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Abstract

This study is a comprehensive, stable isotope survey of the marine carbonate-dominated, upper Paleo- to lower Neopro-
terozoic stratigraphy of Jixian County, China. Carbonate-associated sulfate (CAS) was extracted and measured for §**Scag
using the same samples analyzed for 6'*C,ponate. This integrated proxy approach is a step towards a more comprehensive
picture of secular variation in the composition of Proterozoic seawater. We specifically sampled marine carbonate intervals
from the lower section of the Chuanlinggou Formation, Changcheng Group (ca. 1700 Ma) to the top of the Jingeryu Forma-
tion, Qingbaikou Group (ca. 800 Ma). 6"*Cearponate Values are mostly negative in the upper Paleoproterozoic Changcheng
Group, with an ascending trend from —3%o to 0%0. We observed variation of approximately 0 4 1%o in the Mesoproterozoic
Jixian Group, and positive values of +2 + 2%o characterize the lower Neoproterozoic Qingbaikou Group. Stratigraphic vari-
ations in 0**Scag are more remarkable in their ranges and magnitudes, including conspicuously high values exceeding +30%o
in the three intervals at ca. 1700 Ma, 1300-1100 Ma, and 1000-900 Ma. In the Changcheng Group, 8**Scag values are typ-
ically higher than +25%o, with only a few values of less than +15%.. In contrast, most of the data spanning from the Meso-
proterozoic Tieling Formation of the Jixian Group to the lower Neoproterozoic Jingeryu Formation of the Qingbaikou
Group are highly variable between +10%c0 and +25%o, with some values exceeding +25%o.

In the late Paleoproterozoic (1700—1600 Ma), a >10%. decrease in 6>*Scag and ~3%. increase in 6'*Cearponate are coincident
with, and likely related to, the breakup of Columbia, a supercontinent that predated Rodinia. Carbon and sulfur isotope data
from the Mesoproterozoic, when global tectonic activity was comparatively weaker, fall mostly in the ranges of +15 + 10%o
and 0 & 1%o, respectively, but fluctuations of >20%o for 6**Scas and >3%o for the 6" Cearponate at ca. 1450-1400 Ma may
reflect subduction and large-scale magmatic activity in island arcs marking the end of Columbia breakup. From the late Mes-
oproterozoic (ca. 1300-1100 Ma) to the early Neoproterozoic (ca. 800 Ma), the 8'>C and 5>*S of seawater increased gradually
with increasing variability. Most impressive are 5>* Scas values that exceed +30%o in two intervals at ca. 1300-1100 Ma and
ca. 1000-900 Ma, which may reflect the assembly and early breakup of Rodinia. Although gaps in the record remain, and
studies of even higher resolution are warranted, our results suggest that changes in paleoceanographic conditions linked to
global tectonics strongly influenced the biogeochemical cycles of C and S. Furthermore, periods of the Proterozoic previously
noted for their isotopic invariability show clear isotopic expressions of this tectonic activity.
© 2007 Elsevier Ltd. All rights reserved.
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S and C isotope records from 1700 to 800 Ma carbonates from northern China

1. INTRODUCTION

Models for tectonic, chemical, and biological change
during the Precambrian commonly rely on historic varia-
tions in the stable isotopic compositions of marine sedimen-
tary rocks (e.g., Shields and Veizer, 2002; Lindsay and
Brasier, 2002; Bartley and Kah, 2004). Sulfur and carbon
isotopes have been used widely to explore changes in bio-
geochemical cycling linked to tectonic events, biological
innovations, and changes in the oxidation state of Earth’s
surface (Schidlowski et al., 1975; Des Marais et al., 1992;
Canfield and Teske, 1996; Farquhar et al., 2000; Godderis
and Veizer, 2000; Hurtgen et al., 2002; Johnston et al.,
2005). In addition to evolutionary questions, S and C data
can also be used for stratigraphic correlations. This is par-
ticularly important for the Precambrian, which lacks a ro-
bust biostratigraphic framework (Walter et al., 2000).
Consequently, isotopic approaches are used often in Pre-
cambrian research (Kaufman and Knoll, 1995; Brasier
et al., 1996; Kaufman et al., 1997; Gorjan et al., 2000; Wal-
ter et al., 2000; Shields et al., 2004).

Previous studies have focused mostly on two time inter-
vals, the middle Archean to middle Paleoproterozic (3500—
1900 Ma) and the late Neoproterozoic (800-544 Ma) (e.g.,
Gorjan et al., 2000; Bartley et al., 2001; Lindsay and Bra-
sier, 2002; Ray et al., 2003). This emphasis reflects the for-
mer interval’s connection to the early oxygenation of the
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atmosphere and ocean and associated evolution of the bio-
sphere (Kasting, 1987; Karhu and Holland, 1996; Des Mar-
ais, 1997), while the latter provides us with an exceptional,
globally distributed record of “snowball Earth” conditions
(Hoffman et al., 1998). Correspondingly, the Precambrian
secular curve for 6> Cearponate 18 known to be bimodal, with
major, well defined oscillatory peaks at ca. 2300-2200 Ma,
immediately following the so-called Great Oxidation Event
(Holland, 2002; Bekker et al., 2004), and at ca. 650 Ma
(Lindsay and Brasier, 2004), marking the time of wide-
spread Neoproterozoic glaciation (Fig. 1). The time interval
of 1900-800 Ma has received less attention due to its rela-
tively flat curve for 8"3Carbonate (Fig. 1), which led Buick
et al. (1995) to dub the Mesoproterozoic as ‘“‘the dullest
time in Earth history”.

Growing geological and biogeochemical evidence sug-
gests, however, that the Mesoproterozoic may have been
a time of significant global tectonic reorganization, marked
by the breakup of the supercontinent Columbia and subse-
quent assembly of Rodinia, and evolutionary diversification
in both prokaryotic and eukaryotic communities (Hoffman,
1991; Kah and Bartley, 2001; Zhao et al., 2002, 2004; Lind-
say and Brasier, 2004; Bartley and Kah, 2004; Lyons et al.,
2004a). Significant excursions in 5**Squifate and/or 83Cq,,.
bonate €an be used to document major tectonic and biogeo-
chemical events in Earth history (e.g., Des Marais et al.,
1992; Kaufman and Knoll, 1995; Strauss, 1999; Frank
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Fig. 1. Outline of carbon isotope, tectonic, and biospheric changes through the Proterozoic. After Figs. 5.3-6 of Lindsay and Brasier (2004).
(Circles) Supercontinents; (black bars) supercontinent events; (hachured bars) intracratonic basins; (black triangles) glaciations.
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et al., 2003; Lindsay and Brasier, 2004; Bartley and Kah,
2004; Lyons et al., 2004a). Previously published data sug-
gest that OBCrarbonate values lie within a relatively narrow
range of about +1.5 4 0.5%¢ during the Mesoproterozoic
(Buick et al., 1995; Knoll et al., 1995) and +0.6 & 1%. for
the transition from the Paleoproterozoic to Mesoproterozo-
ic (Brasier and Lindsay, 1998; Lindsay and Brasier, 2000)
and show comparatively little variation in the interval from
ca. 1800 to 1000 Ma (Kaufman et al., 1997; Lindsay and
Brasier, 2004). In contrast, our data suggest a more com-
plex fabric of isotopic variation for the Proterozoic.
Historically, Proterozoic sulfate-sulfur isotope data
have been insufficient for building a reliable secular isotope
curve because of the lack of Precambrian evaporites (Clay-
pool et al., 1980; Strauss, 1993). As an alternative to gyp-
sum and anhydrite, carbonate-associated sulfate (CAS) is
improving the continuity of sulfur isotope records of con-
temporaneous seawater sulfate for this interval (Strauss,
1993; Hurtgen et al., 2002; Kampschulte and Strauss,
2004; Kah et al., 2004; Lyons et al., 2004a; Gellatly and
Lyons, 2005). To date, however, only limited data for
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CAS have been published, and there are still few results
from carbonate successions spanning the Mesoproterozoic.

In this paper we explore well preserved strata of the Jix-
ian section in northern China, which are believed to span a
large portion of the Proterozoic Era from ca. 1800 to
800 Ma with relatively few major interruptions (Kao
et al., 1934; Chen et al., 1980; Jahn and Cuvellier, 1994;
Lu et al., 1996; Xiao et al., 1997; Li et al., 2003a). Because
of the section’s high quality—including a thickness exceed-
ing 9000 m, relatively continuous deposition, and well pre-
served sedimentary features—the section was considered
for the international stratotype of the Middle-to-Late Pro-
terozoic (Wang and Qiao, 1987; Jahn and Cuvellier, 1994;
Luetal., 1996). Studies of the section’s sedimentology, stra-
tigraphy, paleontology, geochronology, and isotope and or-
ganic geochemistry have been published previously (Chen
et al., 1980; Hofmann and Chen, 1981; Jahn and Cuvellier,
1994; Zhu and Chen, 1995; Lu et al., 1996; Seong-Joo and
Golubic, 1999; Xiao et al., 1997; Zhu et al., 2000; Li et al.,
2003a; Chu et al., 2004). These data provide an ideal back-
drop for our investigation of sulfur and carbon isotope
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Fig. 2. Simplified late Paleo-, Meso-, and early Neoproterozoic paleogeographic maps of the North China Craton. Modified from Wang
(1985) and Li et al. (2003b). All samples were collected from the Jixian County.
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variations at a resolution suitable for global-scale chemo- et al., 1996): (1) the Changcheng, consisting of the
stratigraphic comparisons. Carbon isotope variations in Changzhougou, Chuanlinggou, Tuanshanzi, and Daho-
the Jixian section were reported previously without data ta- ngyu formations; (2) the Jixian, composed of the
bles in a Chinese journal (Chu et al., 2004). Here, we pres- Gaoyuzhuang, Yangzhuang, Wumishan, Hongshuizhu-
ent these carbon isotope data for the major carbonate ang, and Tieling formations; and (3) the Qingbaikou
formations of the Jixian section in light of a new and Group, consisting of the Xiamaling, Changlongshan,
exhaustive set of sulfur isotope results. As a proxy for sea- and Jingeryu formations (Fig. 3). Rocks of the three
water sulfate, CAS can be extracted and measured for groups are distributed widely across the North China
5**Squltute using splits from the same samples employed in Craton (Fig. 2). Siliciclastic units are present, such as
8"3Cearbonate analysis. This comprehensive exploration of the Changzhougou and Chuanlinggou formations of the
secular variations in 6**S and '*C for Proterozoic seawater lower Changcheng Group and the Xiamaling and Chang-
as recorded in the Jixian section should provide an impor- longshan formations of the lower Qingbaikou Group, but
tant foundation for future investigations performed at even marine carbonates comprise approximately 75% of the to-
higher resolution. As such, this study takes us one signifi- tal thickness of the Jixian section (Chen et al., 1980).
cant step closer to the global isotope curves that are still
elusive for the Proterozoic. 2.1. Upper Paleoproterozoic Changcheng Group
2. GEOLOGICAL SETTING In the Changcheng Group, the Chuanlinggou Forma-
tion consists dominantly of silty illitic shale with numerous
The most complete Proterozoic stratigraphic succes- sandstone lenses; the formation is subdivided into three
sion in China is best exposed in the Jixian region, about members thought to represent the littoral-intertidal zone
100 km east of Beijing (Fig. 2). The section is dominated (Lu et al., 1996; Li et al., 2003b). The second member of
by marine carbonates of several thousand meters thick- the Chuanlinggou Formation is composed of black shale
ness spanning much of the sedimentary history of the late of subtidal to lagoonal origin with frequent intercalations
Paleo-, Meso-, and early Neoproterozoic (Figs. 2 and 3). of intertidal sandstone. A small amount of carbonaceous
The unmetamorphosed clastic and carbonate sediments dolostone can be found in the upper part of this member;
were likely deposited in a failed rift basin that extended our Chuanlinggou samples were collected from this upper
for ~800 km along its long axis (Wang and Qiao, interval. The overlying third member consists of black shale
1987). The Proterozoic stratigraphic section in Jixian enriched in organic carbon. Above the Chuanlinggou, the
was first described by Kao et al. (1934). Later, Chen Tuanshanzi Formation is composed of muddy and silty
et al. (1980) performed detailed stratigraphic, paleonto- dolomicrite with a total thickness of 528 m. We sampled
logic, and sedimentologic analysis of the Jixian section dolomicrite continuously through this interval. The lower
and divided the ~9000m thick succession into four member of this formation is rich in muddys, silty, and carbo-
groups and 11 formations. Recently, the Jixian section naceous rocks, which were probably deposited under
was divided into three groups and 12 formations (Lu slightly reducing conditions in the subtidal zone. The upper
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Fig. 3. Stratigraphic column with available ages for Proterozoic sedimentary successions in the Jixian section. Details are available in the text
and in reference cited therein.
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member was deposited in the intertidal to supratidal zone.
Overlying the Tuanshanzi, the Dahongyu Formation, with
a thickness of 408 m, can be subdivided into two parts
(Chen et al., 1980; Lu et al., 1996): (1) a lower quartz sand-
stone and sandy dolostone, intercalated with volcanic tuff,
tuffaceous sandstone, and high potassium lava, and (2) an
upper dolomicrite and cherty dolomicrite with abundant
stromatolites. Sandy dolostone and cherty dolomicrite were
difficult to digest in HCI, so we have obtained only limited
carbon and sulfur isotope data from the Dahongyu Forma-
tion. Contacts between the Dahongyu and the Tuanshanzi
formations and between the Tuanshanzi and the Chuan-
linggou formations are conformable.

2.2. Mesoproterozoic Jixian Group

The Gaoyuzhuang Formation, the lowermost portion of
the Jixian Group, shows a disconformable contact with the
underlying Dahongyu Formation of the Changcheng Group
(Chenet al., 1980; Lu et al., 1996). The Gaoyuzhuang, with a
thickness of 1588 m, is composed of dolomite and dolomitic
limestone interpreted to record littoral and neritic facies and
is subdivided into four members (moving up section): (1)
cherty dolomicrite intercalated with clayey dolomicrite and
shale; (2) thin Mn-rich dolomicrite and thick to massive
dolosparite; (3) muddy dolomicrite and dolomitic micrite;
and (4) bituminous dolostone, dolomitic micrite, dolosparite,
and dolomicrite with cherty concretion. Above the
Gaoyuzhuang, the 707 m thick Yangzhuang Formation con-
sists of purple and white interbeds of argillite-like, silt-bear-
ing dolomicrite and is subdivided into three members based
on changes in lithofacies. The Wumishan Formation is the
thickest unit in the Jixian Group, with a thickness of
3336 m. This unit is composed of four members of thickly
bedded siliceous dolomite intercalated with chert bands.
The lithologies of the four members are briefly described, in
ascending order, as (1) alternating argillaceous, cherty, and
bituminous dolomicrite or dolostone; (2) shaly dolomicrite,
thick-bedded stromatolitic, and thrombolite-like dolosparite
with chert layers and bituminous dolostone; (3) rhythms of
silt and calcitic dolomicrite as well as oolitic dolostone with
black chert layers; and (4) calcitic and cherty dolomicrite
intercalated with bituminous dolostone and a bed of glauco-
nite-bearing stromatolitic dolostone at the top. The Hon-
gshuizhuang Formation consists of 131 m of neritic
varicolored shale subdivided into two members. The lower
and upper members are intercalated with thin dolomite and
sandstone, respectively. The overlying Tieling Formation
(333 m) is composed of two members: the lower shale mem-
ber and the upper limestone member, which are separated
by a ~2 mlayer of discontinuous SEDEX (sedimentary exha-
lative) mineralization consisting of jaspilite and Mn-bearing,
dolomitic limestone (Lu et al., 1996). Stromatolites are found
in all the carbonates of the Jixian Group and are especially
well developed in the Gaoyuzhuang, Wumishan, and Tieling
formations. The Tieling Formation in the Jixian area is well
known for its exceptional occurrences of stromatolites (Lu
et al., 1996). We sampled continuously across the Jixian
Group, which is generally interpreted to reflect sedimenta-
tion without major gaps.

2.3. Lower Neoproterozoic Qingbaikou Group

The Xiamaling Formation, the lowest unit of the Qing-
baikou Group, is in disconformable contact with the under-
lying Tieling Formation of the lJixian Group. The
Xiamaling and overlying Changlongshan formations are
composed mainly of fine-grained siliciclastic rocks. The Jin-
geryu Formation at the upper part of the Qingbaikou
Group is a ~100 m thick marine carbonate consisting of
thin grayish green and light red micritic limestones of neri-
tic to subtidal origin. Samples were collected continuously
from the Jingeryu limestone.

2.4. Age Relationships

About 200 geochronological data including K-Ar, Ar—
Ar, Rb-Sr, Pb-Pb, and U-Pb ages are available from Prote-
rozoic strata in Jixian and adjacent areas (Chung, 1977; Lu
et al., 1996). The most reliable of these data are cited in this
paper and are shown on Fig. 3. A boundary age between
the Changcheng and Jixian groups of ca. 1600 Ma (Lu
et al., 1996) is estimated from a single zircon U-Pb age of
1625 + 6 Ma from the Dahongyu volcanic rocks in the Jixian
(Luand Li, 1991). We can place the sedimentary age of dolo-
mite in Member III of the Chuanlinggou Formation at ca.
1700 Ma based on a 1705 4+ 50 Ma Pb—Pb isochron age for
dolomite in the Ming Tombs section in Beijing (Jahn and
Cuvellier, 1994) and a 1683 + 67 Ma U-Pb age for authigen-
ic zircon from K-rich trachyandesite of the Tuanshanzi For-
mation in Pinggu County of Beijing (Li et al., 1995).
Recently, SHRIMP U-Pb dating of detrital zircons from
the Changzhougou Formation of the Ming Tombs section
places the age of the Changcheng Group at less than
1800 Ma (Wan et al., 2003). Our carbon isotope chemostra-
tigraphy thus begins at ca. 1700 Ma in the late
Paleoproterozoic.

The boundary age between the Jixian and Qingbaikou
groups is ca. 1000 Ma based on a series of K-Ar ages for
illites and glauconites from the Hongshuizhuang, Tieling,
and Xiamaling formations (Lu et al., 1996). The “°Ar—*Ar
ages for glauconite measured by Li et al. (1996) indicate
that the ages of the Tieling and Jingeryu formations
are ca. 1175-1070 Ma (£10 Ma) and ca. 900-810 Ma
(£10 Ma), respectively, based on 1171 £+ 11 Ma, 1125+
11 Ma and 1082 4+ 13 Ma ages for the Tieling Formation
and 880 + 8.5 Ma, 842.2 4+ 11.3 Ma, and 816.1 +8.9 Ma
ages for the Jingeryu Formation. These estimates are
consistent with a ca. 1000 Ma age for the contact between
the Jixian and Qingbaikou groups and a ca. 800 Ma upper
limit for the Qingbaikou Group (Lu et al., 1996). The con-
tact ages between formations of the Jixian Group are also
based on published data, including 1380 + 24 Ma (chert
Ar—Ar age) for the top of the Gaoyuzhuan Formation,
1317 £ 22 Ma (chert Ar-Ar age) for the top of Yangzhuang
Formation, parallel 1206 +27 and 1208 4+ 21 Ma (chert
Ar—Ar ages) for the top of Wumishan Formation, and
1425 £ 21 Ma for the lower Gaoyuzhuang Formation
(Wang et al., 1995). Galena Pb-Pb model ages of
1485 Ma, 1434 Ma, and 1384 Ma from a SEDEX Pb-Zn
mine suggest an age of 1434 + 50 Ma for the middle
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Gaoyuzhuang Formation (Chung, 1977). A similar geo-
chronological framework was adopted by (Li et al.,
2003a,b) among others.

3. SAMPLE PREPARATION AND ANALYTICAL
TECHNIQUES

A number of workers have used trace sulfate extracted
from biotic and abiotic carbonates (CAS) to constrain the
sulfur isotope composition of seawater when both Precam-
brian and Phanerozoic sequences lacked evaporite deposits
(Ueda et al., 1990; Bottomley et al., 1992; Strauss, 1993;
Hurtgen et al., 2002; Kah et al., 2004; Kampschulte and
Strauss, 2004; Lyons et al., 2004a; Gellatly and Lyons,
2005). Recently, a comparison between several hundred
data from biogenic calcites and whole rock carbonate
samples and contemporaneous evaporites demonstrated
that CAS in Phanerozoic marine carbonates likely records
the primary sulfur isotope composition of seawater (Kam-
pschulte and Strauss, 2004). Much of the scatter in the
two data sets, particularly that observed in the early—
mid Paleozoic CAS results, is now known to reflect pri-
mary, systematic variability illuminated by data generated
at high stratigraphic resolution (Gill et al., 2007). In the
process, Kampshulte and Strauss also confirmed the reli-
ability of the whole-rock CAS approach, thus further
opening the door for C and S isotope analysis of Protero-
zoic seawater (e.g., Hurtgen et al., 2004; Kah et al., 2004;
Gellatly and Lyons, 2005). In the absence of skeletal car-
bonate, Precambrian CAS studies are dependent entirely
on analysis of whole-rock micrite and dolomicrite, which
dominate our sample set, including stromatolitic dolostone
and limestone. The work of Kah et al. (2004) revealed
good agreement between interbedded dolostone and
gypsum, suggesting that very early-formed dolomites, with
their comparatively low solubilities during diagenesis,
might be particularly reliable archives of primary seawater
chemistry.

3.1. Extraction of trace sulfate from carbonate

Sulfate is an important trace constituent of many marine
carbonates, with abundances ranging from a few tens of
ppm in inorganic precipitates to several thousand ppm in
biogenic carbonates (Busenberg and Plummer, 1985). We
used a common method involving sulfate precipitated as
BaSO, to prepare CAS for sulfur isotope analysis (Burdett
et al., 1989; Hurtgen et al., 2002; Gellatly and Lyons, 2005).
For each sample, approximately 200 g of whole rock was
crushed and then pulverized into powder of <200 mesh size
using a carbide mill. Contaminated portions, such as weath-
ered material or veins, were removed prior to powdering.
About 50-100 g of carbonate powder was soaked in a
5.25% sodium hypochlorite (NaOCI) solution over 24 h
and then rinsed with distilled water. The bleach step aids
in the removal of water-soluble sulfates, including those
deriving from pyrite oxidation. The bleach also enhances
oxidation of labile sulfides and organic compounds. More
generally, the removal of sulfate minerals, primary and sec-
ondary, is optimized by the addition of NaCl to the initial

water rinse. However, we viewed this addition as an unnec-
essary step here because of the very low pyrite contents in
most of our samples. The pretreated carbonates were then
dissolved in 200 ml HCI (6 N) for 12 h at room tempera-
ture; the residue was removed by filtration and washed with
distilled water. The pH value of the filtrate was adjusted to
~4 and heated to boil. Approximately 20 ml of saturated
BaCl, solution was added to the boiling sample digest.
The samples were heated for an additional 30 min and then
allowed to cool. The BaSO, precipitate was filtered after
12 h. CAS concentrations were determined gravimetrically,
with errors estimated to be within £20%. The large error re-
flects the relatively small amount of precipitate.

3.2. Sulfur isotopic analysis

When 10 mg or more of BaSO,4 was available, SO, was
generated through off-line combustion with V,Os and
SiO, at 1000 °C (Yanagisawa and Sakai, 1983). Sulfur iso-
tope measurements were performed on a Finnigan Delta S
mass spectrometer. Other samples with less than 10 mg of
extracted BaSO,4 were combusted and analyzed by on-line
elemental analyzer-mass spectrometry (EA-MS) as de-
scribed by Glesemann et al. (1994).

Sulfur isotope ratios are expressed as per mil (%o) devia-
tions from the S isotope composition of the Vienna Canon
Diablo Troilite (VCDT) using the conventional §**S nota-
tion. Analytical uncertainties for sulfur isotope composi-
tions are better than +0.3%. for the off-line method and
+0.5%0 for EA-MS. Working standards—GBW04414,
GBWO04415 (National Standard of China), and LTB-2—
were measured for S isotope ratios using both methods.
The 5°*S values relative to VCDT were —0.07%0 for
GBWO04414 (Ag,S), +22.15%0 for GBW04415 (Ag,S), and
+1.84%o for LTB-2 (pyrite).

3.3. C and O isotopic analyses

Dolomite was predominant in the analyzed samples,
with minor limestone. We used a conventional off-line
100% H3PO4 method to produce CO, gas for mass spectro-
metric analysis (McCrea, 1950). Chemical reaction was car-
ried out for 24 h at constant 25 °C for limestone and 50 °C
for dolomite. Carbon and oxygen isotope analyses of the
CO, were performed using a Finnigan Delta S mass
spectrometer, and isotope compositions are expressed as
613C and 6'%0 relative to VPDB. Analytical uncertainties
for C and O isotope compositions are all better than
+0.2%o0 (10).

3.4. Trace element analyses

We measured Ca, Mg, Mn, and Sr contents to evaluate
post-depositional alteration of the carbonates. Because of
the presence of chert in some intervals, samples were
dissolved in a HF/HNOj; solution and measured by induc-
tively coupled plasma-optical emission spectrometry
(ICP-OES). The reproducibility is better than +10%, and
detection limits are 0.05%, 0.05%, 10 mg/g, and 5 mg/g
for Ca, Mg, Mn, and Sr, respectively.
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4. RESULTS AND DISCUSSION
4.1. Evaluation of diagenetic alteration

A number of theoretical, experimental, and analytical
studies of carbonate diagenesis show that trace element
and isotope compositions of sedimentary carbonate rocks
can change due to interaction with diagenetic and post-dia-
genetic fluids (Hudson, 1977; Brand and Veizer, 1980; Ban-
ner and Hanson, 1990; Banner, 1995; Kaufman and Knoll,
1995; Xiao et al., 1997; Jacobsen and Kaufman, 1999; Bart-
ley et al., 2001). The water-rock ratio and differences be-
tween the primary compositions of the rock/sediment
(and thus seawater) and the diagenetic fluids are the pri-
mary factors in determining the rates and extents of elemen-
tal and isotopic exchange in carbonate rocks. It is difficult
to collect absolutely unaltered carbonate rocks in ancient
sequences, particularly from the Precambrian, but screening
techniques are available.

Carbon isotope data for the least altered carbonate sam-
ples are selected based on values for Mn/Sr and 6'0 (Knoll
et al., 1995; Kaufman and Knoll, 1995; Xiao et al., 1997).
Under the influence of diagenetic and/or post-diagenetic
fluids, especially meteoric waters, Sr can be expelled from
sedimentary carbonates, whereas Mn is often incorporated
(Brand and Veizer, 1980), and oxygen isotope exchange
with cycling meteoric waters can result in significant de-
creases in the 6'%0 value of sedimentary carbonates (Kauf-
man and Knoll, 1995). Therefore, the degree of alteration
can be estimated by using the Mn/Sr ratio and 6'*0 value.
Carbonates (limestones and dolostones) with Mn/Sr < 10
and/or 6'80 > —10%o are commonly considered to preserve
primary 6'*C values (Kaufman and Knoll, 1995; Xiao
et al., 1997). Diagenetic and post-diagenetic alteration, in
principle, may also overprint the §°*S value of CAS, be-
cause the sulfate primarily displaces the carbonate ion
and is bound structurally in the carbonate mineral lattice
(Takano, 1985). However, CAS may have an even stronger
potential for preservation of primary seawater signals due
to the much lower SO,? contents of most diagenetic and/
or post-diagenetic fluids relative to seawater. Recent work
has shown that meteoric diagenesis can result in significant
reductions in CAS concentration. Importantly, however,
5**Scas is buffered to the primary seawater value even dur-
ing conversion of aragonite to calcite under meteoric condi-
tions (Lyons et al., 2005), and sediments showing high
extents of early diagenetic sulfate reduction and corre-
sponding shifts in the 5**S of pore water sulfate can pre-
serve primary seawater 5°'S (Lyons et al, 2004b).
Bacterial sulfate reduction (BSR) can cause large isotope
differences between seawater and pore water, yet the seawa-
ter CAS signal can remain intact even when carbonate ce-
ments are precipitating in the presence of the evolved
sulfate pool, suggesting signal domination by the primary
sediment (Lyons et al., 2004b). The integrity of the proxy
is enhanced by the low residual sulfate concentrations with-
in pore waters that have experienced extensive BSR. To be
safe, however, we avoided lithologies with abundant organ-
ic matter, which is a controlling factor in determining rates
of BSR.

Crossplots of 6'3C versus 6'*0 and §'3C versus Mn/Sr
for carbonate units in the Changcheng and Jixian groups
do not follow diagenetic trends (Fig. 4a—d), even though
some samples in both groups have Mn/Sr ratios of more
than 10, and some have 5'%0 values of less than —10%.
In their evaluation of post-depositional alteration, Li
et al. (2003b) suggested that the Ming Tombs and Jixian
sections experienced two pathways of diagenesis that prob-
ably reset the primary carbon isotope composition of the
carbonate rocks—silicification and diagenesis of organic
matter. In the Jixian section, the dolomitic cherts and cher-
ty dolostones from the Dahongyu, Gaoyuzhuang, and
Wumishan formations commonly have Mn/Sr ratios much
greater than 10 and/or 680 values less than —10%o
(Fig. 4a—d and Table 1), identical to the patterns in Ming
Tombs section described by Li et al. (2003b). Post-deposi-
tional alteration may have significantly changed the §'*C
value of those samples but likely did not modify their
5**Scas value (Lyons et al., 2004b, 2005).

For some of the samples with high Mn/Sr ratios, volca-
nism should be considered a factor in diagenesis. For exam-
ple, the dolostones near the volcanic unit of the Tieling
Formations (samples J7 to J24) contain extremely high
Mn concentrations of ca. 1300-8800 ppm, which result in
much higher Mn/Sr ratios (Fig. 4d). The hydrothermal
activity associated with volcanism during the Tieling stage
probably altered Mn and other chemical contents of pri-
mary carbonates, including those in the upper Hon-
gshuizhuang Formation.

While the 6'*C-8'%0 crossplot does show good correla-
tion for the Jingeryu Formation of the Qingbaikou Group
(Fig. 4e and also Fig. 2D of Li et al., 2003b), most of the
samples of the Jingeryu have Mn/Sr ratios lower than 10
and 6'30 values higher than —10%.. Consistent with previ-
ous arguments (Xiao et al., 1997; Li et al., 2003b), we pro-
pose that most samples of the Jingeryu Formation have
preserved primary geochemical signals , except for a few
samples with Mn/Sr ratios of >10 or §'80 values of
<—10%eo.

Sulfur, carbon, and oxygen isotope data of the Jixian
section are summarized in Fig. 5. The rectangles, diamonds,
and circles denote 3**Scas, 6> Cearbonates a0d 680 carbonate
values, respectively. The open symbols indicate samples
that fail to satisfy the criteria of 0'80 > —10%0 and/or
Mn/Sr < 10 and therefore suggest that the sample could
have suffered a certain degree of diagenetic alteration.
The least altered samples (with solid symbols) satisfy both
these conditions and may therefore record the sulfur and
carbon isotope compositions of contemporaneous seawater
(i.e., dissolved sulfate and carbonate in ocean) (e.g.,
Strauss, 1993; Kaufman and Knoll, 1995; Strauss, 1997).

It is clear that altered samples have (1) larger 3"3C earbonate
variation than the unaltered or least altered samples and (2)
relatively depleted 03Crarbonate Values. In contrast, dif-
ferences in 6°*Scas between the unaltered and altered sam-
ples are comparatively minor. This relationship and above
discussion indicate that diagenetic and post-diagenetic
alteration can affect 6'3C uponae With negligible impact
on the sulfur isotope composition of the CAS, as suggested
by Lyons et al. (2004b);Lyons et al. (2005). Further,
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Fig. 4. Crossplots of 8'%0 and Mn/Sr versus §'3C: (a) 6'30-6'3C for the Changcheng Group, (b) Mn/Sr—3'3C for the Changcheng Group,
(c) 8'80-0"3C for the Jixian Group, (d) Mn/Sr—5"3C for the Jixian Group, (e) 6'%0-"3C for the Qingbaikou Group, and (f) Mn/Sr—5"C for

the Qingbaikou Group.

primary carbon isotope compositions often remain un-
changed in sedimentary carbonates during diagenetic and
post-diagenetic alteration of the sediments and rock. Com-
monly, the carbonate—carbon reservoir is also large relative
to the carbon in diagenetic fluids. Consequently, §'°C

values are less sensitive to diagenetic overprinting than
5130 and Mn/Sr (Hudson, 1977). The curves for the 5°*S
(including the 6°*S data of the altered samples) and §'°C
(excluding the 6'*C data of the clearly altered samples) of
the Jixian marine carbonates in Fig. 6 can reflect secular



Table 1
Elemental and isotopic compositions of Proterozoic carbonates in the Jixian section, northern China
Sample Lithology®  Height® (m) %S (%), CaSOy (ppm)  63C (%), 5130 (%o), CaO (%) MgO (%) Mn (ppm) Sr (ppm)  Mn/Sr (wt)
VCDT VPDB VPDB
Chuanlinggou Fm. 0
J106 arg./Dol. 732.5 329 537 —4.0 -9.0 29.41 8.93 1856 139 13.35
J107 arg./Dol. 734 34.5 267 -2.6 —10.9 15.36 5.87 758 200 3.79
J108 arg./Dol. 736 —4.1 —10.1 29.23 7.66 1231 98 12.56
J109 arg./Dol. 738 26.0 560 —4.9 -9.1 27.52 7.98 1006 100 10.06
J110 Dol. 741 344 199 =27 —10.1 14.43 6.88 777 131 5.93
J111 Dol. 748.4 -2.6 —10.3 9.97 4.64 492 157 3.13
J112 arg./Dol. 752.4 -2.6 -10.4 26.47 6.97 693 91 7.62
J113 Dol. 757.3 30.3 179 -2.6 -9.6 23.53 8.9 921 148 6.22
J114 Dol. 761.3 31.6 406 =27 -9.5 14.54 7.54 709 137 5.18
J115 Dol. 764.4 -3.0 -10.4 13.73 7.43 898 122 7.36
J116 Dol. 766.2 -3.1 -9.9 14.65 7.56 954 108 8.83
J118 Dol. 775.9 28.3 698 -32 -8.3 20.22 10.32 1784 72 24.78
J119 Dol. 778 46 —4.6 —10.5 6.26 4.29 797 155 5.14
Tuangshanzi Fm. 889
J120 Dol. 889.1 -39 -11.0 3.5 2.86 1098 47 23.36
J121 Dol. 897.5 24.4 179 -54 -7.8 13.71 12.29 2103 38 55.34
J122 Dol. 907.9 -3.0 -7.6 17.92 10.33 1693 59 28.69
J123 Dol. 916.5 62 -2.2 —-6.9 21.09 11.16 1812 119 15.23
J124 Dol. 927.2 -3.6 -7.6 17.18 9.01 1988 168 11.83
J125 Dol. 941.5 26.0 90 -3.1 -7.7 12.17 7.63 934 182 5.13
J126 Dol. 947.3 -3.1 -7.5 0.17 1.02 67 28 2.39
1127 Dol. 950.5 =29 -7.0 15.62 8.46 1105 165 6.7
J128 Dol. 963.3 -3.1 —6.9 14.4 8.73 1184 125 9.47
J129 Dol. 973.3 -3.1 —-6.4 17.13 9.94 1239 97 12.77
J130 Dol. 993.3 31.3 440 -39 —10.5 13.06 8.27 918 113 8.12
J131 Dol. 999.1 -24 -7.9 12.5 8.03 972 84 11.57
J132 Dol. 1003.8 -2.0 -7.2 10.22 6.53 1281 102 12.56
J133 Dol. 1015.8 -1.9 -7.0 0.22 0.35 257 26 9.88
J134 Dol. 1025.3 -1.2 —6.4 16.05 9.3 1982 50 39.64
J135 Dol. 1032.3 99 —1.1 —6.2 10.59 6.72 1312 63 20.83
J136 Dol. 1054.4 -1.5 -57 16.51 9.07 1140 178 6.4
J137 Dol. 1065.4 -3.6 -8.0 22.15 11.01 1923 86 22.36
J138 Dol. 1073.5 30.2 168 -1.5 —6.6 22.68 12.35 1052 93 11.31
J139 Dol. 1085.4 -1.0 -7.1 11.75 7.17 610 94 6.49
J140 Dol. 1096.2 -0.3 —114 4.85 3.49 269 43 5.6
J141 Dol. 1106.2 29.1 152 —-1.6 —6.8 14.7 8.88 656 116 5.66
J142 Dol. 11159 -5.8 —10.1 6.29 7.32 1218 471 2.59
J143 Dol. 1130.6 -1.1 -7.9 4.59 3.08 401 55 7.29

1144 Dol. 1182.6 —0.7 =79 3.45 2.35 261 81 3.22
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J145
J146
1147
J149
J150
J151
J152
J153
J154
J155
J156
J157
J159
J158
Dahongyu Fm.
J161
J162
J163
J165
J166
J168C
Gaoyuzhuang Fm.
J169
J170
J173
J176
J181
J182
J184
J186
J194
J198
J204
J218
J228
J236
J242
J253
J267
J269
J271
J273
J280
Yangzhuang Fm.
J287
J289

Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.

Dol.

chert/Dol.
chert/Dol.

Dol.

chert/Dol.

Dol.

chert/Dol.

Dol.

chert/Dol.
chert/Dol.
chert/Dol.

Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Lms.
Dol.
Lms.
dol./Lms.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.

Dol.
Dol.

1212.3
12323
1248
1265
1279
1287.3
1308
1318
1327.3
1331
1339.2
1349
1390
1407
1417
1457
1460
1463
1587
1604
1803
1815.1
1815.2
1816
1817.5
1819.7
1827.7
1850.6
1872.4
1913.7
2026.1
2089.9
2179.6
2399.3
2563.6
2704.9
2815.5
3007.3
3260.2
3290.6
3301.7
3306.4
3316.9
3317
3320.6
3339.4

5.8

259
27.2¢
12.8

16.4

16.0
24.6
24.4

29.0
27.6

17.1°

354

575

141
350
216

178

241
187
218

558
479

89

75

-1.0
-0.9
-14
-0.9
-1.0
-1.0
-0.4
-1.0
-1.8
—1.1
—0.7
-1.9
-1.8
—-1.8

1.4
-1.3
0.6
0.8
-33
—0.5

0.0
—0.3

0.9
—0.9
-1.3
—0.1

0.5
—0.1

0.7
—2.2
—0.6
—0.9
—0.1
—0.1
—0.6
-0.2

0.0
—0.1
—-0.4
-0.4
-0.5

—0.2
—0.5

—7.6
-7.5
—6.7
—-6.8
—6.8
=51
—8.7
—6.9
—4.3
—5.8
-5.0
—6.0
-59
-5.8

—5.8
-9.5
—6.3
-5.0
=79
—4.2

—8.0
—5.8
-7.1
—8.5
-71.5
—52
—6.5
—6.0
—6.7
—6.2
—-2.8
—6.3
-3.8
-53
—6.0
-3.5
-5.7
—4.8
—5.8
=51
—4.9

—4.9
—4.5

0.74
3.58
9.68
13.89
0.22
14.25
2.7
1.94
11.85
10.04
18.16
245
0.04
0.09

19.42
5.94
3.88

23.09
9.79

12.71

0.26
16.13
7.91

9.79
26.77
19.15
23.33
22.23
17.12
26.25
48.51
14
50.13
35.8
33.12
29.45
29.7
30.38
26.11
29.01

29.28
24.28

0.34
2.62
6.61
8.83
0.15
9.69
1.94
1.62
8.11
6.6
10.38
1.38
0.05
0.13

11.96
3.7
2.26

13.13
0.98
8.68

0.18
10.52
4.94
1.39
5.82
14.16
11.72
13.28
12.57
10.88
15.02
0.97
9.54
3.29
8.88
11.01
15.89
16.25
16.34
15
15.21

16.24
14.13

113
219
390
530
111
619
269
331
711
574
1081
227
226
285

881
239
470
1041
277
423

226
1401
743
230
1206
2185
898
1600
2458
1677
1801
116
374
62
83
69
24
20
21
19
32

108
62

43
58
67
116
63
140
65
51
158
157
281
57
25
57

173
69
78

132
40
30

24
42
84
19
36
42
17
33

38
22
118
29
478
308
209
16
13
17
22
28

26
35

(continued on next page)

2.63
3.78
5.82
4.57
1.76
4.42
4.14
6.49
4.5
3.66
3.85
3.98
9.04
5

5.09
3.46
6.03
7.89
6.93
14.1

9.42
33.36
8.85
12.11
33.5
52.02
52.82
48.48
122.9
44.13
81.86
0.98
12.9
0.13
0.27
0.33
1.5
1.54
1.24
0.86
1.14

4.15
1.77
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Table 1 (continued)

Sample Lithology*  Height® (m)  6*S (%), CaSO, (ppm)  8'C (%), 0180 (%o), CaO (%) MgO (%) Mn (ppm) Sr (ppm)  Mn/Sr (wt)
VCDT VPDB VPDB

1292 Dol. 3375 10.8 123 -1.6 —34 21.16 11.92 100 42 2.38
1293 Dol. 3389.3 12.9 344 —-0.4 -3.6 27.85 15.19 80 61 1.31
1295 Dol. 3436.7 17.6 179 0.0 —4.38 29.78 15.93 44 50 0.88
1296 Dol. 3452.4 23.2 212 -1.1 -33 20.45 12.87 146 38 3.84
1305 Dol. 3523.7 15.9 164 -1.6 —4.4 24.84 14.51 48 38 1.26
1309 Dol. 3583.7 20.5 876 —-0.9 3.7 20.72 13.25 148 29 5.1
1319 Dol. 3714.2 17.9 486 -1.0 -1.6 23.43 14.23 159 48 3.31
1326 Dol. 3781.8 15.8° 88 0.1 —-4.7 19.23 12.19 107 25 4.28
1330 Dol. 3830.5 1.9 5.6 28.16 16.09 31 28 1.11
1340 Dol. 3971.7 20.8 314 0.0 -3.2 22.8 13.61 167 302 0.55
1381 Dol. 3982.8 19.8 193 0.7 —4.7 30.24 16.11 173 46 3.76
1384 Dol. 3994.4 15.0 240 0.8 1.7 20.07 13.21 118 31 3.81
1386 Dol. 4001.3 24.6 350 0.5 —4.1 30.27 16.46 190 45 422
1391 Dol. 4010.7 23.4 278 0.9 -7.0 20.31 12.94 151 28 5.39
Wumishan Fm. 4011
1392 Dol. 4011.3 23.3 291 -0.5 -8.1 28.13 15.84 148 178 0.83
1396 Dol. 4017.4 1.0 —-8.7 29.09 16.01 67 31 2.16
1397 Dol. 4022.6 22.9 259 -0.3 -7.7 28.35 15.74 162 31 5.23
J401 Dol. 4339.3 0.4 -5.8 29.13 16.15 19 19 1
1413 Dol. 4800.7 0.2 —4.6 29.89 16.24 37 39 0.95
J418 Dol. 5056.4 1.0 —5.4 29.64 16.09 27 24 1.13
1423 Dol. 5206.9 0.0 —43 29.48 15.43 67 25 2.68
J427 Dol. 5310.2 18.5° 72 0.2 —-5.2 27.91 15.47 49 39 1.26
1430 Dol. 5375 1.2 -5.5 30.19 16.52 120 24 5
1437 Dol. 5605.2 —0.6 —-8.0 28.74 16.06 45 34 1.32
1438 Dol. 5634.7 0.6 5.2 22.38 12.87 169 22 7.68
J442 Dol. 5795.7 0.6 —4.7 28.48 16.02 30 41 0.73
1447 Dol. 6214.3 0.5 8.0 29.56 16.3 29 20 1.45
J451 Dol. 6359.6 0.4 -39 28.76 16.08 26 37 0.7
1457 Lms. 6649.6 —-0.3 —-8.0 53.23 0.4 10 79 0.13
1459 Dol. 6805.5 0.3 -84 24.35 13.38 10 25 0.4
J464 Dol. 7161.3 1.2 5.7 29.97 16.59 35 21 1.67
1465 Dol. 7228.7 19.8 194 2.1 —4.6 28.54 14.66 82 43 1.91
1476 Dol. 7282.5 24.8 268 23 —4.2 29.76 16.38 70 33 2.12
1475 Dol. 7297.5 22 -3.2 24.45 14.43 76 42 1.81
1472 Dol. 7323.3 0.6 -89 29.84 16.2 131 18 7.28
1471 Dol. 7331.9 1.1 -9.8 30.48 15.54 130 23 5.65
J466 Dol. 7346.7 1.4 5.5 28.61 14.46 154 27 5.7
Hongshuizhuang 7347

Fm.
1341 arg./Dol. 7347.7 1.3 —4.7 2491 13.39 230 29 7.93
1342 arg./Dol. 7351.1 29.6° 117 1.3 5.6 21.41 12.87 281 26 10.81
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1343
J344
1345
J351
J352
J357
J359
Tieling Fm.
17
18
J9
J10
J11
J12
J14
J18
J21
124
132
J39
J43
J46
J53
J54
J55
J56
Xiamaling Fm.
J60
J66
Jingeryu Fm.
J105
J103
J101
J100
J98
196
194
190
189
185
180
J76
175
J74
J73

arg./Dol.
arg./Dol.
arg./Dol.

arg./Lms.

arg./Dol.
arg./Dol.
arg./Dol.

Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Dol.
Lms.

dol./Lms.
dol./Lms.

Lms.
Lms.
Lms.
Dol.

dol./Lms.

arg./Lms.
arg./Lms.

Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.
Lms.

7353.5
7357.4
7359.4
7410.1
7414.3
7439.2
7441.4
7447.8
7448.2
7448.8
7451.9
7458.7
7460.9
7464

7476.1
7492.7
7507.7
7527.7
7592.7
7657.7
7682.7
7697.7
77577
7767.7
7778.17
7778.7
7779

7858.9
7945.2
8064.7
8064.7
8066.7
8070.7
8072.7
8077.2
8080.7
8084.7
8092.7
8094.7
8104.2
8116

8140.6
8144.9
8150.4
8152.4

20.0
15.1
10.3

29.4
27.4
29.2
31.5
33.8
32.3¢

24.8

32.4°
33.9

25.4¢
33.2°

24.6
323

323
33.8
26.0°

22.6°
18.3¢

246

63
155
120
717

223
152
180
228
185

61

122

109
216

110
68

225
321

370

201

175

50

455

98

0.3
1.1
-0.4
-7.2

-3.1

-2.1
—-1.7
1.6
—1.6
-1.7
24
-1.9
—0.8
1.0
0.2
0.5
0.6
0.4
—0.2
—0.4
—0.6
-1.2
—0.8

3.8
3.5
32
3.5
3.2
3.5
3.8
-0.9
2.1
0.5
0.5
0.2
0.0
0.5
—0.1

-7.3
—6.9
—5.2
—6.3

-5.8

—11.1
54
=50
—4.9
-52
-5.6
—4.9
—4.3
-7.3
—4.3
=75
-7.9
-9.0
-7.5
—5.6
-5.5
-53
—-54

—4.4
—4.7
—4.3
-5.0
-5.1
—4.1
-3.8
=71
=57
-7.4
-7.1
-8.3
-79
-7.9
-85

22.26
23.71
4.95
35.18
2391
0.42
6.81

18.54
22.8

23.94
20.01
25.81
25.29
26.94
27.67
27.53
26.74
39.36
41.1

32.21
50.85
46.92
49.63
40.45
41.08

41.24
44.67
46.62
45.29
46.89
46.14
48.86
31.01
42.82
36.91
37.44
18.03
24.74
14.8

25.73

13.09

12.99
3.85
1.5

11.05
0.38
0.84

11.08
12.73
12.73
12.23
13.95
13.53
14.39
14.49
14.5
13.73
0.82
8.59
12.95
0.56
1.67
0.99
2.87
4.41

0.87
0.61
0.58
0.67
0.68
0.76
0.58
0.83
0.61
1.18
0.59
2.06
1.73
2.51
1.26

238
303
155
8909
6367
1047
2122

5129
5533
8808
5316
2432
1926
1347
2453
2665
5745

124

290

822

131
1125
1366
1845
2502

1811
390
352
364
370
435
332
270
377
494
513
603
629
571
580

24
23
16
76
56

103
56
58
54
58
62
43
32
35
39
47
63
38
50

129
84
74
71

184
213
234
229
160
207
266
126
100
152
170
172
151

91
152

(continued on next page)

9.92
13.17
9.69
117.22
113.7
174.5
265.25

49.8

98.8
151.86
98.44
41.93
31.06
31.33
76.66
76.14
147.31
2.64

4.6
21.63
2.62
8.72
16.26
24.93
35.24

9.84
1.83
1.5

1.59
2.31
2.1

1.25
2.14
3.77
3.25
3.02
3.51
4.17
6.27
3.82
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Table 1 (continued)

MgO (%) Mn (ppm) Sr(ppm)  Mn/Sr (wt)

CaO (0 n)

5130 (%o),

VPDB
-10.7
-13.9

S13C (%o),

VPDB
-0.2
-1.0

-0.5

CaSO, (ppm)

534S (%o),
VCDT

Height® (m)

Lithology®

Sample

19.57
4.02
4.16

14
46
57

274

185

8.61
11.48
12.25

13.11

21.99

8159.2

Dol.

J72
J71

1412

29.9

8163.3
8164
8165
8167

Dol.
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237

19.49

-9.8

Dol.

J70

Fujunshan Fm.

J68

322 0.23

73

47.80 2.41

1.07

31.6

785

31.6

ms.

L

* Abbreviations: arg./Dol., argillaceous dolostone; dol., dolostone; chert/Dol., cherty dolostone; Lms., limestone; arg./Lms., argillaceous limestone; dol./Lms., dolomitic limestone.

® Measured thickness when sampling.
¢ Measured by using EA-MS.

isotopic variations in global seawater during that period of
geological history.

4.2. Isotope chemostratigraphy

We present fewer sulfur isotope data than carbon and
oxygen results, which are generally continuous in the Jixian
section (Figs. 5 and 6). In some formations, particularly the
Gaoyuzhuang and Wumishan, insufficient CAS was avail-
able for S isotope analysis. The concentration of seawater sul-
fate in the mid-Proterozoic may have been lower than that of
the later Neoproterozoic and Phanerozoic due to the lower
level of atmospheric oxygen (Canfield and Teske, 1996; Can-
field, 1998; Shen et al., 2003; Kah et al., 2004; Lyons et al.,
2004a, 2005; Gellatly and Lyons, 2005). Shen et al. (2003)
estimated that mid-Proterozoic seawater sulfate concentra-
tions were probably within the range of 0.5-2.4 mM, which
is about 2-10% of the present concentration of 28 mM. Sim-
ilarly, Kah et al. (2004) argued for sulfate concentrations of
roughly 5-15% of the modern value. General scarcity of sul-
fate in many of our samples is consistent with a low sulfate
mid-Proterozoic ocean. Also, meteoric diagenesis is known
to reduce CAS concentrations (Lyons et al., 2005). Further-
more, a data gap of about 10° years exists between the Xiam-
aling and Changlongshan formations in the lower
Qingbaikou Group because of the absence of carbonate
deposits in both formations; two 6**Scag data were obtained
from the Xiamaling Formation through sulfate extraction
from its calcareous shale.

4.2.1. Late Paleoproterozoic Changcheng Group

5*Scas values in the Changcheng Group are high from
+26.0%0 to +34.5%, but the 6'3Cearbonate data are mostly
negative, ranging from —4.9%0 to —2.6%o in the carbona-
ceous dolomite of Member III of the Chuanlinggou Forma-
tion. When the data with 6'%0 < — 10%0 and Mn/Sr > 10
are excluded, 6**Scas and 6> Cearbonate values range from
+30.3%0 to +31.6%0 and from —3.1%0 to —2.6%o, respec-
tively. In the overlying Tuanshanzi Formation, 5**Scas val-
ues vary from +5.8%o to +31.3%o, and the S13C values of
dolomite vary between —3.1%0 and —0.8%o for the least al-
tered samples. Carbon isotope compositions increase from
less than —3.0%o0 at the base of the unit to —0.8%0 and then
decrease to —1.8%o in the upper portions of the unit. A total
of 56 6"3Cearbonate values from the two formations are re-
ported (Table 1 and Fig. 5).

Six carbonate carbon isotope results for the Dahongyu
Formation of the upper Changcheng Group vary between
—3.3%0 and +1.4%o¢. The values are close to 0%0 near the
top of the Dahongyu Formation. Unfortunately, we were
not able to generate 5**Scas data for this formation due
to intensive silicification.

For the same time period (ca. 1700-1600 Ma), compara-
ble carbon isotope data were reported from the McArthur
and Mount Isa basins, Australia (Brasier and Lindsay,
1998; Lindsay and Brasier, 2000; Lindsay and Brasier,
2004). Lindsay and Brasier (2000) concluded that §'*C val-
ues from ca. 1700 to 1575 Ma carbonates vary within a very
narrow range around a mean of —0.6%o, with extreme val-
ues seldom lying further than 1%o from the mean. However,
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Fig. 5. Chemostratigraphy of 634scAs, 5"3Car, and 6'%0,,,, for carbonates from the Jixian carbonate successions: (a) the Changcheng
Group, (b) the Jixian Group, and (c) the Qingbaikou Group. Proterozoic stratigraphic successions and thickness are based on and Lu et al.
(1996). Solid and open symbols denote the least altered and altered samples, respectively (see text for discussion).

a ~2%o increase in 6'>C was observed at the ~1700 Ma base

In the Changcheng Group from ca. 1700 to 1600 Ma,
OBCrarbonate values are mostly negative and exhibit an
ascending trend from approximately —3%o to ~0%.. From

of the McArthur and McNamara groups (Lindsay and Bra-
sier, 2000).
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the base of Tuanshanzi Formation to the top of Gaoyuzhu-
ang Formation, 6'>C values fluctuate considerably around
0%o. The observed ~3%o increase in 8'°C is comparable to
the ~2%o decrease of Lindsay and Brasier (2000). The
5**Scas values decrease up section, and the sulfur isotope
data for the Chuanlinggou and Tuanshanzi formations clo-
sely match those from the ca. 1700 Ma Paradise Creek For-
mation of the McNamara Group, Australia (Lyons et al.,
2004a; Kah et al., 2004; Gellatly and Lyons, 2005), and
both 6**Scag data sets suggest that the 5°*S of seawater
for the late Paleoproterozoic may have exceeded 30%o
(Fig. 7a and b).

4.2.2. Mesoproterozoic Jixian Group

B3Crarbonate values for the Gaoyuzhuang dolomites in
the Jixian Group fall mainly in a range of —0.5 + 0.5%o,
with a few results higher than 0%. or lower than —1%e.
The carbon isotope data are very stable over the 1500 m
of the Gaoyuzhuang Formation. Such invariance is consis-
tent with previous data from the Jixian section (Xiao et al.,
1997) and the adjacent Ming Tombs section (Zhong and
Chen, 1992; Li et al., 2003b). The 8**Scas values reveal a
positive excursion, rising to +29.0%0 in the lower part of
the formation and then a decrease, dropping to +17.1%o.

Relative to the Gaoyuzhuang Formation, 8"3Carbonate
values from the Yangzhuang Formation show larger fluctu-
ations within the range of —1.6%0 to +1.9%., and 5**Scas
values fluctuate significantly in a range between approxi-
mately +10%o and +25%0. 0**Scas and 6> Cearbonate Varia-
tions are not completely synchronous within the
Yangzhuang carbonate succession (Fig. 6). The Yangzhu-
ang Formation (ca. 1400 Ma) shows 5>*Scas values similar
to those of the Newland and Helena formations of the ca.
1450 Ma Belt Supergroup, Montana, U.S.A., reported by
Lyons et al. (2004a), Kah et al. (2004), and Gellatly and
Lyons (2005) (Fig. 7c-e).

The thick Wumishan section yielded only limited
5%*Scas data, and most of the analyses are concentrated
near the top and bottom of the formation. As such, the
sulfur isotope curve remains poorly defined for this for-
mation, with 6**Scas values that vary around +20%.
(Figs. 5 and 6). O3Crarbonate Values fall mostly in a range
of +0.8 +1.5%0, which is comparable to the previous
Wumishan data from the Jixian and Ming Tombs sec-
tions (Zhao, 1995; Zhao et al., 1997; Xiao et al., 1997,
Li et al., 1999, 2003b).

Most samples from the Hongshuizhuang and Tieling
formations can be classified as altered based on their
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Fig. 6. Estimated evolution of 0**S for CAS and 6'°C and 8'80 for carbonates from the Jixian carbonate successions. See text for
stratigraphic ages. Dashed lines delineate uncertain intervals due to a lack of data. The trends for 6'*C and '%0 are based primarily on the
unaltered or least altered samples, but the 6°*S line for CAS includes altered samples because there is no significant difference between the

altered and least altered materials.
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5'%0 and Mn/Sr properties. In the Hongshuizhuang For-
mation, §°*Scas values decrease up section from +29.6%o
to +10.3%. in concert with 6'*Cearponate values that de-
crease from +1.3%o to —3.1%o. The range of 5>*Scag val-
ues for the Hongshuizhuang Formation is broad but still
comparable to data from the 1200 Ma Mescal Limestone
of the Apache Group, U.S.A., reported by Lyons et al.
(2004a), Kah et al. (2004), and Gellatly and Lyons
(2005) (Fig. 7f and g). In the stromatolitic limestone of
the upper member of the Tieling Formation, 8'°C values
are stable at ~0 = 1%o. 6"°Cearbonate Values, which are rel-
atively low in the Jixian Group, vary between —2.4%0 and
—1.6%0 in the lower member of the Tieling Formation. In
contrast, the 6>*Scas values are relatively high, with the
average exceeding +30%c. Approaching the top of the
Tieling Formation, 6°*Scas values vary from approxi-
mately +25%0 to +33%o, with 0" Cearbonate values that
range from roughly +1%o to —1%o. Similar 6'*C trends
in the Tieling Formation were reported by Wang and
Chen (1993).

Chuanlinggou and Tuanshanzi Formations (a)
(~1700Ma)

: ,-,-,,iiﬂunﬂ,

5 0 +5 +10 +15 +20 +25 +30 +35 +40 +45

Frequency
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]

Yangzhuang Formation (c)
(~1400 Ma)

5 0
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4.2.3. Early Neoproterozoic Qingbaikou Group

Limestone is only present in the upper part of the Qing-
baikou Group, specifically within the Jingeryu Formation
of the Jixian section. Positive 3"*Cearponate Values close to
+4%0 characterize the bottom of the formation and de-
crease progressively to ~—0.5%0 at the top of the unit,
which is consistent with the data of Li et al. (2000). 6**Scas
increases from +24.6%o at the bottom of section to ~+33%o
in the upper part and then decreases gradually to +18.3%0
in the Jingeryu Formation. Only near the Jingeryu and
Fujunshan boundary does 6>*Scag return to higher values
of ~+30%.. We obtained only two 5*Scas values,
+25.4%0 and +33.2%o, in the Xiamaling Formation of the
Qingbaikou Group; these are similar to data from the
upper Tieling Formation. Low carbonate contents pre-
vented us from extracting trace sulfate from additional
samples. There is a ca. 10® year hiatus in the ">Ceyrbonate
record, so it is not clear how the data trend between the
~—0.5%0 value at the top of the Tieling Formation to
~+4%o at the bottom of the Jingeryu Formation.

Paradise Creek Formation (b)
(~1700 Ma)
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Fig. 7. Sulfur isotope data for carbonate-associated sulfate (CAS): (a) Chuanlinggou and Tuanshanzi formations, Changcheng Group,
northern China; (b) Paradise Creek Formation, McNamara Group, Queensland, Australia (~1700 Ma); (¢) Yangzhuang Formation, Jixian
Group, northern China (~1400 Ma); (d) Newland Formation, Belt Supergroup, Montana, USA (~1400-1500 Ma); (e) Helena Formation,
Belt Supergroup, Montana, USA (~1400-1500 Ma); (f) Hongshuizhuang Formation, Jixian Group, northern Chen et al. (1980)China
(~1200 Ma); (g) Mescal Limestone, Apache Group, Arizona, USA (~1200 Ma); and (h) Society Cliffs Formation, Arctic, Canada
(~1200 Ma). Open symbols denote altered samples. The data in figures (b), (d), (e), (g), and (h) are from Kah et al. (2001, 2004) and Gellatly

and Lyons (2005).
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4.3. S and C isotope records of Proterozoic marine sulfates
and carbonates

Chemical marine sediments—sulfates and carbonates—
that precipitate in isotopic equilibrium with past ocean
waters have been used to trace the sulfur and carbon iso-
tope evolution of ancient seawater. For example, secular
variations in C and S isotope compositions are valuable
stratigraphic tools and biogeochemical indicators for the
late Neoproterozoic (ca. 850-543 Ma), permitting relatively
fine-scale global correlation (Kaufman and Knoll, 1995;
Brasier et al., 1996; Kaufman et al., 1997; Gorjan et al.,
2000; Walter et al., 2000; Strauss, 2002; Shields et al.,
2004). Pronounced fluctuations in the C and S isotope com-
position observed during this interval most likely record
similarly strong changes in climate, global C and S biogeo-
chemical cycling, and the atmospheric oxygen budget (Der-
ry et al., 1992; Knoll, 1992; Des Marais, 1994; Canfield and
Teske, 1996; Strauss, 1997; Hoffman et al., 1998; Hurtgen
et al., 2002; Strauss, 2002). In contrast to the late Neopro-
terozoic, earlier Proterozoic C and S isotope variations are
not well constrained.

The geological record contains abundant carbonates,
but occurrences of sulfate evaporite deposits are limited
in Precambrian strata (Strauss, 1993). Sulfur isotope data
for Precambrian marine sulfate minerals (principally gyp-
sum and anhydrite) have been presented in relatively few
publications as reviewed by Claypool et al. (1980), Holser
et al. (1988) Schidlowski (1989), Bottomley et al. (1992),
and Strauss (1993, 2002). More recently, data for the S
isotope evolution of Proterozoic marine sulfate spanning
ca. 1800-800 Ma (Fig. 8) are available in Strauss (1993,
2002), Shields and Veizer (2002), Kah et al. (2001,
2004), Gellatly and Lyons (2005), and this study, among
others. This later work relies heavily on CAS as a
seawater proxy.

In addition to the above-mentioned McNamara Group
(Fig. 7b), data from the McArthur Group, Australia, in
which major sulfate evaporite deposits have been reported
(Walter and Veevers, 1997), are comparable to the Chang-
cheng Group. The age of the Barney Creek Formation in
the McArthur Group lies between 1638+ 7 and
1642 + 6 Ma (Page and Sweet, 1998). 5>*S values for barite
with gypsum pseudomorphs from the McArthur Group
range from +19%o0 to +32%o., with an average of +26.3%o
(Walker et al., 1983; Strauss, 1993), while the 5°*S values
for sulfides are mostly positive with a minimum value at
—7.4%0 and a maximum of +33.1%¢ (Strauss, 2002). Re-
cently, Kah et al. (2004) and Gellatly and Lyons (2005) re-
ported many data for 6**Scas from the McNamara Group
that exceed +30%c¢ to +35%c (Fig. 7b). Similarly high
5**Scas values were obtained from the lower Chuanlinggou
Formation, extending to the Tuanshanzi Formation in the
Jixian carbonate succession. Similarities among data from
the Changcheng, McNamara, and McArthur groups imply
that the 6°*S of seawater attained values exceeding +30%o
during the late Paleoproterozoic at ca. 1600-1700 Ma.
However, 5°*S values lower than +15%. have also been ob-
served in this interval (Figs. 7a, b and 8). Short-term vari-
ability in the sulfur cycle can be driven by reoxidation of

bacterially derived H,S and pyrite during oceanic mixing
and by rapid pyrite burial under widespread euxinic condi-
tions (Canfield, 1998; Newton et al., 2004; Bottrell and
Newton, 2006). The superposition of short-term variability
(e.g., this study, Kah et al., 2004; Gellatly and Lyons, 2005)
on the first order curve results in the complexity seen in
Fig. 7. Such variability is consistent with generally low sul-
fate concentrations in the Proterozoic ocean.

The later Mesoproterozoic (ca. 1300-1100 Ma) and the
earlier Neoproterozoic (ca. 1000-800 Ma) are two other
time intervals for which high 6**S values are observed
(Fig. 8). For the lower Tieling Formation at ca. 1100 Ma,
5**Scas values of +30%. are considered to reflect contem-
poraneous seawater, even though the carbonates experi-
enced possible hydrothermal metasomatism as indicated
by the exceptionally high Mn concentrations. Consistent
with this interpretation, the high 6**S values for evaporites
and CAS from the Society Cliffs Formation, Canada (Kah
et al., 2001; Strauss, 2002; Kah et al., 2004; Lyons et al.,
2004a) (Fig. 7h), and the Grenville Series, USA (Strauss,
1993), are similar to the 5**Scas values of the Tieling For-
mation. Estimates for the ages of marine CaSQO,4 evaporites
are ca. 1200 Ma for the Society Cliffs Formation (Kah
et al., 2001; and references therein) and ca. 1100 Ma for
the Grenville Series (Strauss, 1993). From top of the Tieling
Formation to the lower Jingeryu Formation (Table 1), most
5**Scas values exceed +30%o. These results imply that Neo-
proterozoic seawater at ca. 1000-800 Ma had high 6°*S val-
ues (Fig. 8).

Relatively low 5%*S values, a maximum of ~25%o,
occurred during the Yangzhuang stage at ca. 1400 Ma
(Fig. 8). Similar 6**S values have been reported for CAS
from the Newland Formation of the Belt Supergroup (Lyons
et al., 2004a; Gellatly and Lyons, 2005) at ca. 1450 Ma. Both
84S data sets vary by ~15%o (Fig. 7c and d).

In contrast to the 6**S values, 0'*Cearponae data from
the Jixian section are relatively stable and vary within a
range of around 0 £ 5%0 when only the least altered sam-
ples are considered (Fig. 9). Based on this 6'*C behavior,
the interval between ca. 1700 and 800 Ma can be consid-
ered isotopically ‘“quiet” relative to the two glacial
periods of the early Paleoproterozoic and late Neopro-
terozoic (Fig. 1). However, marine carbonate samples
from the Jixian section still suggest appreciable variation
in the 6"C of Proterozoic seawater, generally corre-
sponding to the trends observed for §°*S. For example,
from the late Paleoproterozoic to the early Mesoprotero-
zoic, §**Scas decreased from ~+34%o to ~+16%o, while
813C values increased from ~—3%¢ to ~0%.. During the
Mesoproterozoic at ca. 1400 Ma, 6°*S values fluctuated
over a 10%o range, with >3%c variation in S13C within
~700 m thickness of the Yangzhuang Formation. In
addition, 6" Cearbonate increases of >2%. and decreases
of >4%o are observed in two intervals—ca. 1300—
1200 Ma and ca. 900-800 Ma, respectively. These excur-
sions correspond with the two periods of high 6**Scas
exceeding +30%o (Figs. 5, 6, 8 and 9). These new data
challenge previous assertions of C and S isotope stability
throughout the Mesoproterozoic (also Frank et al., 1997,
2003; Bartley and Kah, 2004).
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Gellatly and Lyons (2005). Solid and open black circles denote the least altered and altered samples, respectively, from the Jixian section, and
the age for the each sample is obtained by interpolation based on the stratigraphical thickness and ages listed in Fig. 6. The two dashed lines
define the possible range of seawater 6°*S values from 1800 Ma to 800 Ma.

Unlike the Phanerozoic (Berner, 2001), and despite
some general correspondence in the 5**Scas and 6Ceubonate
records, sulfur isotope perturbations in the global sulfate
reservoir appear to be decoupled from carbon isotope
variation in marine carbonates during the Proterozoic
Era (Fig. 10). Such isotopic decoupling, however, does
not preclude coupled C-S redox cycling during the Pro-
terozoic. Based on model results suggesting that the
Mesoproterozoic sulfate reservoir was only about 5—
15% the size of the modern ocean reservoir, Kah
et al. (2004), Lyons et al. (2004a), and Gellatly and
Lyons (2005) inferred that relatively rapid variations in
5**Squiate Were likely driven by the short-term relation-
ships among weathering inputs, ocean ridge-related
hydrothermal activity, and the extent of sulfate reduc-
tion and associated pyrite burial—all of which had en-
hanced isotopic  expressions under the lower
concentrations (and thus shorter residence time) of sul-
fate. Conversely, high dissolved inorganic carbon (DIC)
contents in the Proterozoic ocean, as evidenced by in-
ferred high levels of calcium carbon saturation, likely
suppressed the isotopic variability in the oceanic carbon
reservoir. In the Neoproterozoic to earliest Paleozoic,
the size of the marine sulfate reservoir increased as re-
lated to increased ocean-atmosphere oxygenation, includ-
ing the deep ocean, along with a decrease in the DIC
content linked to metazoan skeletization—although sul-
fate concentrations remained well below those that typi-
fied younger strata (Canfield, 2004; Gill et al., 2007).
The balance of these processes, as modulated through
feedback processes, led to the coupling of the C and S
isotope systems that generally characterizes the Phanero-
zoic (e.g., Kurtz et al.,, 2003; Bartley and Kah, 2004;
Canfield, 2004; Fike et al., 2000).

4.4. Implication for global events

Earlier published data indicate that Mesoproterozoic
seawater sulfate possessed relatively low, uniform 6**S val-
ues around +15%0 to +20%. (Bottomley et al., 1992;
Strauss, 1993), and carbonate 813C values fell in a narrow
range of about +1%o to +2%o (Buick et al., 1995; Knoll
et al., 1995). The isotopic stability suggested by Buick
et al. (1995) based on published C and S data might be
attributed to severe nutrient limitations on primary produc-
tivity. Such limitations could have been a driving force
creating photosymbiotic associations in eukaryotic cells
(Brasier and Lindsay, 1998). Despite these earlier interpre-
tations, however, the growing geological and biogeochemi-
cal evidence suggests that the Mesoproterozoic may have
been a time of significant change in the global carbon and
sulfur cycles, the biogeochemical cycles of redox sensitive
elements, and evolutionary diversification in both prokary-
otic and eukaryotic communities (Kah and Bartley, 2001).
In fact, multicellular algae were discovered in the lower-
most Changzhougou Formation of Paleoproterozoic
Changcheng Group (ca. 1800 Ma) (Zhu et al., 2000). Glo-
bal tectonic events—specifically the breakup of Columbia,
a pre-Rodinia supercontinent, and subsequent assembly
of the Rodinia supercontinent (Condie, 1998; Yale and
Carpenter, 1998; Rogers and Santosh, 2002; Zhao et al.,
2002, 2004)—could be linked to those major biogeochemi-
cal transitions and thus would have influenced the cycles
for carbon and sulfur (Kah and Bartley, 2001; Luepke
and Lyons, 2001; Lindsay and Brasier, 2002). Global tec-
tonic events can imprint the 6'*C and 6**S records in sedi-
mentary rocks, particularly shifts in 534S e at times of
reduced sulfate concentrations (Kah et al., 2004; Lyons
et al., 2004a). Global tectonic events that may have driven
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carbon and sulfur isotope variations in Proterozoic seawa-
ter are shown here (Fig. 11).

In the fourth subformation of Wumishan Formation in
Jixian section, a >2%o rise in 6'*C (Figs. 5 and 6) might cor-
relate with ~3-4%o positive shifts in ca. 1250-1300 Ma car-
bonate successions from Siberia, Russia, and the Dismal
Lakes Group, Canada (Bartley et al., 2001; Frank et al.,
2003; Bartley and Kah, 2004). Beginning in the late Meso-
proterozoic at some time between 1300 and 1200 Ma, the
carbon isotope record gradually became more variable,
with a trend that oscillated from around —1%o to as much
as +4%o (Knoll et al., 1995). Variability gradually increased
until by 800 Ma, in the late Neoproterozoic, when the curve
achieved exceptionally high values of up to +11%c—similar
to those seen during the glacial episodes in the early Paleo-
proterozoic (Fig. 1). In addition to their relationships to
Neoproterozoic glaciation, these isotopic developments ap-
pear to occur in parallel with the assembly and early break-
up of Rodinia (Lindsay and Brasier, 2004).

Frequently rapid shifts in 5**Squlfute Of more than 10%o
occurred at ca. 13001100 Ma (Fig. 8). The large excursions
within the interval from the top of the Wumishan Forma-
tion to lower part of the Tieling Formation in the Jixian
section, China, and in the Society Cliffs Formation and
the Dismal Lakes Group, Canada (Kah et al.,, 2001,
2004), are examples of this variability. These isotopic shifts
seem to be associated generally with stepwise assembly of
Rodinia (Fig. 11e). Equally rapid isotopic variation is un-
known from late Paleozoic and younger successions but is
recorded in sulfate data from several Proterozoic succes-
sions, suggesting that the oceanic sulfate reservoir was small
and much more sensitive to the flux imbalance that drove
rapid sulfur isotope variations during the Proterozoic and
early Paleozoic (Kah et al., 2004; Gill et al., 2007). During

periods of supercontinental assembly, intracontinental sea-
ways are well developed, bacterial sulfate reduction intensi-
fies, and oceanic sulfate concentration decreases due to an
increased input of nutrients to the oceans and thus greater
organic carbon production. Secular variations in the sulfur
isotope composition of seawater sulfate are typically attrib-
uted to changes in the burial ratio of reduced versus oxi-
dized forms of sulfur. Positive excursions in 6°*S
represent the preferential removal of *2S from the oceans
via an increase in the fraction of total sulfur buried as pyrite
(Berner and Raiswell, 1983). A period of mountain building
can also result in increased pyrite and organic carbon burial
due to high siliciclastic accumulation rates, causing an
in-phase rise in the 6°*S and 6'*C of contemporaneous
seawater analogous to that beginning with the fourth sub-
formation of the Wumishan Formation.

During a period of rifting, shown in Fig. 11b, high rates
of organic carbon burial along an increasing length of
continental margin can result in a significant rise in the
3"3Cearbonate Value, such as that spanning the Chuanlinggou
and Tuanshanzi formations of the Changcheng Group. A
rise in the 0'3C of carbonates is clearly recorded in strati-
graphic units spanning the late Paleoproterozoic to Paleo-
Mesoproterozoic boundary (ca. 1700-1600 Ma) (Figs. 5, 6
and 9). Des Marais (2001) suggested that carbon isotope
compositions were relatively stable in marine carbonates
from ca. 1800 to 1000 Ma. However, a significant rise is
also seen in the data of Xiao et al. (1997) and Li et al.
(2003b). The collision of two old continental blocks resulted
in final assembly of the Columbia supercontinent at ca.
1850 Ma (Fig. 11a), which formed the crystalline basement
of the North China Craton (Zhao et al., 2002, 2004), fol-
lowed by strong mountain building in the central zone
(Guo et al., 2001; Zhao et al., 2003). The eastern part of
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Fig. 10. Crossplot of 6**S versus 6'*C. Squares, circles, and diamonds represent Changcheng, Jixian, and Qingbaikou groups, respectively,
and open and solid symbols denote the altered and least altered samples, respectively.

North China Craton experienced a tectonic transformation
from compression to extension, reflecting a global rifting
stage (Fig. 11b), and an intracontinental basin centered in
Jixian region began to form around 1750 Ma. Potassium-
rich volcanic rocks in the Tuanshanzi and Dahongyu for-
mations indicate that dramatic extension persisted in this
region to the end of the Paleoproterozoic (Fig 11b and c).
The North China Craton, comparative to the contempora-
neous Svecofennide and North American cratons, was con-
sidered to experience the same global event of continental
breakup (Zhai et al., 2000). This event corresponds with
the onset of breakup of the Columbia supercontinent (Zhao
et al., 2002, 2004), as shown in Fig. 11b. In the Jixian sec-
tion, the persistent rise and subsequent fluctuation in dolo-
mite 6'°C that spans the Chuanlinggou and Dahongyu
formations may be a response to the breakup of Columbia.
A 6"3C excursion and fluctuations similar to those of the
Jixian section have been reported from the ca. 1700-
1500 Ma carbonate successions in the Mount Isa and
McArthur basins, Australia (Brasier and Lindsay, 1998).
The global-scale breakup of Columbia in the Mesopro-
terozoic (Zhao et al., 2002, 2004) should also be reflected
in the sulfur isotope compositions of contemporaneous sea-
water. In fact, the evaporites from the McArthur Group,
Australia, and CAS from the McNamara Group, Australia,
and the Changcheng Group, China, all record high 5*s
values of over +30%o. (Figs. 7a, b and 8, and the references
associated with these figures). The **S enrichments imply
enhanced rates of bacterial sulfate reduction and burial of
biogenic pyrite during the global continental breakup
(i.e., development of rift basins) starting at ca. 1800 Ma,
even though atmospheric oxygen levels during the Paleo-
and Mesoproterozoic were significantly lower than those
of the late Neoproterozoic, and sulfur isotope fractionation

between sulfate and biogenic sulfide may only have been
about 25-30%o (Canfield and Teske, 1996; Canfield, 1998;
Johnston et al., 2005; Fike et al., 2006). However, the
84S of seawater would decrease gradually as intracontinen-
tal basins opened and juvenile oceanic crust formed; associ-
ated hydrothermal activity and alteration of ocean crust
would release considerable amounts of mantle-derived sul-
fur into the oceans.

The global oceans and continents entered a relatively
equable period during the Mesoproterozoic. This period is
depicted in Fig. 11c. Fluctuations in 6>*S and '°C at ca.
1450-1400 Ma (Figs. 7c—e, 8 and 9), recorded in the carbon-
ate successions of the Yangzhuang Formation, China, and
the Belt Supergroup, U.S.A. (Frank et al., 2003; Lyons
et al., 2004a; Kah et al., 2004; Gellatly and Lyons, 2005),
may be related to large-scale magmatic activity at the end
of breakup of the Columbia supercontinent (Zhao et al.,
2002, 2004), as shown in Fig. 11d. During the period of
supercontinental transition, subduction was initiated, and
island-arcs and back-arc basins were produced. Subduction
of biogenic carbon reservoirs into the mantle and lower
crust preferentially removed lighter carbon from the bio-
sphere, leaving the global ocean enriched in heavy carbon
and the atmosphere richer in oxygen, which would promote
a positive shift in 8"3Carbonate (Lindsay and Brasier, 2002).
Similarly, a positive shift in §°*S for sulfate could happen
through enhanced removal of biogenic pyrite enriched in
3S from the oceanic reservoir because of possible wide-
spread euxinic and suboxic conditions in the Proterozoic
(Canfield, 1998, 2004; Arnold et al., 2004). Also, in is-
land-arc settings, episodic volcanic activity would expel
large amounts of gas derived from subducted materials
and degassing of mantle. Through these processes, consid-
erable amounts of isotopically light sulfur and carbon,
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Fig. 11. Hypothetical tectonic evolution recorded in the geochemical data: (a) supercontinent formation, (b) onset of rifting during
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mostly the previously buried and subducted pyrite and or-
ganic carbon, would be reintroduced to the global atmo-
sphere-oceanic system. These factors probably caused
fluctuations in 6°*S and 6'3C during periods of tectonic
transition.

5. SUMMARY AND CONCLUSIONS

The Proterozoic carbonate-dominated Jixian succession
appears to record secular variations in 6°*S and §'°C of sea-
water from ca. 1700 Ma to ca. 800 Ma. 4'*C values are
mostly negative in the range of 0%c¢ to —3%c for the late
Paleoproterozoic at ca. 1700-1600 Ma and remain stable
at ~0 + 1%o through most of the Mesoproterozoic. Positive
values of +2 + 2%o characterize the early Neoproterozoic at
ca. 900-800 Ma. In contrast to the §'°C data, secular vari-
ations in 8>*S of seawater are dramatic, with high values
exceeding +30%o in the early Neoproterozoic. 5°*S values
are mostly greater than +25%o, and only a few are less than
+15%0 in the late Paleoproterozoic. In the early Mesoprote-
rozoic, the 6**S values are relatively low and vary mostly
within a range of about +5%. to +25%.. However, the
5%*S returns to high values of more than +30%. with large
fluctuations in the late Mesoproterozoic.

During the late Paleoproterozoic from ca. 1700 to
1600 Ma, the remarkable 10%o. decrease in 5°*S and ~3%o
increase in 6'*C for seawater are likely related to the break-
up of the Columbia supercontinent. At the beginning of
supercontinent breakup, enhanced rates of organic carbon

and pyrite burial, which would reflect high extents of bacte-
rial sulfate reduction in the sediments and possibly the Pro-
terozoic water column and increased siliciclastic iron
delivery, may have resulted in higher 5>*S and §'3C values
for Paleoproterozoic seawater. High accumulation rates
would also increase the burial efficiencies of organic carbon
and pyrite, and 3*S enrichments would be exacerbated by
lower concentrations of sulfate in the Proterozoic ocean;
however, with alteration of juvenile oceanic crust during
the extension of intracontinental basins, seawater may have
returned to the previous low §°*S values through inputs of
mantle-derived sulfur.

For the 5**S and 6'°C of seawater, significant fluctua-
tions at ca. 1450-1400 Ma, in contrast to earlier claims of
Mesoproterozoic isotopic stability, may reflect the end of
Columbia breakup. During this stage, subduction and
large-scale magmatic activity were initiated in island-arc
areas. Organic carbon and pyrite would be removed from
oceans and enter the mantle and lower crust by subduction
and thus would result in increases in both the 5**S and §'*C
of contemporaneous seawater. At the same time, a consid-
erable amount of sulfur and carbon delivered to the lower
crust and mantle would be expelled by episodic volcanic
activity. As a result, the 6*S and 0'>C values of seawater
at ca. 1450-1400 Ma fluctuated dramatically.

From the late Mesoproterozoic (ca. 1300-1100 Ma) to
the early Neoproterozoic (ca. 800 Ma), representing the
assembly and early breakup of Rodinia, global seawater
is characterized by high values and large fluctuations of
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5°*S and 6"°C at ca. 1300-1100 Ma and 1000-900 Ma. Sev-
eral factors, such as increasing weathering and nutrient in-
put, enhanced primary productivity and bacterial sulfate
reduction, and high siliciclastic burial rates, promoted in-
creases in 6°*S and 6'*C values during this period. Clearly,
changes in paleoceanographic conditions linked to global
tectonic reorganization influenced C and S biogeochemical
cycles, driving variation in the C and S isotope composi-
tions of contemporaneous seawater on a variety of time-
scales. As we are now seeing in complementary studies of
the early Paleozoic, we expect that short-term, likely global
84S variations will be superimposed on a longer, first-order
trend, defined in part by our data. These nested cycles will
track the hierarchical pathways of coupled C-S cycling in
the ocean and time varying reservoir sensitivity to changing
fluxes, as dictated by sulfate concentration.
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