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a  b  s  t  r  a  c  t

Neoproterozoic  diamictite-cap  carbonate  (DCC)  couplets  play  a pivotal  role  in establishing
regional/interregional  stratigraphic  correlations  and  understanding  the  paleoenvironmental  conditions
following  the  “Snowball  Earth”  glaciations.  Here  we  report  newly  discovered  Neoproterozoic  Aksu
diamictite  and  Wushi  DCC couplet  from  the  northwestern  margin  of Tarim  Craton,  NW  China.  The  Aksu
diamictite  displays  glaciogenic  features  including  striations  on  clasts,  whereas  the Wushi  DCC  couplet
consists  of discontinuous  (≤1  m)  matrix-supported  diamictite  and overlying  ∼1.0  to  1.7  m thick,  pink
dolostones.  Analyses  of  the regional  stratigraphy,  sedimentological  characteristics,  paleontological  mark-
ers, and the available  radiometric  ages  suggest  that  both  strata  were  likely  related  to the  Marinoan
glaciation  and  the subsequent  deglaciation  (ca.  635  Ma).  From  the  cap  dolostone,  high-resolution  �13CPDB

chemostratigraphy  is  obtained,  showing  almost-constant  negative  values  (ca. −2.2  to −2.5‰),  typical  of
Marinoan  cap  carbonates.  In addition,  the least-altered 87Sr/86Sr  and  �26MgDSM3 records  of  post-glacial
g isotope
arim

ocean  water  are  extracted  using  a recently  developed,  stepwise  acid-leaching  method.  Two  groups  of
the  least-altered 87Sr/86Sr  and  �26MgDSM3 values  are  reported  and can be  understood  under  the  frame-
work  of  post-glacial  “plumeworld”.  There  exist  slight  discrepancies  in 87Sr/86Sr and  �26Mg  between  the
Wushi  section  and  sections  from  Australia  or Mongolia,  which  appear  to  suggest  different  seawater
environments  where  cap dolostones  were  formed.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

From the late Neoproterozoic to the eve of Cambrian time, Earth
xperienced a long tectonic transition from the dispersal of Rodinia
o the subsequent amalgamation of Gondwana (e.g. Torsvik, 2003;
i et al., 2008). The transition was punctuated by multiple episodes
f global-scale glaciations (e.g. Hoffman et al., 1998; Evans, 2000;
offman and Schrag, 2002; Hoffman and Li, 2009; Evans and Raub,
011). Two glaciations were immediately followed by large-scale
arming as indicated by the occurrence of carbonate rocks cap-
ing diamictites (e.g. Hoffman et al., 1998, 2007; Hoffman and Li,
009; Hoffman, 2011). The characteristic diamictite-cap carbon-

te (DCC) couplets occurring on major cratons have been crucial
or establishing regional and/or interregional stratigraphic corre-
ations, particularly when reliable radiometric ages directly from

∗ Corresponding author. Tel.: +86 2589680866.
E-mail address: yxli@nju.edu.cn (Y.-X. Li).

ttp://dx.doi.org/10.1016/j.precamres.2015.10.006
301-9268/© 2015 Elsevier B.V. All rights reserved.
glacial deposits are rare (e.g. Condon and Bowring, 2011), and
limited fossil diversities within major eukaryotic clades before
Ediacaran-Cambrian animal diversification prevent from establish-
ing reliable biostratigraphy (Knoll et al., 2004; Knoll, 2014). The
unique lithofacies and geochemical proxies of cap units includ-
ing C, O, S, and Sr isotopes are potential indirect dating tools (e.g.
Knoll and Walter, 1992; Kaufman and Knoll, 1995; Kaufman et al.,
1997; Kennedy et al., 1998; Hoffman et al., 1998; Hoffman and
Schrag, 2002; Halverson et al., 2005, 2007, 2010; Liu et al., 2013,
2014), because distinctive lithological features taken alone may  be
questionable (Corsetti and Kaufman, 2003). Aside from correlation
purposes, the geochemistry of DCC couplets is useful for under-
standing the paleoenvironmental consequences of glaciations and
subsequent deglaciations, including possible global-scale paleo-
ceanographic changes associated with meltwater plumes (Shields,

2005; Hoffman, 2011; Liu et al., 2014).

Well exposed Neoproterozoic successions in Tarim Craton,
northwestern China (Fig. 1), recorded multiple glaciations during
the transition of supercontinent cycle (Gao and Zhu, 1984; Gao

dx.doi.org/10.1016/j.precamres.2015.10.006
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2015.10.006&domain=pdf
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Fig. 1. (a) The major Precambrian cratons of China, showing the location of Tarim Craton (after Zhao et al., 2002). The asterisk marks the study area, which is located at the
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orthwestern margin of the Tarim Craton, NW China. SCC, South China Craton; NCC
fter  Gao et al., 1985; Turner, 2010). The arrows point to the two  examined section

t al., 1985; Gao and Qian, 1985; XBGMR, 1993; Xiao et al., 2004;
u et al., 2005, 2009, 2013; Lu et al., 2008; Zhu and Wang, 2011; He
t al., 2014a). However, due to the lack of suitable dating material
rom glacial deposits (Zhu and Wang, 2011), their ages and chronos-
ratigraphic correlations are still ambiguous. In addition, previous
tudies were mainly focused on the glaciogenic successions from
he Quruqtagh (also spelled as “Kuruktag” or “Kuluktage”) region of
astern Tianshan (Norin, 1937; Gao and Zhu, 1984; Gao et al., 1985;
ao and Qian, 1985; XBGMR, 1993; Xu et al., 2005, 2009; Xiao et al.,
004; Shen et al., 2008; Zhu and Wang, 2011; He et al., 2014a) and
elatively little attention has been paid to glacial deposits in other
egions of Tarim.

Precambrian successions preserved in the Aksu-Wushi area,
orthwestern margin of Tarim Craton (Fig. 1), provide a key win-
ow to understand the tectonic evolution of this craton in the
ncient supercontinent cycles (Chen et al., 2004; Zhan et al., 2007;
en et al., 2013; He et al., 2014b). As one of the well-documented,

recambrian blueschists in the world, Aksu blueschists recorded a
roterozoic high pressure-low temperature metamorphism event
elated to oceanic subduction along the northern margin of Tarim
Liou et al., 1989, 1996; Nakajima et al., 1990; Zhu et al., 2011), and
eoproterozoic mafic dikes and lavas have been used to investi-
ate the breakup of Rodinia (Zhang et al., 2009; Xu et al., 2013).
dditionally, at least two diamictite intervals provide us a target to
nderstand the Neoproterozoic global glaciations (Gao et al., 1985;
ao and Qian, 1985; XBGMR, 1993; Zhu and Wang, 2011). How-
ver, neither direct ages from the glacial deposits are available, nor
as a complete glacial-postglacial DCC discovered previously in

his area. Also, the available data are insufficient to establish their
egional/interregional stratigraphic correlation, and to understand

aleo-environments in the aftermath of the glaciations. For exam-
le, Ding et al. (2009) tried to obtain information about glaciations
rom Guozigou of the northern Tianshan region (further north of
ksu city), but the siliciclastic section there precludes stratigraphic
 China Craton; Q, Quruqtagh. (b) Geological map  of the Aksu-Wushi area (modified
is study.

correlation to other regions with C and O isotope results. Carbon-
isotope variations have been used to correlate the succession in
northwestern Tarim with that in South China (He et al., 2007; Zhan
et al., 2007), but the correlation can only be made for the latest
Precambrian carbonates, which are stratigraphically >400 m above
the glacial deposits. Therefore, more detailed field investigations
and isotope data directly from the glaciogenic successions in north-
western Tarim are needed.

In this study, we  first describe the newly discovered glacial
diamictites and cap carbonates in the Neoproterozoic successions
from Aksu-Wushi area of the northwestern margin of Tarim Craton
(Fig. 1). We then focus on chemostratigraphic analyses of the cap-
carbonate unit, and discuss the paleoenvironment in the aftermath
of glaciation, as well as the glacial stratigraphic framework across
northern Tarim Craton during the Neoproterozoic.

2. Regional geology

Most Precambrian rocks of Tarim Craton crop out along the
margins of this craton, comprising the Neoarchean to Proterozoic
metamorphosed basement and the Neoproterozoic unmetamor-
phosed sedimentary cover (XBGMR, 1993; Lu et al., 2008; Long
et al., 2010, 2012; Turner, 2010; Zhao and Guo, 2012; Zhao and
Cawood, 2012; Ge et al., 2014). The Aksu-Wushi area, located at
the Tarim’s northwestern margin (Fig. 1), is bounded to the north
by the Paleozoic Tianshan belt (Windley et al., 1990; Wang, 2006)
in central Asia. In this area, the pre-Cambrian record consists of
the crystalline basement of Aksu Group and the overlying un-
metamorphosed sedimentary sequences (Gao et al., 1985; XBGMR,

1993; Carroll et al., 2001; Turner, 2010; Zhu et al., 2011; Xu et al.,
2013). The top of the Precambrian unit is marked by a parallel
unconformity right below a 5-m-thick black chert-phosphorite bed
of the Cambrian limestone (Gao et al., 1985; Yao et al., 2005).
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Fig. 2. The Precambrian stratigraphic framework across the whole Aksu-Wushi area of NW Tarim showing the correlations of glacial units (modified after Gao et al., 1985;
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BGMR, 1993; Carroll et al., 2001; Yao et al., 2005; Turner, 2010; Zhu and Wang, 20
,  Zhang et al., 2012; 4, Xu et al., 2013; 5, He et al., 2014b). The age with (*) is consi

n  the following figures.

The Aksu Group is composed of pelitic, psammitic and mafic
chists, and the mafic schists contain green- and blue-schists.
he schists experienced multiple stages of deformation, and the
lueschist facies have been interpreted to represent a Neopro-
erozoic subduction–accretion complex (Liou et al., 1989, 1996;
akajima et al., 1990; Turner, 2010; Zhu et al., 2011). The base-
ent was intruded by a series of unmetamorphosed, NW-trending
afic dikes (Liou et al., 1989, 1996; Zhang et al., 2009; Turner, 2010;

hu et al., 2011; He et al., 2014b). Their cross-cutting relationship
emonstrates that the intrusion of the mafic dikes occurred after
he metamorphism of the Aksu Group, although the ages of the

etamorphism of the Aksu Group and the dike intrusion are still
ebated (Chen et al., 2004; Zhan et al., 2007; Zhang et al., 2009; Zhu
t al., 2011).

The unconformably overlying, unmetamorphosed sedimentary
uccessions are composed of the lower Sinian Qiaoenbrak and
uermeinak Formations, each of which contains a glacially derived
nit (Gao et al., 1985; Gao and Qian, 1985; XBGMR, 1993; Zhu

nd Wang, 2011), and the upper Sinian Sugetbrak and Chigebrak
ormations. According to the 3rd National Conference on Stratig-
aphy in China, the lower and upper “Sinian” were renamed as
Nanhua” and “Sinian” systems, which generally correspond to
e Section 3.3). Available ages are indicated (1, Zhang et al., 2009; 2, Zhu et al., 2011;
 as dating inherited/xenocryst zircons. DCC, diamictite and cap carbonate, same as

the Cryogenian and Ediacaran periods, respectively (Fig. 2; the
Stratigraphy Committee of China, 2001; Gradstein et al., 2004). We
adopt these new names in this paper.

In this study, we focus on two sections in this area as shown in
Fig. 1b, based on our field investigations in 2011–2013. Strata in this
region were gently to moderately deformed during the late Paleo-
zoic orogenies, linked to the suturing between Tarim Craton and
the more northerly terranes of the central Asian fold belt (Windley
et al., 1990; Chen et al., 1999), and further warped into the broad
anticlinal arches above thrust faults as a result of neotectonic intra-
continental deformation within the India-Asia convergence zone
(Turner et al., 2010).

3. Litho- and chrono-stratigraphy of the Aksu diamictite
and Wushi DCC couplet

3.1. Aksu diamictite (Aksu section: 40.921◦ N, 79.831◦ E)
In the Aksu section, ca. 40 km southwest of Aksu city (Fig. 1b),
Precambrian rocks are well exposed (the same section was
described by Turner, 2010). The blueschist-bearing Aksu Group is
mainly composed of metasedimentary rocks that were intruded
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Fig. 3. Outcrop characteristics of the Aksu diamictite and the DCC couplet from the Aksu (a, b) and Wushi (c–f) sections. A person (∼170 cm), a pencil (∼15 cm), and a
hammer (∼30 cm) are for scales. (a) The Aksu diamictite unit overlies the Aksu Group with a sharp angular unconformity, and underlies the Ediacaran Sugetbrak Formation
with  parallel unconformity. Note the lenticularity of the exposed diamictite. (b) A striated clast eroded from the Aksu diamictite. (c) The sharp contact between the newly
d t 1.7 m
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iscovered DCC couplet and the underlying strata. The pink cap-carbonate is abou
ike/DCC contact (panel d) shows that the overlying mafic sill is an unconnected, you
o  the stratigraphic younging direction. (e) Different sizes of angular to subrounde
ubunit  and the low-angle cross-stratification in the upper subunit of the pink dolo

y a series of unmetamorphosed, NW-trending mafic dikes. The
afic dikes have a SHRIMP U–Pb zircon age of 759 ± 7 Ma  (Zhang

t al., 2009). Unconformably overlying the Aksu Group are the
ryogenian and Ediacaran strata that show generally concordant
ttitudes dipping toward 160–170◦ at angles of 30–35◦. In previ-
us studies, the Cryogenian strata were thought to be absent, and
he succession of unmetamorphosed strata commenced with basal
onglomerates of the upper Ediacaran Sugetbrak Formation (Carroll
t al., 2001; Turner, 2010). In our field investigations, we  observed

 lenticular unit that consists of shale and diamictite. This unit
s separated from the underlying Aksu Group by a sharp angular
nconformity, and is distinctly separated from the overlying Suget-
rak Formation by a disconformity. The exposure of this unit is not

ontinuous and the thickness of the unit gradually decreases from

 to 4 m at the Aksu section toward NE, and eventually the younger
diacaran Sugetbrak Formation directly rests upon the metasedi-
entary basement (Fig. 3a). Farther to the northeast, clasts derived
 thick. Although not readily apparent in this photograph, close inspection of the
intrusion. (d) Oblique close-up view of the contact. The arrow approximately points
s within the diamictites of the DCC couplet. (f) Soft-folding structure in the lower

 of the DCC couplet.

from the blueschists and mafic dikes were observed in the basal
conglomerates of the Sugetbrak Formation (Liou et al., 1989, 1996;
Carroll et al., 2001; Turner, 2010; Zhu et al., 2011).

The Cryogenian strata at the Aksu section contain red con-
glomerates and shale, previously unrecognized, in discontinuous
exposures beneath the Sugetbrak Formation. The lower (<1 m)
sporadically outcropped and unstratified conglomerates comprise
angular to sub-rounded, poorly sorted clasts of various sizes
(5–30 cm in diameter) from pebbles to cobbles. The lithologic
compositions of the pebbles/cobbles are mostly the underlying
blueschists and gray sandstones, and minor quartzite clasts that
exhibit variably oriented striations (Fig. 3b). The variation in
size and poor sorting of clasts, and especially the occurrence of

striations on the clasts, indicate that the conglomerates are of
glaciogenic origin (termed Aksu diamictite herein). Above the
diamictite is 2–3 m thick, red shale that is interbedded with
laminated green shales. The shale unit represents a lower-energy
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epositional environment. A prominent ca. 5-m-thick, pebbly
uartz-sandstone unit, which forms the basal conglomerate of the
ugetbrak Formation (Turner, 2010), sharply overlies the shales
ith concordant bedding attitudes. While the Aksu diamictite

nd shale are discontinuously exposed in decameter-scale pale-
troughs, the basal Sugetbrak conglomerates are continuously
xposed along strike for ∼800 m,  in many places resting directly
r with an angular unconformity upon the Aksu basement schists.

The age of the Aksu diamictite is constrained by its bound-
ng stratigraphic relationships. As a maximum age constraint, the
iamictite contains clasts of the underlying blueschists, which con-
ain detrital zircons as young as ca.730 Ma  (727 ± 12 Ma;  Zhu et al.,
011). However, there is inconsistency in ages, i.e., the maximum
epositional age of the metasedimentary sequences is younger
han the age of mafic dykes (759 ± 7 Ma;  Zhang et al., 2009). If
e consider analytical errors, the ages are broadly consistent; or

he dated zircons from dikes are xenocrysts as proposed by Zhu
t al. (2011). Either way, the depositional age of the Aksu diamic-
ite should be younger than ∼730 Ma.  The minimum age of the
iamictite is constrained by the overlying Sugetbrak Formation,
hich outcrops across the whole Aksu-Wushi area (Gao et al., 1985;
BGMR, 1993; Carroll et al., 2001; Turner, 2010).

.2. Wushi DCC couplet (Wushi section: 40.841◦ N, 79.297◦ E)

Compared with the Aksu section, the outcrops of Cryogenian
Nanhua System) strata at Wushi section and surrounding areas
re much better exposed and continuous. For instance, in the Yuer-
einak and Chigebrak areas (Fig. 1b), the ≤2 km-thick Cryogenian

uccessions which contain two diamictite levels within both the
iaoenbrak (∼100 m)  and Yuermeinak Formations (∼50 m)  have
een described in detail in previous studies (Gao et al., 1985;
BGMR, 1993; Zhu and Wang, 2011). Although the two diamictite

evels occurred within sections dominated by sandstone and
iltstone, the poorly sorted sub-rounded or angular clasts of
arious lithologies and sizes, and the occurrence of dropstones
nd striations on clasts (Gao and Qian, 1985; Gao et al., 1985;
BGMR, 1993; Zhu and Wang, 2011), suggest that both of them
re of glacial origin. However, the top of each of the two  diamictite
evels is truncated by an unconformity/parallel unconformity,

hich hinders the glacial correlations within the Neoproterozoic
ime because of the uncertainties in ages of both diamictites and
he missing section atop each. Although previous studies have
ssigned the Qiaoenbrak and Yuermeinak diamictites to Sturtian
ca. 720 Ma)  and Marinoan (ca. 640 Ma)  glaciations, respectively,

ainly based on the relationships of depositional sequences
ogether with limited microfossils, indirectly radiometric ages, and
-isotope excursions (as summarized by Zhu and Wang, 2011), the
rincipal problems stated above have yet to be solved despite the
act that the maximum depositional ages of the two diamictites
ave been obtained recently (He et al., 2014b).

Our studied section is located more than 40 km south of Wushi
nd ∼12 km west of the Sugetbrak area (Fig. 1b), where the Cryo-
enian strata are exposed around a broad “dome” structure in an
rea of ∼5 km2. Here we report, for the first time in this area, the
iscovery of a distinct diamictite and cap carbonate (DCC) couplet
t the base of the Sugetbrak Formation (Fig. 3c). With an angular
nconformity below this DCC unit, the Cryogenian strata comprise
hythmic beds of dominantly gray-green and minor red-colored
rit, arkose, greywacke, siltstone, and mudstone, all moderately
est-dipping. A series of mafic dikes penetrated into the succes-

ion (Fig. 3c). The dikes are parallel to each other with NW strikes,

nd are not more than 1 m in width.

Both the sedimentary rocks and the dikes are truncated by an
rosional unconformity, blanketed by the DCC unit that gently dips
utward around the “dome” (Fig. 1b). This newly recognized DCC
arch 271 (2015) 278–294

couplet contains a pink or red, matrix-supported diamictite unit,
and an overlying pink to rose-colored dolostone. The diamictite
unit is laterally discontinuous around the western dome margin,
nowhere exceeding ∼1 m thickness. The diamictite contains angu-
lar to sub-rounded, gray-green shale and sandstone clasts, ranging
from pebble to boulder size and derived from the underlying gray-
green colored succession, “floating” within a red-brown sandstone
or siltstone matrix (Fig. 3d and e). The cap dolostone, directly cov-
ering the diamictite or gritty sandstone, is ∼1.0–1.7 m thick and
consists of thin-laminated micritic dolostone. It can be further
subdivided into two  subunits according to different sedimentary
features. The lower subunit is about 30–50 cm thick and displays
abundant soft-folding structures (Fig. 3f), and sometimes shows
bedding-parallel sheet-crack cements which occurred in other cap
dolostones as well (Hoffman, 2011). In the westward section, the
lower dolostone beds are represented by draping structures wrap-
ping some breccias; while to the east of a smaller scale, the lower
subunit begins with ca.10 cm thick hematitic shaly beds. In con-
trast to these features, the upper subunit exhibits relatively planar
and parallel laminations with some low-angle cross-stratifications
(Fig. 3f). Such features suggest that the lower subunit was precip-
itated in a high-energy environment while the upper subunit was
deposited in a relatively quiescent environment. The lower subunit
probably recorded an abrupt sea level rise outpacing the regional
effects of isostatic unloading during transition from icehouse to
greenhouse (Hoffman and Schrag, 2002; Nogueira et al., 2003). The
DCC couplet is conformably overlain by the ∼1000 m thick Suget-
brak Formation (Fig. 2a), beginning with a ∼10 m thick red shale or
siltstone unit and continuing upward with decameter/hectometer-
thick intervals of massive to cross-bedded red sandstone, yellowish
siltstone, and basalt.

3.3. Regional stratigraphic framework and glacial correlations

The new discoveries of the Aksu diamictite and the Wushi
DCC couplet from this study can help establish the Precambrian
stratigraphic framework in the Aksu-Wushi area of NW Tarim. As
described above, both the Aksu diamictite and the Wushi DCC cou-
plet act as the bridging strata from Cryogenian (Nanhua System) to
Ediacaran (Sinian) periods in this region, namely, the cap carbonate
unit of the Wushi DCC fills the gap between the underlying diamic-
tite and the overlying Sugetbrak Formation which has caused the
stratigraphic ambiguities in this area for a long time (Gao et al.,
1985; XBGMR, 1993; Zhu and Wang, 2011; Xu et al., 2013; He
et al., 2014b). With this in mind, we will establish the stratigraphic
framework from a broad perspective.

From the regional perspective, the Aksu diamictite, Wushi DCC
couplet and Yuermeinak diamictite (the Yuermeinak-Chigebrak
area) are all overlain by the Ediacaran Sugetbrak Formation (Fig. 2;
Gao et al., 1985; XBGMR, 1993; Zhu and Wang, 2011), and the
Sugetbrak Formation can be considered as an essential marker for
the stratigraphic correlations. Meanwhile, the stratigraphic corre-
lations of the Sugetbrak Formation and the conformably overlying
Chigebrak Formation across the whole Aksu-Wushi area have been
well documented in previous studies (e.g. Gao et al., 1985; XBGMR,
1993; Carroll et al., 2001; Turner, 2010) based on the key strati-
graphic and paleontological markers, including the non-marine
to marine sedimentary transition between the two  formations
(Gao et al., 1985; Liou et al., 1989, 1996; XBGMR, 1993; Turner,
2010), stromatolites at the base of the Chigebrak Formation (Gao
et al., 1985; XBGMR, 1993; Carroll et al., 2001; Turner, 2010) and
the acritarch assemblages and small shelly fossils from the Early

Cambrian black chert-phosphorite layer (Yao et al., 2005). On the
other hand, the Wushi DCC couplet represents a unique glaciation-
deglaciation succession in the Cryogenian/Ediacaran period. Our
field investigations together with previous studies (Gao et al., 1985;
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BGMR, 1993; Carroll et al., 2001; Turner, 2010; Xu et al., 2013;
e et al., 2014b) did not recognize an additional glacial unit, nor

edimentary hiatus/tectonic activity, between the boundary of the
ushi DCC/Sugetbrak Formation and the Cambrian black chert-

hosphorite in the whole Aksu-Wushi area. Also, there are reasons
o believe that both the Aksu and Yuermeinak diamictites are most
ikely the equivalents of the Wushi DCC (Fig. 2). First, the three
iamictite units share the similar stratigraphic positions, i.e., all are
elow the Sugetbrak Formation; Second, all three units display sim-

lar sedimentological characteristics of red color (this study; Gao
t al., 1985; Gao and Qian, 1985; XBGMR, 1993; Zhu and Wang,
011), which may  imply that they were deposited in a similar
aleoenvironment; Third, the age of Aksu diamictite (ca. <730 Ma)

s consistent with the maximum depositional age of the Yuer-
einak diamictite (729 ± 7 Ma;  He et al., 2014b); Fourth, all the

hree diamictite units are separated from the underlying strata
y an unconformity, which may  indicate that they were probably
ormed after the same widespread tectonism in the NW Tarim.

Based on the above analyses, a regional stratigraphic framework
cross the whole Aksu-Wushi area of NW Tarim has been estab-
ished (Fig. 2). In the correlations, the age of the glaciation, i.e.,
he Aksu-Yuermeinak diamictite and Wushi DCC is constrained by
heir bounding strata. As described above, the glaciation should be
ounger than ca. 730 Ma.  Also, the overlying Sugetbrak Formation
an provide a minimum age constraint (Fig. 2). Recently, two  U–Pb
ircon ages of ca. 783 Ma  and ca. 615 Ma  (Zhang et al., 2012; Xu
t al., 2013) have been obtained from the basalt layers near the top
f the Sugetbrak Formation. The ca. 783 Ma  age is older than the
aximum depositional age of the metasedimentary Aksu Group

ca. 730 Ma;  Zhu et al., 2011) and the Yuermeinak Formation (ca.
29 Ma;  He et al., 2014b), probably representing an inherited age of
ircons. The ca. 615 Ma  age is consistent with the maximum depo-
itional age of the (upper) Sugetbrak Formation of ca. 620–600 Ma
Zhu et al., 2011; He et al., 2014b). Therefore, the ca. 615 Ma  age
ikely represents the true crystallization age of the basaltic flows.
hus, the glaciation age is constrained within the interval of ca.
30–615 Ma,  which is compatible with the age of the late Cryo-
enian Marinoan glaciation that was dated at ca. 640 Ma  in South
hina (Condon et al., 2005; Zhang et al., 2008) and at similar ages
lsewhere in the world (Hoffmann et al., 2004; Calver et al., 2013).

In addition, the sedimentary characteristics and depositional
nvironment of the cap dolostones in Wushi are similar to those
f well-known Marinoan-age cap carbonates in the world. The
ap dolostones in the Wushi DCC show distinct pinkish color and
ow-angle cross-beddings, which are very similar to the type post-

arinoan cap dolostones (e.g. Hoffman and Schrag, 2002; Raub,
008; Hoffman, 2011), although the Wushi section lacks the tube
tones and trochoidal structures commonly found in other sec-
ions (Hoffman and Schrag, 2002; Corsetti and Grotzinger, 2005;
llen and Hoffman, 2005; Macdonald et al., 2009; Rose and Maloof,
010); Also, the occurrence of a large amount of hematite within
he cap dolostones of the Wushi DCC (Wen, 2014) suggests that it

ay  be formed in an oxic environment, which is similar to the con-
emporaneous cap carbonates from Brazil (Font et al., 2005) and
outhern Australia (Raub et al., 2007; Raub, 2008). In summary, the

ushi DCC is likely of Marinoan age (∼635 Ma).

. Chemostratigraphy

.1. Methods

Samples for geochemical analyses were collected from the cap

nit of the DCC couplet at the Wushi section (Figs. 2 and 4).
ylindrical cores were drilled every ∼5 cm using a portable
asoline-powered drill from the ∼1.7 m thick cap dolostone. In the
aboratory, samples were first cut to expose fresh surfaces, then
arch 271 (2015) 278–294 283

were crushed and ground into ≤100 mesh powder in an agate
mortar. For samples with carbonate cement veins, sample pow-
der was collected using a microdrill to avoid macroscopic veins.
Altogether, 28 samples were analyzed for carbon- and oxygen-
isotope compositions; 8 representative samples were measured
for 87Sr/86Sr ratios, as well as trace metal concentrations, among
which 5 samples were also analyzed for Mg  isotope compositions.
All geochemical analyses were carried out at Yale University.

Approximately 200 �g powder of each sample was reacted with
ultra-high-purity phosphoric acid (UHPP acid with a concentration
>105%) for more than 12 h to liberate CO2 for the analysis of carbon
and oxygen isotope compositions following Wang et al. (2013a)
in the Earth System Center for Stable Isotopic Studies (ESCSIS) at
Yale University. Two aliquots of each sample were measured with
one aliquot reacting at 25 ◦C and the other at 75 ◦C, in an attempt
to identify the C–O isotope compositions of calcite and dolostone
components in samples. Results of �13C and �18O are reported in
delta notation as per mil  (‰) relative to Vienna Pee Dee Belemnite
(VPDB) standard. Repeated measurements of an in-house standard
(SECM) show typical precision of ∼0.09‰ and ∼0.09‰ (1�, n = 5) for
�13C and �18O, respectively, for analysis conducted at 25 ◦C, and of
∼0.2‰ and ∼0.1‰ (1�, n = 5), respectively, for analysis conducted
at 75 ◦C.

Eight representative samples (AK6-4-2, AK6-4-10A, AK6-4-11,
AK6-4-13, AK6-4-18, AK6-4-19, AK6-4-23 and AK6-4-26) were
analyzed for Sr, Mg  isotope compositions and element concen-
trations using an incremental leaching technique (Liu et al., 2013,
2014). It has been demonstrated that this method can effectively
extract geochemical signatures of various phases including the sur-
face adsorbed phase, calcite, dolomite, and clay minerals (Liu et al.,
2013, 2014; Liu, 2014). In practice, about 200 mg  powder from each
sample was weighed and loaded into a pre-cleaned centrifuge tube,
and then leached at 20 ◦C following a 15-step leaching procedure:
N1–N2, 5 mL  1 M ammonium acetate; S1–S7, 5 mL 0.25 vol.% acetic
acid; S8–S10, 6 mL  1 vol.% acetic acid; S11–S12, 3 mL 5 vol.% acetic
acid and S13, 6 mL  10 vol.% acetic acid (Liu et al., 2013, 2014). At
each step, sample tubes were ultrasonically agitated for 10 min, and
were then centrifuged at 3600 rpm for 5 min; supernatants were
collected for isotopic and elemental analysis, while the residues
in the centrifuge tubes were used for further leaching. In order
to assess what minerals and how much had been dissolved dur-
ing the stepwise leaching, elements (Mg, Ca, Mn,  Sr, Rb and Ba)
in all leachates for each sample were measured before the ion-
exchange column experiments for Sr and Mg  purified. For samples
with large portions of secondary calcite indicated by lower Mg/Ca
(<0.6; Fig. 6c) and more radiogenic 87Sr/86Sr values (details in
the below), step S13 was  repeated three more steps (S14–S16) in
order to identify the most primitive dolomite component. A second
aliquot of leachates, from all steps of four samples (AK6-4-2, AK6-4-
10a, AK6-4-19 and AK6-4-23) and last four steps (S10–S13) of four
samples (AK6-4-11, AK6-4-13, AK6-4-18 and AK6-4-26), was ana-
lyzed for 87Sr/86Sr, and leachates from the most primitive dolomite
in five samples were analyzed for Mg  isotope composition. All ele-
mental and isotopic analyses were conducted using single-collector
ICP-MS (Element-XR) and MC-ICP-MS (Neptune), respectively.

Extractions of pure Sr and Mg  by ion-exchange columns
were performed in the geochemical clean lab at Yale Univer-
sity following the procedures established by Liu et al. (2013,
2014) and Wang et al. (2013b), after which pure Sr and Mg
were dissolved in 5 wt% HNO3 (�=1.020 g/ml) for isotopic anal-
ysis using MC-ICP-MS (Neptune). For the Sr isotope analysis,
standard samples NBS 987 (87Sr/86Sr = 0.71025) and modern sea-

water/coral (87Sr/86Sr = 0.709175) were processed through ion
exchange columns along with sample solutions, and were used
for mass-bias corrections. During the Mg  isotope measurement,
the technique of sample-standard bracketing was applied: i.e.,
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ig. 4. Chemostratigraphic (�13C, �18O, 87Sr/86Sr and �26Mg)  profiles of the overlyi
oundary between the lower and upper subunits of the dolostones according to the

very two samples were bracketed by two or three standards
ith known �26Mg  (‰) values calibrated against DSM3 (Wang

t al., 2013b; Saenger and Wang, 2014). All Mg  isotope compo-
itions in this paper were expressed as �26Mg  (‰)  calculated by
R26/24

sample/R26/24
DSM3 − 1) × 100, where is the 26Mg/24Mg  ratio of DSM3

tandard (Galy et al., 2003).
To better understand the stratigraphic and glacial correlations

etween the Aksu-Wushi area and the typical Quruqtagh area of
astern Tianshan of NE Tarim, we analyzed additional 87Sr/86Sr
ata of the Tereeken cap dolostone (i.e., the Zhamoketi Formation)
rom the Quruqtagh Yukkengol section (Fig. 7a of Xiao et al., 2004).
reviously published 87Sr/86Sr results of these samples range from
.71195 to 0.71364 (Xiao et al., 2004), which are more radiogenic
han those of the contemporaneous seawater/glacial meltwater
lume (Halverson et al., 2007, 2010; Liu et al., 2013, 2014). The
13C and �18O data of these samples have been published by Xiao
t al. (2004) and Shen et al. (2008).

.2. Results

.2.1. Dolostones of the Wushi DCC
(1) Carbon and oxygen isotopes. The high-resolution �13C and

18O data are listed in Table 1, and the isotopic profiles through
ap dolostone of the DCC couplet are shown in Fig. 4a and b.
he �13C values of dolostone measured at 75 ◦C are systematically
igher than those measured at 25 ◦C by up to 0.3‰ (Fig. 5a). The
18O values of dolostone measured at 75 ◦C are also systematically
igher than those measured at 25 ◦C by up to 0.7‰ (Fig. 5b). More-
ver, in both cases, there are no statistically significant correlations

etween �18O and �13C values of dolostone when �18OPDB >−16‰
Fig. 5c).

In the chemo-stratigraphic profiles (�13C, �18O, 87Sr/86Sr and
26Mg), �13C values obtained at 25 ◦C and 75 ◦C are around −2.5‰
ostone of the DCC couplet from the Wushi section. The gray dashed line marks the
cteristics of sedimentary facies and isotopic profiles.

and −2.2 to −2.4‰ (Table 1 and Fig. 4a). The �18O profile begins
with extremely low values of ca. −17‰ at the bottom, increases to
ca. −8‰ in the middle, and ends with values of −14 to −16‰ at the
top (Table 1 and Fig. 4b). Overall, the �18O values define a different
trajectory relative to �13C, i.e., �18O values are more negative and
scattered than �13C.

(2) Dissolution of cap carbonates. The elemental (Mg, Ca, Mn,  Sr,
Rb and Ba) concentrations together with X-ray diffraction (XRD)
data of samples can provide a better understanding of the min-
eralogy of the rocks. They contain >35% CaO, <10% or ∼10% MgO
in the lower (below ∼0.45 m)  and upper subunits of the cap carbo-
nates (Fig. 4), respectively, corresponding to calcareous dolostones.
Except the ammonium acetate washing in the first two steps, the
weight percentage (wt.%) of dissolved carbonates in each step are
shown in Table 2 and Fig. 6a. All the samples present a similar trend
of carbonates soluble in the weak acetic acid (0.25 vol%) from step
3 to 9, carbonates released in the acid in each step is ∼4 to 6%.
But in the following steps, the amounts of carbonates dissolved in
each step are varying from sample to sample (Fig. 6a), suggesting
the heterogeneity in samples. For samples AK6-4-2 and AK6-4-10a,
the maximum amounts (>10%) of dissolutions occur in steps 10 and
11, while for samples AK6-4-19 and AK6-4-23, they occur in step
16. In addition, carbonates in the former samples have been almost
completely leached out by step 15, while the leaching for the lat-
ter samples lasts until step 18 (Fig. 6a). Nevertheless, in any case, a
cumulative 70–80% or more of total carbonates are dissolved from
each sample at the end of the leaching experiments, and the data
of isotopes and elements can be used for further discussion.

(3) Results of Sr and Mg isotopes and trace-element ratios. 87Sr/86Sr
and elemental molar ratios in all leaching steps for the four repre-

sentative samples (AK6-4-2, AK6-4-10a, AK6-4-19 and AK6-4-23)
are summarized in Table 2 and plotted in Fig. 6. Except for the sam-
ple AK6-4-10a that shows unsystematic fluctuations (Fig. 6b), the
87Sr/86Sr ratios for each of other samples decrease continuously
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Table  1
Carbon and oxygen isotope data from the cap dolostones of the Wushi DCC.

Sample Height (cm) Lithology �13CPDB (‰,  25 ◦C) �13CPDB (‰, 75 ◦C) �13OPDB (‰, 25 ◦C) �13OPDB (‰,  75 ◦C)

AK6-4-1 7 Dolostone −3.0 −2.8 −17.3 −17.5
AK6-4-2 11 Dolostone −2.6 −2.3 −16.3 −16.1
AK6-4-3A 14 Dolostone −2.5 −2.2 −17.4 −17.2
AK6-4-3B 14 Dolostone −2.5 −16.2
AK6-4-4 16 Dolostone −2.5 −2.3 −15.8 −15.4
AK6-4-5 20 Dolostone −2.5 −2.2 −16.2
AK6-4-6A 26 Dolostone −2.4 −2.3 −16.5 −16.5
AK6-4-6B 26 Dolostone −2.5 −2.3 −14.0 −13.7
AK6-4-7A 32 Dolostone −2.4 −2.6 −16.1 −16.0
AK6-4-7B 32 Dolostone −2.6 −2.5 −14.1 −14.2
AK6-4-8 36 Dolostone −2.5 −2.3 −16.1 −16.0
AK6-4-9 39 Dolostone −2.4 −2.3 −16.1 −15.9
AK6-4-10A 45 Dolostone −2.5 −14.9
AK6-4-10B 45 Dolostone −2.5 −2.4 −12.7 −12.3
AK6-4-11 52 Dolostone −2.4 −2.3 −8.5 −8.4
AK6-4-12 56 Dolostone
AK6-4-13 64 Dolostone −2.4 −2.2 −11.6 −11.9
AK6-4-14A 70 Dolostone −2.5 −2.2 −14.3 −14.2
AK6-4-14B 70 Dolostone −2.4 −2.4 −13.2 −13.2
AK6-4-15 75 Dolostone −2.3 −2.1 −9.5 −9.2
AK6-4-16 78 Dolostone −2.4 −2.2 −13.9 −13.7
AK6-4-17 81 Dolostone −2.7 −2.4 −11.8 −10.7
AK6-4-18 84 Dolostone −2.3 −2.2 −11.5 −11.5
AK6-4-19 88 Dolostone −2.1 −11.2
AK6-4-20 95 Dolostone −2.5 −2.2 −13.3 −12.9
AK6-4-21 98 Dolostone −2.6 −2.1 −8.7 −8.0
AK6-4-22 102 Dolostone −2.4 −12.2
AK6-4-23 103 Dolostone −2.4 −10.9
AK6-4-24 128 Dolostone −2.3 −2.2 −13.5 −13.4
AK6-4-25 131 Dolostone −2.6 −2.4 −13.2 −13.4
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AK6-4-26 136 Dolostone −2.5 

AK6-4-27 155 Dolostone −2.5 

AK6-4-28 159 Dolostone −2.8 

ith the progress of incremental leaching, reaching the lowest val-
es in step S12 or S14 where a large portion of sample (cumulative
0% or more; Table 2) has been dissolved, and then rise in the

ast few steps (Table 2 and Fig. 6b). In all samples, Mg/Ca ratios
tart from low values (less than 0.2) in the first few steps, and
ncrease gradually to a constant value of 0.7–1.0 in the last 3–6
teps (Fig. 6c). The Sr/Ca and Rb/Sr ratios show a similar trend
efore step S10: both decrease rapidly from a high value and then
each a plateau, but Sr/Ca remains at a plateau value afterwards
Fig. 6d) while Rb/Sr returns to a higher value (Fig. 6e). Mn/Sr ratios
ncrease to the highest values first, and then show a steady decline
lthough the decreasing rates are different for different samples
Fig. 6f).

The minimum 87Sr/86Sr with the corresponding �26MgDSM3
‰) and elemental ratio values from each sample are summarized
n Table 3. The 87Sr/86Sr ratios are corrected for 87Rb-decay using
he age of ca. 635 Ma  (varying the age by 100 Ma  will result into
hanges typically shown in the 5th or 6th decimal points). The
tratigraphic profiles of the 87Sr/86Sr and �26MgDSM3 are plotted in
ig. 4c and d, along with the �13C and �18O data in the section. The
7Sr/86Sr and �26Mg  profiles exhibit similar patterns throughout
he cap-dolostone unit of the DCC couplet. 87Sr/86Sr ratios begin
ith a slightly high value of 0.70739 at the bottom of the section,

ise to 0.70843 at the height of ∼0.45 m,  and then decrease to
oughly-constant values around 0.70700 at the height of ∼0.52 m
Fig. 4c), whilst the �26Mg  profile decreases from −1.41 to −1.45‰
o a low-value plateau of −1.57 to −1.65‰ (Table 3 and Fig. 4d).
t is interesting that the height (ca. 0.5 m)  of the transitions is
oincident with the sedimentological boundary described in
ection 3.2. The elemental ratios (Mg/Ca, Sr/Ca, Mn/Sr and Rb/Sr)

orresponding to the minimum 87Sr/86Sr ratios in all samples are
lso listed in Table 3. In all samples, Mg/Ca ratios are roughly
onstant around ca. 0.8–0.9 mol/mol (except one <0.7), Sr/Ca
atios are in the range of 124–180 �mol/mol (corresponding to
−3.1 −14.7 −16.1
−2.5 −16.7 −16.6
−2.7 −16.1 −15.9

50–100 ppm Sr within samples), Mn/Sr ratios are between 7 and
14 mol/mol, Rb/Srratios are in the range of 2.4–15.3 mmol/mol.

4.2.2. Cap dolostone in the Zhamoketi Formation (Quruqtagh)
The 87Sr/86Sr and elemental ratios of all leaching supernatants

for the selected cap-dolostone samples (Delta 11, 15, 39 and 57) in
the Zhamoketi Formation are listed in Tables 2 and 3, and plotted
in Fig. 7. Unlike the samples from Wushi DCC, these cap dolo-
stones exhibit highly consistent variations of 87Sr/86Sr, elemental
ratios and amounts of carbonates dissolved with the leaching steps
(Fig. 7). In all four samples, 87Sr/86Sr ratios of supernatants stay
at a plateau with high values between ca. 0.711 and 0.713 before
step S13, after which they continuously decrease until reaching
their lowest values in step S17, and then sharply increase in the
last step (Table 2 and Fig. 7a). Mg/Ca ratios show very low values
(<0.2 mol/mol) in the first 3–5 steps and then increase gradually,
reaching a constant value of 0.7–1.0 before the decrease in the
last step (Fig. 7c). The Sr/Ca ratios keep decreasing with contin-
ued leaching (Fig. 7d). The Rb/Sr ratios reach the lowest values
after the first couple steps leached by 1 M ammonium, and then
increase slowly before the rapid rise in the last step (Fig. 7e). Mn/Sr
ratios display two stages of steady increase and decrease before
and after the step S14 (Fig. 7f). Compared with the cap dolostone
of Wushi DCC, the minimum strontium values in samples of the
Zhamoketi Formation show a slighter variation from 0.70760 to
0.70880 (Rb-decay corrected; Table 3).

5. Discussion

5.1. Cap dolostone of the Wushi DCC
5.1.1. Least-altered strontium and magnesium isotopes
The 87Sr/86Sr variations in different leaching steps of each sam-

ple (Fig. 6b) can be attributed to multiple Sr sources including
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Table 2
Weight percentage (wt.%), 87Sr/86Sr, and elemental ratios in all leaching steps of representative samples from the Wushi DCC and Quruqtagh cap carbonates. Notes: Stars mark the least-altered values for each sample. The number
in  the parentheses is the 1�; analytical error in the last digit. Same as in the following tables.

Area Step 87Sr/86Sr Mg/Ca
(mol/mol)

Sr/Ca
(�mol/mol)

Mn/Sr
(mol/mol)

Rb/Sr
(mmol/mol)

Leachate carbonate/
sample (wt.%)

Step 87Sr/86Sr Mg/Ca
(mol/mol)

Sr/Ca
(�mol/mol)

Mn/Sr
(mol/mol)

Rb/Sr
(mmol/mol)

Leachate carbonate/
sample (wt.%)

Wushi AK6-4-2 AK6-4-10A
N1  0.71116(18) 0.01(1) 535(21) 4(1) 2.1(2) N1 0.70922(12) 0.09(1) 359(15) 3(1) 21.0(2)
N2  0.71120(10) 0.01(1) 391(16) 9(1) 0.5(1) N2 0.70875(17) 0.07(1) 272(11) 7(1) 9.1(1)
S1  0.71115(8) 0.01(1) 368(15) 6(1) 0.1(1) 5.4 S1 0.70844(10) 0.02(1) 268(11) 6(1) 3.3(1) 5.5
S2  0.71108(13) 0.01(1) 372(15) 8(1) 0.2(1) 4.9 S2 0.70865(12) 0.02(1) 247(10) 8(1) 1.8(1) 5.3
S3  0.71109(9) 0.01(1) 358(15) 10(1) 0.3(1) 5.4 S3 0.70940(61) 0.02(1) 248(10) 13(1) 1.0(1) 4.6
S4  0.71113(11) 0.01(1) 375(16) 9(1) 0.2(1) 5.3 S4 0.70843(14) 0.01(1) 259(11) 12(1) 0.7(1) 5.5
S5  0.71114(8) 0.01(1) 387(16) 10(1) 0.3(1) 5.3 S5 0.70841(14) 0.01(1) 252(9) 14(1) 0.5(1) 1.3
S6  0.71113(9) 0.01(1) 376(16) 11(1) 0.2(1) 4.6 S6 0.70855(10) 0.01(1) 245(10) 16(1) 0.5(1) 4.6
S7  0.71106(8) 0.01(1) 387(16) 11(1) 0.2(1) 3.7 S7 0.70847(11) 0.01(1) 254(10) 15(1) 0.5(1) 2.6
S8  0.71094(10) 0.07(1) 349(15) 12(1) 0.2(1) 13.0 S8 0.70829(19) 0.14(1) 226(10) 17(1) 0.6(1) 16.5
S9  0.71080(13) 0.09(1) 338(15) 12(1) 0.3(1) 12.8 S9 0.70814(11) 0.34(1) 196(8) 17(1) 2.4(1) 7.4
S10  0.71002(9) 0.44(1) 243(9) 15(1) 1.5(1) 2.6 *S10 0.70872(13) 0.63(2) 155(6) 14(1) 11.3(1) 1.9
S11  0.70850(15) 0.76(4) 160(11) 15(2) 10.3(2) 0.9 S11 0.70995(24) 0.89(5) 160(13) 12(2) 42.7(11) 0.8
*S12  0.70778(21) 0.83(7) 149(18) 12(3) 15.3(6) 0.6 S12 0.70855(22) 1.03(16) 168(38) 15(6) 47.3(23) 0.3
S13  0.70800(34) 0.79(21) 194(60) 10(7) 18.7(19) 0.2 S13 0.71141(32) 0.86(28) 197(76) 16(10) 82.0(56) 0.2

AK6-4-19  AK6-4-23
N1  0.70922(10) 0.03(1) 314(12) 9(1) 5.7(1) N1 0.70889(14) 0.03(1) 240(9) 12(1) 5.4(1)
N2  0.70864(18) 0.01(1) 229(9) 19(1) 1.0(1) N2 0.70844(9) 0.01(1) 216(8) 18(1) 2.6(1)
S1  0.70836(10) 0.01(1) 214(9) 14(1) 0.6(1) 5.0 S1 0.70832(8) 0.01(1) 204(8) 13(1) 1.4(1) 4.6
S2  0.70825(14) 0.01(1) 212(9) 17(1) 1.0(1) 5.3 S2 0.70823(8) 0.01(1) 202(8) 17(1) 0.8(1) 4.2
S3  0.70793(20) 0.01(1) 204(8) 21(1) 1.1(1) 5.5 S3 0.70806(8) 0.04(1) 199(8) 26(1) 0.6(1) 3.9
S4  0.70772(18) – – – 0.8(1) S4 0.70793(6) 0.06(1) 200(8) 23(1) 0.9(1) 4.5
S5  0.70793(5) 0.17(1) 184(7) 22(1) 1.1(1) 4.1 S5 0.70770(7) 0.21(1) 188(7) 23(1) 1.4(1) 2.6
S6  0.70783(6) 0.26(1) 187(7) 19(1) 2.0(1) 2.9 S6 0.70781(6) 0.15(1) 186(7) 25(1) 1.3(1) 3.2
S7  0.70782(6) 0.33(1) 187(7) 19(1) 1.4(1) 2.2 S7 0.70766(7) 0.26(1) 207(8) 21(1) 1.9(1) 2.3
S8  0.70768(5) 0.39(1) 187(7) 17(1) 2.0(1) 4.4 S8 0.70762(6) 0.28(1) 197(8) 19(1) 2.1(1) 3.5
S9  0.70760(6) 0.46(2) 184(7) 16(1) 2.1(1) 2.7 S9 0.70739(6) 0.40(1) 197(8) 17(1) 1.1(1) 4.4
S10  0.70771(5) 0.32(1) 185(8) 17(1) 1.1(1) 8.2 S10 0.70736(6) 0.51(1) 191(7) 16(1) 1.5(1) 3.1
S11  0.70744(5) 0.52(2) 171(6) 13(1) 6.6(1) 3.9 S11 0.70710(6) 0.63(2) 193(7) 14(1) 1.8(1) 3.8
S12  0.70744(5) 0.55(2) 171(7) 14(1) 4.9(1) 4.2 S12 0.70706(6) 0.55(2) 188(7) 12(1) 3.2(1) 3.5
S13  0.70736(6) 0.62(2) 171(7) 14(1) 8.3(1) 4.7 S13 0.70698(6) 0.69(2) 184(7) 11(1) 5.4(1) 4.2
*S14  0.70687(4) 0.88(3) 132(11) 7(1) 2.4(1) 12.1 *S14 0.70680(3) 0.91(3) 180(15) 7(1) 2.9(1) 11.7
S15  0.70699(10) 0.86(3) 122(11) 8(1) 7.0(1) 2.1 S15 0.70692(7) 0.87(3) 194(15) 6(1) 6.0(1) 1.8
S16  0.70740(16) 0.88(4) 120(22) 7(3) 14.1(2) 1.0 S16 0.70691(7) 0.86(3) 165(15) 7(1) 7.0(1) 1.6

Quruqtagh Delta 11 Delta 15
N1  0.71289(2) 0.07(1) 1956(174) 3(1) 2.5(1) N1 0.71250(2) 0.09(1) 1918(166) 3(1) 4.1(2)
N2  0.71297(4) 0.02(1) 1649(145) 6(1) 0.7(1) N2 0.71263(2) 0.04(1) 1652(144) 7(1) 1.1(1)
S1  0.71302(2) 0.02(1) 1646(148) 7(1) 0.1(1) 5.8 S1 0.71259(2) 0.02(1) 1427(128) 14(1) 0.1(1) 4.8
S2  0.71274(2) 0.01(1) 1620(146) 7(1) 0.1(1) 5.4 S2 0.71202(2) 0.02(1) 1455(131) 11(1) 0.1(1) 5.4
S3  0.71258(2) 0.01(1) 1640(148) 8(1) 0.1(1) 5.6 S3 0.71199(2) 0.10(1) 1272(114) 16(1) 0.2(1) 4.6
S4  0.71254(2) 0.12(1) 1426(128) 11(1) 0.2(1) 4.2 S4 0.71216(2) 0.38(1) 974(86) 18(2) 0.5(1) 3.7
S5  0.71257(3) 0.31(1) 1143(101) 13(1) 0.2(1) 3.7 S5 0.71211(3) 0.34(1) 1004(89) 17(2) 0.4(1) 3.3
S6  0.71253(2) 0.31(1) 1113(98) 13(1) 0.2(1) 3.3 S6 0.71219(3) 0.50(2) 814(71) 20(2) 0.5(1) 2.7
S7  0.71254(3) 0.36(1) 1028(90) 14(1) 0.5(1) 3.3 S7 0.71206(3) 0.53(2) 807(68) 20(2) 0.5(1) 1.9
S8  0.71256(3) 0.39(1) 1008(90) 15(1) 0.2(1) 6.2 S8 0.71202(3) 0.37(1) 928(82) 19(2) 0.3(1) 3.9
S9  0.71239(2) 0.39(1) 952(85) 16(1) 0.2(1) 6.6 S9 0.71188(2) 0.51(2) 699(61) 22(2) 0.5(1) 3.7
S10  0.71233(3) 0.67(2) 523(45) 29(3) 0.8(1) 4.8 S10 0.71170(3) 0.50(3) 726(64) 22(2) 0.6(1) 4.9
S11  0.71214(2) 0.76(3) 434(37) 34(3) 0.8(1) 4.3 S11 0.71182(3) 0.69(2) 524(45) 28(2) 0.7(1) 3.6
S12  0.71182(4) 0.81(3) 297(24) 48(4) 0.6(1) 3.7 S12 0.71169(6) 0.79(3) 379(31) 35(3) 0.9(1) 3.4
S13  0.71158(4) 0.85(3) 252(21) 56(5) 1.5(1) 4.7 S13 0.71156(4) 0.86(3) 312(26) 37(3) 1.2(1) 5.3
S14  0.71027(6) 0.68(3) 179(11) 51(4) 11.5(5) 0.9 S14 0.71014(4) 0.88(3) 230(12) 40(2) 8.4(2) 1.9
S15  0.70933(9) 0.73(5) 148(15) 49(5) 11.5(8) 0.7 S15 0.70886(5) 0.72(3) 174(9) 33(2) 7.4(2) 1.6
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S16 0.70866(9) 0.77(5) 120(17) 40(7) 18.3(18) 0.6 S16 0.70808(6) 0.79(3) 147(9) 32(2) 7.9(4) 1.1
*S17  0.70831(14) 0.68(7) 110(26) 25(9) 28.1(50) 0.4 *S17 0.70787(17) 0.87(4) 147(12) 24(3) 11.3(7) 0.9
S18  0.71594(491) 0.26(20) 79(95) 3.9(37) 282.8(500) 0.1 S18 0.70935(38) 0.51(17) 124(60) 5(15) 93.1(417) 0.2

Delta  39 Delta 57
N1  0.71271(3) 0.17(1) 1771(156) 7(1) 4.7(2) N1 0.71279(4) 0.16(1) 1693(149) 5(1) 4.6(2)
N2  0.71246(3) 0.07(1) 1989(199) 10(1) 0.9(1) N2 0.71309(4) 0.07(1) 1706(150) 7(1) 1.2(1)
S1  0.71181(4) 0.06(1) 1969(177) 15(1) 0.1(1) 3.8 S1 0.71278(5) 0.12(1) 1481(133) 15(1) 0.2(1) 4.0
S2  0.71168(5) 0.31(1) 1376(123) 23(2) 0.3(1) 3.6 S2 0.71311(4) 0.48(1) 1003(88) 24(2) 0.6(1) 3.3
S3  0.71195(5) 0.40(1) 1223(108) 24(2) 0.3(1) 3.2 S3 0.71310(5) 0.58(2) 827(71) 29(3) 1.0(1) 2.8
S4  0.71219(6) 0.57(2) 986(86) 28(2) 0.5(1) 2.7 S4 0.71341(4) 0.70(2) 727(62) 33(3) 0.7(1) 2.6
S5  0.71240(6) 0.65(2) 845(71) 30(3) 0.5(1) 1.9 S5 0.71323(5) 0.70(2) 711(60) 35(3) 0.6(1) 2.3
S6  0.71245(5) 0.63(2) 863(72) 30(3) 0.5(1) 1.6 S6 0.71330(5) 0.70(2) 652(54) 34(3) 0.5(1) 2.0
S7  0.71251(6) 0.72(2) 707(58) 34(3) 0.9(1) 1.7 S7 0.71336(3) 0.75(2) 616(50) 37(3) 0.7(1) 1.7
S8  0.71233(5) 0.66(2) 817(71) 31(3) 0.6(1) 3.4 S8 0.71311(2) 0.65(2) 753(65) 30(3) 0.6(1) 3.1
S9  0.71275(6) 0.74(2) 545(47) 40(4) 1.3(1) 4.1 S9 0.71327(3) 0.82(3) 511(42) 41(4) 0.9(1) 2.5
S10  0.71257(9) 0.81(3) 456(38) 44(4) 0.9(1) 3.3 S10 0.71310(3) 0.84(3) 449(37) 44(4) 1.1(1) 3.0
S11  0.71241(9) 0.81(3) 417(36) 45(4) 0.8(1) 4.6 S11 0.71309(3) 0.84(3) 395(33) 44(4) 1.3(1) 3.1
S12  0.71284(9) 0.76(3) 388(33) 48(4) 0.8(1) 4.8 S12 0.71342(3) 0.84(3) 421(36) 49(4) 0.4(1) 5.0
S13  0.71230(9) 0.82(3) 325(28) 54(5) 2.6(1) 6.9 S13 0.71269(3) 0.85(3) 333(29) 55(5) 1.3(1) 6.6
S14  0.71152(9) 0.83(3) 280(16) 60(4) 5.1(1) 2.7 S14 0.71151(3) 0.85(3) 269(15) 66(4) 6.7(2) 2.5
S15  0.71030(9) 0.91(4) 228(12) 56(4) 4.7(1) 2.5 S15 0.71039(4) 0.96(4) 238(13) 55(3) 7.4(2) 2.0
S16  0.70936(9) 0.79(3) 166(10) 35(3) 8.3(4) 1.0 S16 0.70955(5) 0.80(3) 182(95) 48(3) 6.6(2) 1.5
*S17  0.70865(10) 0.76(6) 179(20) 20(4) 15.2(13) 0.5 *S17 0.70898(7) 0.92(4) 191(12) 39(3) 8.2(4) 0.9
S18  0.70950(20) 0.57(16) 153(56) 9(11) 48.9(128) 0.2 S18 0.71295(69) 0.30(28) 182(114) 1(18) 100.0(670) 0.1
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ig. 6. Variations in weight percentage (wt.%), 87Sr/86Sr, and elemental ratios with l
he  lowest 87Sr/86Sr value from each sample could define the value with the minim

uggesting that the dolomite is dominantly dissolved by the acid.
fter the leaching step where the minimum 87Sr/86Sr is reached,
7Sr/86Sr and Rb/Sr ratios increase rapidly, indicating that more
adiogenic Sr is contributed from non-carbonates, such as the clay
inerals (Bailey et al., 2000; Liu et al., 2013, 2014). In this con-

ext, the Sr sources and elements are sequentially contributed from

able 3
sotopes and elemental ratios from the steps with minimum 87Sr/86Sr values in each sam

Area Sample Height
(m)

87Sr/86Sr 87Sr/86Sr (Rb-decay
corrected)

Wushi AK6-4-2 0.11 0.70778 (21) 0.70739 (26) 

AK6-4-10A 0.45 0.70872(13) 0.70843 (13) 

AK6-4-11 0.52 0.70707 (6) 0.70696 (6) 

AK6-4-13 0.64 0.70687 (3) 0.70676 (3) 

AK6-4-18 0.84 0.70711 (4) 0.70697 (4) 

AK6-4-19 0.88 0.70687 (4) 0.70681 (4) 

AK6-4-23 1.03 0.70680 (3) 0.70672 (3) 

AK6-4-26 1.36 0.70713 (6) 0.70699 (6) 

Quruqtagh Delta 11 0.03 0.70831 (14) 0.70760 (19) 

Delta  15 0.18 0.70787 (17) 0.70760 (7) 

Delta  39 2.54 0.70865 (10) 0.70830 (10) 

Delta  57 5.97 0.70898 (7) 0.70880 (7) 
g steps (four representative samples from cap dolostone of Wushi DCC are shown).
ntamination.

secondary calcites, dolomites and clay minerals in samples during
the step-leaching experiments, and the minimum 87Sr/86Sr value

corresponds to the least-altered dolomite phase in each sample. In
addition, very low values of Mn/Sr and Rb/Sr ratios correspond to
the minimum 87Sr/86Sr values (Table 3). Therefore, we  interpret the
Sr and Mg  isotopes corresponding to the least-altered dolomite in

ple of the cap dolostones from the Wushi DCC and Quruqtagh.

Mg/Ca
(mol/mol)

�26MgDSM3

(‰)
Sr/Ca
(�mol/mol)

Mn/Sr
(mol/mol)

Rb/Sr
(mmol/mol)

0.83 (2) −1.45 (3) 149(18) 12(3) 15.3(6)
0.63 (2) −1.41 (2) 155(6) 14(1) 11.3(1)
0.88 (4) −1.65 (2) 124(8) 12(1) 4.6(1)
0.84 (3) – 155(11) 8(1) 4.4(1)
0.82 (3) – 146(10) 11(1) 5.4(2)
0.88 (3) −1.57 (1) 132(11) 7(1) 2.4(1)
0.91 (3) −1.58 (3) 180(15) 7(1) 2.9(1)
0.79 (3) – 160(12) 10(1) 5.8(1)

0.68 (7) – 110(26) 25(9) 28.1(50)
0.87 (4) – 147(12) 24(3) 11.3(7)
0.76 (6) – 179(20) 20(4) 15.2(13)
0.92 (4) – 191(12) 39(3) 8.2(4)
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ig. 7. Variations in weight percentage (wt.%), 87Sr/86Sr, and elemental ratios with
ereeken glaciation) in Quruqtagh area of eastern Tianshan (NE Tarim). The lowest

 step-leaching series as the nearly primary geochemical signal for
he cap dolostones.

.1.2. Interpretation of ı13C and ı18O
As shown in Table 1 and Fig. 5a and b, carbon and oxygen iso-

ope compositions of cap carbonates measured at 75 ◦C are slightly
ore enriched in 13C and 18O than those measured at 25 ◦C. This is
ostly due to a large proportion of calcites in the samples, because

1) only calcite component in the samples releases CO2 at 25 ◦C,
hereas both dolomites and calcites would release CO2 at 75 ◦C;

2) experimental calibrations suggest that oxygen isotope fraction-
tions between dolomite and solution is smaller than between
alcite and solution (Kim et al., 2007; Wang et al., 2013a), result-
ng in a more 18O-enriched dolomite than coexisting calcite; (3)
tep-leaching experiments show that a large portion of calcites
n samples has already been dissolved before the Mg/Ca ratios of
he supernatants reach 0.8–0.9 (pure dolomite components). The
ore radiogenic 87Sr/86Sr values in the supernatants that have
ower Mg/Ca ratios (<0.6 in steps S1 through S9/S10) indicate this
alcite phase is secondary, mostly probably as a result of dedolomi-
ization. Although this process could have reset �18O values and
ing steps of the selected samples from Zhamoketi Formation (cap dolostone of the
6Sr value for each sample could define the least-altered value.

87Sr/86Sr ratios of the calcitic components, the recrystallized cal-
cites should have similar �13C values as original dolomite when
water/rock ratio is high due to the low concentration of DIC  in the
fluid (Banner and Hanson, 1990; Veizer et al., 1999; Hoffman and
Schrag, 2002; Kaufman and Knoll, 1995; Halverson et al., 2005).
This is consistent with the lack of correlations between �13C and
�18O (Fig. 5c), except for those samples that have �18OPDB lower
than −16‰ (probably indicating a higher water/rock ratio). We
thus interpret most of our �13C results as the primary signal, show-
ing a limited range around −2.2 to −2.5‰,  but �18O values as
the secondary. The low �18OPDB values with a large range (−17
to −8‰) originated from meteoric/melt water interaction with
original dolomite. This interpretation is consistent with previous
studies which show many Neoproterozoic carbonates have altered
O-isotope compositions, but still preserved the primary carbon
isotopes (e.g. Kaufman and Knoll, 1995; Halverson et al., 2005).
In particular, this negative �13CPDB values from the Wushi DCC

are consistent with the negative �13C composition of the Mari-
noan cap carbonates (Hoffman et al., 1998, 2007; Halverson et al.,
2005, 2010; Raub, 2008; Macdonald et al., 2009; Johnston et al.,
2012).
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Fig. 8. Comparison of the new 87Sr/86Sr values from the cap dolostones of the Wushi
DCC couplet (NW Tarim) and the Tereeken glaciation in the Quruqtagh area (NE
Tarim) with the compilation of the strontium isotope data of seawater and glacial
90 B. Wen  et al. / Precambria

.2. Least-altered Sr-isotope in cap dolostone of the Zhamoketi
ormation

Different from samples of the Wushi DCC, Zhamoketi dolostones
ppear to have experienced more serious alterations, which could
e related to two major tectonic events occurred in the Tianshan
elt: Paleozoic closures of paleo-Tianshan oceans and Cenozoic
eformation caused by India-Asia collision (Windley et al., 1990;
hen et al., 1999; Ge et al., 2012). Xiao et al. (2004) obtained very
adiogenic 87Sr/86Sr ratios (0.71195–0.71364) from them using 1-
tep leaching experiments. These radiogenic 87Sr/86Sr ratios (ca.
.711–0.713) are similar to our samples leached in step S1 through
13 (Table 2; Fig. 7a) after the surface adsorbates/evaporated salts
ere leached out in the first couple of steps and before five more

teps were added (repetitions of step S13). But the Zhamoketi dolo-
tones broadly show the similar patterns with the samples from
he Wushi DCC during the progressive leaching, indicating that
ifferent phases in samples were effectively leached out, which

s consistent with the step-leaching experiments on the Australia
nd Mongolia cap dolostones (Liu et al., 2013, 2014). Therefore,
e also interpret the minimum 87Sr/86Sr from each leaching series

s the least-altered values for the Zhamoketi samples for further
iscussion.

.3. Origin of the Wushi cap carbonate and implications for the
ost-glacial ocean

Cap dolostones are typically transgressive sequence tracts fol-
owing glaciations (Hoffman and Schrag, 2002; Nogueira et al.,
003; Font et al., 2006), supported by the widespread shallow-
ater features of low-angle cross-stratification, tube structure,

iant-wave ripples, etc. (Aitken, 1991; James et al., 2001; Hoffman
nd Schrag, 2002; Corsetti and Grotzinger, 2005; Allen and
offman, 2005; Macdonald et al., 2009; Rose and Maloof, 2010).
s the post-glacial sea level rises, the sedimentary base-level rises

rom low slope to platforms or continents (Hoffman et al., 2007;
offman, 2011), and dolostones grade upward into deep water

imestone or shale, forming a complete “Cap-carbonate sequence”
n lower slope (James et al., 2001; Hoffman and Schrag, 2002; Jiang
t al., 2006). So, isotopic compositions of Sr and Mg  from cap dolo-
tones can provide a special perspective to understand the ocean
nvironment in the transition of post-glaciation.

According to the least-altered values of 87Sr/86Sr and
26MgDSM3, the Wushi cap dolostones can be categorized into two
roups (Table 3 and Fig. 4c and d): Group A, samples from the lower
ubunit have average values of 0.7079 ± 0.0007 (1�) for 87Sr/86Sr
atios and −1.46 ± 0.01‰ (1�) for �26MgDSM3, respectively; and
roup B, samples from the upper subunit (∼0.5 m above) have aver-
ge values of 0.70687 ± 0.0003 (1�) for 87Sr/86Sr and −1.60 ± 0.06‰
1�) for �26MgDSM3. Obviously, the 87Sr/86Sr and �26MgDSM3 val-
es from the lower subunit are higher than those from the upper
ubunit, but still within the range of 87Sr/86Sr values from the con-
emporaneous limestone (Fig. 8; Halverson et al., 2007, 2010), and
herefore could record the geochemical features of contemporary
eawater.

Taken together with the distinct sedimentary transformation
escribed in Section 3.1, the variations in 87Sr/86Sr and �26Mg  val-
es through the cap dolostone can be understood in a “plumeworld”
ramework, reflecting the various Sr and Mg  input in an oscilla-
ory water column during the post-Marinoan glaciation (Shields,
005; Liu et al., 2014). In this model, the cap dolostones precip-

tated in the widespread glacial meltwater plume (Stage 2 in Liu

t al., 2014) could record the elevated 87Sr/86Sr and �26Mg  values
ourced from continental silicate weathering (Tipper et al., 2006;
ance et al., 2009; Allègre et al., 2010), while in the subsequent
verturned ocean stage (Stage 3 in Liu et al., 2014), the dolostones
meltwater plume during the Neoproterozoic Era (from Halverson et al., 2010; Liu
et al., 2013, 2014).

inherited the low 87Sr/86Sr and �26Mg  ratios of the overturned sea-
water (Shields, 2005; Hurtgen et al., 2006; Liu et al., 2014). If this
is the case, the lower and upper subunits of the cap dolostones
in the Aksu-Wushi area may  correspond to the glacial meltwater
and overturn ocean deposition stages, respectively. Also, the near
overlaps of 87Sr/86Sr ratios (Fig. 8) between the Zhamoketi cap dolo-
stones (Quruqtagh) and the Group A samples from the Wushi DCC
may  suggest that the two  cap dolostones formed in a same water
plume, and this possibility will need to be addressed with more Sr
and Mg  isotopes from the Zhamoketi dolostones.

However, as shown in Fig. 8, there exist some discrepancies
between our new 87Sr/86Sr values and those from the contempo-
raneous seawater and plume. First, the 87Sr/86Sr ratios (<0.7070)
from the upper subunit dolostones of Wushi DCC are slightly lower
than the values obtained from the Marinoan limestone (Halverson
et al., 2007, 2010). Second, the 87Sr/86Sr values of the glacial melt-
water plume in Tarim (Wushi and Quruqtagh) are lower, while
�26Mg  are higher than the plume where the cap dolostones precip-
itated in Australia and Mongolia (i.e., the Nuccaleena Formation in
Australia and the Ol Formation in Mongolia; Liu et al., 2013, 2014).
These discrepancies can be explained in the following alternative
ways: (1) the Wushi DCC samples could be explained, based on the
slightly lower 87Sr/86Sr ratios, as Sturtian cap dolostone, but this
interpretation is inconsistent with our field observations and age-
constraints described in Section 3.3; (2) the lower 87Sr/86Sr ratio
could represent the earliest precipitation after glaciation, when the
sea-floor volcanism could have supplied both mantle-like 87Sr/86Sr
and abundant CO2 released to the atmosphere which has been
proposed as a driving force for triggering the deglaciation (e.g.
Shields, 2005; Hoffman, 2011), but this hydrothermal input should
have little effect on �26Mg  elevation in seawater (e.g. Tipper et al.,
2006; Vance et al., 2009; Allègre et al., 2010); (3) the dolostone
in Tarim was formed close to ridges with the continuous influ-
ence of hydrothermal fluid, which can explain the slightly lower
87Sr/86Sr ratios and higher �26Mg  values than the sections in Austria
and Mongolia (Liu et al., 2013, 2014), due to higher precipitation

temperatures (Wang et al., 2013b; Saenger and Wang, 2014; Li
et al., 2015); and (4) the cap dolostone in Tarim was  formed from
a water body that was  isolated from the ocean where dolostones
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Fig. 9. Stratigraphic and glacial correlations between the Aksu-Wushi area (a) and the Quruqtagh area of eastern Tianshan (b) in northern Tarim (see Section 5.4). The
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vailable ages are also shown (data from 1, Xu et al., 2005;2, Xu et al., 2009;3, Zhan
nd  the ages with (*) are considered as dating inherited/xenocryst zircons. Lithofac

rom Australia and Mongolia were formed, having input of Sr and
g from different sources (Tipper et al., 2006; Vance et al., 2009;

llègre et al., 2010). Such discrepancy may  highlight additional
omplications in interpreting 87Sr/86Sr ratios of the Neoproterozoic
arbonates: inter-sample variability and fine-scale diachroneity of
he studied carbonate sections allow for the possibility, and perhaps
ven likelihood, that even the lowest measured ratios may  overes-
imate the seawater ratio from a given epoch. All the possibilities
hall be investigated in future studies of the area.

.4. New stratigraphic correlation between NW Tarim and

uruqtagh area in NE Tarim

Putting together the new geochemical data with the strati-
raphic framework in the Aksu-Wushi region (Section 3.3), a new
l., 2012;4, Wen  et al., 2013;5, Xu et al., 2013;6, He et al., 2014a;7, He et al., 2014b),
end and abbreviations are the same as in Fig. 2. Note variable thickness scales.

stratigraphic correlation between NW Tarim and the typical Quruq-
tagh area in NE Tarim for the late Neoproterozoic successions is
given in Fig. 9. In the new correlations, the Aksu (Yuermeinak)
diamictite and the Wushi DCC couplet represent the Marinoan
glaciation and the aftermath cap carbonate in the Cryogenian-
Ediacaran transition, filling the depositional gap between the
underlying diamictites and the overlying strata in previous strati-
graphic successions (e.g. Gao et al., 1985; XBGMR, 1993; Zhu
and Wang, 2011). Their equivalents, Tereeken glaciation and atop
cap dolostone (Zhamoketi) from Quruqtagh, have been correlated
to the Marinoan glaciations based on sedimentary features and

chemostratigraphic patterns of the cap carbonates (Xiao et al.,
2004), and further reinforced by the recent zircon U–Pb ages from
volcanic layers below and above the Zhamoketi Formation (Xu et al.,
2009; He et al., 2014a). Also, as discussed above, the new 87Sr/86Sr
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atios suggest that the lower subunit dolostone of the Wushi DCC
nd the Zhamoketi cap dolostones probably share a same post-
lacial “plumewater” that was isolated from the ocean where other
ap dolostones formed.

If so, our new C-isotope data and the data from the upper-
ost Sugetbrak, Chigebrak Formations and the Early Cambrian

imestone (He et al., 2007), three negative �13C anomalies
or the Aksu-Wushi area (Fig. 9a) could be correlated with
hose from the Quruqtagh sequences (Fig. 9b; Xiao et al.,
004; Shen et al., 2008), corresponding to the last three neg-
tive �13C anomalies during the late Neoproterozoic: Marinoan
laciations, mid-Ediacaran Wonoka-Shuram, and Precambrian-
ambrian boundary, respectively (Halverson et al., 2005, 2010;
e Guerroué, 2010). Accordingly, an older, probably Neoprotero-
oic Sturtian-age glaciation would correlate with the underlying
iaoenbrak and Bayisi/Altungol Formations (Fig. 9), a hypothesis
hich needs further tests with precise geochronological data in

he future.

. Conclusions

We  have conducted detailed field investigations in the Aksu-
ushi area of the northwestern margin of Tarim Craton. New

ryogenian diamictite and a diamictite and cap carbonate (DCC)
ouplet are discovered at Aksu and Wushi sections, respectively.
he Aksu diamictite displays glaciogenic features such as striations
n clasts, whereas the DCC couplet hosts diamictite and over-
ying cap dolostone. The regional stratigraphy, sedimentological
haracteristics, paleontological markers, as well as available age
onstraints indicate that the Aksu diamictite-Wushi DCC are of
arinoan age. High-resolution C isotope records of the cap dolo-

tone from the Wushi DCC show carbon isotope compositions
imilar to those of other Marionan cap carbonates. The least-
ltered Sr-, Mg-isotopes were extracted from the Wushi DCC and
he Tereeken cap dolostone, i.e., the Zhamoketi Formation from
ortheastern Tarim, using a recently developed, incremental step-

eaching method. These data provide additional new insights into
he paleoenvironmental conditions of post-glacial oceans.
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