounced 17O anomaly at the TMD  section,
the CAS at PS section is largely normal with �17O values ranging
from −0.01 to −0.26‰.  The �34S for both sections are nearly iden-
tical, although the �18O at PS section are 0–2‰ lower than those
at TMD. Note that the sampled MV  cap dolostone sequence at PS
section is less than 4 m in thickness, thinner than the TMD  section.

The �13C and �18O of the MV  cap dolostones at TMD decrease
slightly (from −2.1 to −2.7‰ and from −6.4 to −7.4‰,  respectively)
with increasing stratigraphic heights, although the trend is not
strictly monotonic. The PS section displays similar values and
trends with a notably 0–0.7‰ lower value in the �13C and 1–2‰
higher value in the �18O than those at the TMD  section (Fig. 6).

4.2. The Egan cap dolostones are different from the MV  ones
The Egan cap dolostones are very different from those of the
MV  ones in the �13C and �18O of the host dolostones (Fig. 7) as well
as the �17O, �34S, and �18O of the CAS (Fig. 8). The Egan cap has
the �13C and �18O of dolostones at ∼+1‰ and ∼−1‰,  respectively,
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Table 2
Stratigraphic levels and stable isotope composition of carbonate-associated sulfate and their late Neoproterozoic host cap dolostones (the Moonlight Valley at Texas/Mabel
Downs and at Palm Spring and the Egan at Mt.  Ramsay) in the Kimberley region, Western Australia.

Sample �34SCAS (VCDT) �18OCAS (VSMOW) �17OCAS �13Cdolostone (VPDB) �18Odolostone (VPDB) Height (m) from
the base of the cap

Egan cap dolostones (the lower ∼4 m)
ZCB10-106 26.3 23.1 −0.07 −0.1 −1.5 3.85
ZCB10-105 25.3 22.3 −0.09 0.0 −1.0 2.85
ZCB10-104 24.5 22.3 −0.10 0.1 −0.7 1.85
ZCB10-103 24.1 23.5 −0.07 0.3 0.0 1.70
ZCB10-102 23.9 23.5 n.a. 0.1 −1.1 1.30
ZCB10-101 23.5 22.4 −0.05  0.4 −0.6 0.90
ZCB10-100 24.3 22.6 −0.09 0.6 −1.1 0.50
ZCB10-99 24.0 22.7 −0.14 0.5 −1.7 0.36
ZCB10-98 23.7 22.0 −0.16 0.7 −0.8 0.18
ZCB10-97 23.9 23.2 −0.15 0.9 −0.5 0.12
ZCB10-96 23.3 22.4 −0.15 1.0 0.5 0.08
ZCB10-95 26.7 23.6 −0.07 1.8 −1.2 Diamictite

Moonlight Valley cap dolostones at Texas/Mabel Downs (type section)
ZCB11-4 22.7 18.5 −0.46 n.a. n.a. 8.1
ZCB11-3 22.1 18.2 −0.44 n.a. n.a. 7.7
ZCB11-2 22.4 19.3 −0.37  n.a. n.a. 7.1
ZCB11-1 21.6 18.0 −0.52 n.a. n.a. 6.3
ZCB10-6 22.1 20.7 −0.44 −2.7 −6.9 7.7
ZCB10-7 21.9 19.6 −0.35 −2.6 −7.1 7.1
ZCB10-8 22.5 19.5 −0.47 −2.6 −7.2 6.3
ZCB10-9 21.9 18.0 −0.47  −2.7 −7.0 5.5
ZCB10-10 21.9 19.5 −0.46 −2.5 −7.4 5.0
ZCB10-11 22.0 19.8 −0.51 −2.4 −7.0 4.4
ZCB10-12 22.6 19.8 −0.49 −2.4 −7.1 4.0
ZCB10-13 n.a. n.a. n.a. −2.4 −7.2 3.5
ZCB10-14 21.5 19.7 −0.61 −2.4 −7.0 3.0
ZCB10-15 21.2 19.0 −0.58 −2.3 −6.9 2.5
ZCB10-16 22.2 18.6 −0.62  −2.2 −6.8 2.0
ZCB10-17 21.2 18.6 −0.63 −2.2 −6.8 1.6
ZCB10-18 n.a. n.a. n.a. −2.2 −6.6 1.2
ZCB10-19 21.9 19.5 −0.68 −2.2 −6.8 0.9
ZCB10-20 21.8 19.5 −0.56 −2.2 −6.8 0.6
ZCB10-21 20.9 19.9 −0.66 −2.3 −6.7 0.4
ZCB10-22 21.3 19.3 −0.62 −2.1 −6.4 0.2
ZCB10-23 21.8 19.3 −0.57 −2.2 −6.4 0.0

Moonlight Valley cap dolostones at Palm Spring
ZCB10-41 21.1 17.0 −0.09 −3.0 −5.1 3.3
ZCB10-40 21.4 18.1 −0.12 −3.1 −5.7 2.3
ZCB10-39 22.0 17.8 −0.26 −2.9 −5.3 1.5
ZCB10-38 19.7 17.5 −0.05 −2.9 −5.0 1.1
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Fig. 5. The magnitude of anomalous 17O depletion (�17O), the �34S, and the �18O of carbonate-associated sulfate (CAS) in two Moonlight-Valley cap dolostones and their
changes with stratigraphic level from the base of the cap in the Kimberley region, Western Australia: Texas/Mabel Downs (solid triangles) and Palm Spring (hollow ones).
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verage of ∼3‰ and ∼5‰ more positive than those of the two  MV
ap dolostones. Also, the Egan cap’s CAS has �34S values ranging
rom 23.3‰ to 26.7‰ and �18O values from 22.3‰ to 23.6‰,  aver-
ge of ∼3‰ and ∼4‰ more positive than those in the two MV caps,
espectively.

. Discussion

.1. A new host rock for non-mass-dependent 17O depletion in
ulfate

This is the first report of non-mass-dependently depleted CAS
7O signals from a dolostones sequence capping a late Neoprotero-
oic diamictite. So far, pronounced sulfate 17O depletion is only
nown in barite crystal fans at an erosional surface of the cap
arbonates in several locations in southern China and in western
frica (Bao et al., 2008; Peng et al., 2011), or in the CAS from lime-
tone lenses within a diamictite in Svalbard (Bao et al., 2009), all of
hich have been regarded as Marinoan in age. No CAS from cap car-

17
onates or dolostone facies was known to bear O depletion before
his study. Therefore, this finding extends the depleted sulfate 17O
ignal to a new type of host rock and mineral, which is consistent
ith what is expected for a global atmosphere-related event.
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Three mutually non-exclusive scenarios can explain the
decreasing magnitude of 17O anomaly during the course of cap
dolostone deposition at TMD. (1) There should be a window of time
during which the magnitude of the 17O depletion in atmospheric O2
reached the highest after the glacial meltdown. After that window,
magnitude of the 17O depletion in atmospheric O2 and therefore
the anomaly for sulfate initially derived from oxidative weather-
ing would decrease. This decrease could occur over the course of
the cap dolostone deposition. (2) The ratio of sulfate from oxida-
tive weathering over sulfate of preexisting or ocean source may
be decreasing over time at this particular site. The latter source
of sulfate should bear no or little 17O anomaly. (3) The intensity
of microbial sulfur recycling at this site could have increased over
the course of the cap dolostone deposition and thus shortened the
time needed to erase an anomalous 17O signal in dissolved sulfate.
Although there is no conclusive sedimentological or geochemical
evidence to rule out any of the scenarios, the small increase in
the �34S in the upper 4 m dolostone sequence supports scenario 2
and/or 3, that is, a lesser amount of influx of sulfate from oxidative
weathering and/or increasing intensity of microbial sulfur cycling
over time at TMD. The slightly positive correlation between �17O
and �34S as seen here at MV  cap dolostones are also present in
Marinoan South China and Svalbard, possibly implying a common
cause.

It is logical to wonder why this is the first finding of CAS 17O
anomaly in the cap carbonates while Marinoan cap carbonates are
global in distribution. We  do have CAS analysis for a few other
Marinoan cap carbonates, for example, the Svalbard cap dolostones
(the lower Dracoisen Formation) and the basal Doushantuo cap
carbonates from South China Block. Neither of the CAS in them dis-
plays any 17O depletion. The common occurrence of disseminated
pyrite grains in these cap carbonates renders the extracted CAS
suspicious and therefore this data is not reported. This brings us the
preservation issue of the sulfate 17O anomaly in minerals or rocks.
As clearly demonstrated in the Svalbard case, CAS with pronounced
17O depletion is found in limestone facies while not found in dolo-
stone facies (Bao et al., 2009). The suggested cause is the effective
microbial sulfur recycling that resulted in the resetting of sulfate
oxygen isotope composition to that of the ambient, more evapo-
rative, water that favored dolomite precipitation. It is not known
why the CAS has 17O anomalies in the TMD  cap dolostones in the
Kimberley region but not in the dolostone lenses in Svalbard. Fur-
ther insight may  be obtained by examining the sedimentological

context of the limestone versus dolostone facies in Svalbard.

The preservation of 17O anomaly in the rock record is also
determined by the degree of dilution from preexisting sulfate in
the oceans, as implied by the highly variable �17O values of the
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ultiple barite growth fans in southern China (Peng et al., 2011).
he preservation issue is further manifested in the time-equivalent
V cap dolostone section at PS.

.2. Geographical heterogeneity in sulfate 17O signal distribution

In a sharp contrast to those in TMD, the CAS 17O signals are
ormal in the time-equivalent MV  cap dolostones at PS. A few sce-
arios can result in the observed geographic �17O heterogeneity.
irst, there were similar initial sulfate pools in the two  sites but had
ifferent levels of microbial sulfur recycling in the two water bodies
s was the case proposed for the Svalbard dolostone and limestone
ifference. However, both TMD  and PS sections are dolostone, have
imilar �13C and �18O values for the dolomite, and have even similar
34S and �18O for their CAS (Figs. 5–7). In fact, it is the TMD  section,
here algal laminae are prevalent, that has the anomalous sulfate

7O signals. That leaves us with the second scenario: influx of 17O
nomalous sulfate was much higher at TMD  site than at PS site.
his scenario is consistent with the paleogeographic reconstruc-
ion detailing that TMD  site was close to ice out-wash discharge
r river runoff whereas PS site was more distal (Corkeron, 2008).
iverine sulfate normally has a higher proportion of sulfate that is
erived from sulfide oxidation involving atmospheric O2, the ulti-
ate source of the sulfate 17O depletion. The �17O heterogeneity

robably reflects the complex geometry of the sedimentary basin.
The �13C values in PS are slightly lower than those in TMD, which

s different from what is characterized in an earlier study (Williams,
979), whereas the �18O values are higher in PS than in TMD. Our
13C and �18O pattern between the two MV  sections are similar
o those reported by Corkeron (2007) but with slightly different
bsolute values, probably reflecting lateral stable isotope variations
mong different profiles in the same location.

.3. The Egan cap dolostones is probably associated with a
ifferent late Neoproterozoic glaciation

We have seen that one MV  cap dolostone sequence has a
ronounced sulfate 17O anomaly while a time-equivalent MV dolo-
tone sequence ∼150 km away bears none. There are many reasons

hat a 17O-depletion signal is not preserved in the rock records
ven there was one initially as we pointed out earlier. Thus, the
ack of 17O anomaly in the Egan cap dolostones cannot be sufficient
vidence to exclude the possibility that the Egan is of the same
ate (CAS) in three Neoproterozoic cap dolostones in the Kimberley region, West-
tectable at the time-equivalent Palm Spring section. Another probably younger

 data of the CAS.

age as that of the MV,  i.e., the Marinoan. However, we  favor the
view that the Egan glaciation is temporally different from the MV
one for the following additional arguments. In terms of the occur-
rence of algal laminae and perhaps the proximity to a continent, the
TMD  cap dolostones are similar to the Egan cap. However, not only
we do not see an 17O-depetion signal (Fig. 8) in the Egan cap, but
also the �13C–�18O space (Figs. 6 and 7) and CAS′ �34S–�18O space
(Figs. 7 and 8) of the Egan cap are distinctively different from those
of the TMD  cap dolostones. Specifically, the �13C and �18O of the
Egan cap are in average of ∼3‰ and ∼5‰ more positive than those
of the TMD  ones, respectively, as were also reported in earlier stud-
ies (Corkeron, 2007; Williams, 1979). The �34S and �18O of the CAS
are also in average of ∼3‰ and ∼4‰ more positive, respectively,
in the Egan cap. While the presence of the Lower Carbonate Unit
under the Egan diamictite may  explain the abundance of dolostone
clasts in the Egan diamictite which perhaps affected the C, O, and S
stable isotope compositions in its cap, it cannot explain why the PS
cap, whose diamictite is also overlying a carbonate unit, the Eliot
Range dolomites, has a rather similar stable isotope signatures as
those from the TMD.

6. Conclusion

The Moonlight Valley cap dolostones at its type section site
Texas/Mabel Downs, the Kimberley region, Western Australia
bear carbonate-associated sulfate that is non-mass-dependently
depleted in 17O. This occurrence represents a new set of host rock
and mineral for the anomalous sulfate 17O signal. The anomaly
reaches −0.68‰ and its magnitude generally decreases (toward
zero) with stratigraphic level of the cap dolostones and slightly
with the increasing of the corresponding �34S value of the CAS, a
phenomenon consistent with what we  have seen in the Marinoan
(∼635 Ma)  deposits in southern China and in Svalbard. A coeval
MV cap dolostone sequence at Palm Spring, the Kimberley region,
however, does not possess a pronounced 17O anomaly in their CAS,
due probably to its location distal to ice sheet or in an open ocean
environment. The spatial heterogeneity in CAS �17O value in the
Marinoan Kimberley and the lack of anomaly in another dolostone
facies in Svalbard reveal that mixing (dilution) and microbial

sulfur cycling may  have played roles in the preservation of the
anomalous 17O signal in the rock record, although the details of
these discrepancies remain elusive. In addition, the newly found
negative �17O signal serves as an independent line of evidence
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upporting a Marinoan age for the MV diamictite and a younger
ge for the Egan diamictite. These conclusions are corroborated by
edimentological evidence and by the corresponding �34S and �18O
alues of the CAS and the �13C and �18O values of the dolostones.
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