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Abstract

To improve our understanding of ocean chemistry and biogeochemical cycling following the termination of large-scale
Paleoproterozoic iron formation (IF) deposition (�1.85 billion years ago [Ga]), we conducted a Fe–S–C–Mo geochemical
study of the �1.65 Ga Chuanlinggou Formation, Yanshan Basin, North China. Despite the cessation of IF deposition,
our results suggest the presence of anoxic but non-euxinic (ferruginous) conditions persisted below the surface mixed layer
for the deepest portion of the continental rifting basin and that this pattern is apparently independent of the local organic
carbon content. However, our paired S-isotope data of carbonate-associated sulfate and pyrite suggest presence of sulfate
in pore fluids, which is not consistent with insufficient sulfate for bacterial sulfate reduction in the water column. Despite evi-
dence for deposition under anoxic conditions, sedimentary molybdenum (Mo) concentrations are mostly not enriched relative
to average continental crust. This relationship is consistent with the notion that sulfide-dominated conditions in the water
column and/or the sediments are required for Mo enrichment and validates past assertions that Mo enrichment patterns
in ancient shales track both the local presence and global distribution of euxinia specifically. In addition, we identified exten-
sive diagenetic carbonate precipitation in the upper Chuanlinggou Formation with only moderately negative d13C values
(�3.4 ± 1.4&). We propose, with support from a numerical model, that these diagenetic carbon isotope values were most
likely derived from precipitation of carbonates dominantly in the methanic zone within the sediments. Diagenetic carbonate
precipitation in the methanic zone is likely to have been more extensive in the Proterozoic than the Phanerozoic due to
porewater oxidant limitation.
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1. INTRODUCTION

The last episode of major, economic iron formation (IF)
deposition occurred around 1.85 Ga. Traditionally, this
transition in the sedimentary record was linked to a shift
from an anoxic and Fe-rich (ferruginous) ocean to one with
mildly oxic deep waters (Holland, 2006; Slack et al., 2007,
2009). However, because H2S can also titrate dissolved
Fe2+ in anoxic marine environments to form pyrite, the glo-
bal development of euxinic conditions in the deep ocean has
been suggested as being responsible for the disappearance
of large IFs at �1.85 Ga (Wilde, 1987; Canfield, 1998;
Poulton et al., 2004). Indeed, multiple lines of evidence
point to widespread euxinia in the mid-Proterozoic ocean
(e.g., Shen et al., 2003; Brocks et al., 2005; Scott et al.,
2008). Following from this model, delayed eukaryotic
expansion and diversification in mid-Proterozoic oceans
has been attributed to the limited availability of bioessential
and redox-sensitive metals (e.g., Fe, Mo, Cu, Zn, Cd) that
could be readily removed from sulfidic waters (e.g.,
Anbar and Knoll, 2002; Scott et al., 2008; Reinhard
et al., 2013).

Rather than global-scale deep euxinia, recent studies
have proposed that Proterozoic ocean waters below the sur-
face mixed layer remained largely ferruginous (Canfield
et al., 2008; Li et al., 2010; Poulton et al., 2010; Poulton
and Canfield, 2011; Planavsky et al., 2011; Reinhard
et al., 2013), although oxic deep waters may have prevailed
in some oligotrophic basins (e.g., Sperling et al., 2014). Fur-
ther, there is evidence that productive ocean margin settings
were commonly characterized by mid-depth euxinia with
surface, at least weakly oxic waters and deeper ferruginous
waters (Li et al., 2010, 2012; Poulton et al., 2010; Poulton
and Canfield, 2011; reviewed in Lyons et al., 2012, 2014).
Euxinia in the Proterozoic oceans spatially limited to inter-
mediate depths, dominantly on ocean margins, may still
have been sufficient to terminate the deposition of the large
IF at �1.85 Ga (e.g., Poulton et al., 2010; Kendall et al.,
2011). Alternatively, the end of major IF deposition may
have been linked to changes in hydrothermal fluid Fe-to-
sulfide ratios (e.g., Kump and Seyfried, 2005; Planavsky
et al., 2011) and the overall fluxes of those fluids to the
ocean (Isley and Abbott, 1999; Bekker et al., 2010). More
generally, expanding euxinia on the continental margin
may have been a factor leading to the patchy temporal
record of early metazoan fossils (and inferred diversifica-
tion rates) in the late Neoproterozoic (e.g., Li et al., 2010)
and the early Cambrian (Feng et al., 2014; Jin et al.,
2014), as well as to the mass extinctions at the end-Ordovi-
cian (Hammarlund et al., 2012) and end-Permian (e.g.,
Algeo et al., 2011), among others, suggesting a close rela-
tionship between the spatial patterns of marine euxinia
and ecosystem stability through Earth history.

In order to investigate Proterozoic ocean chemistry dur-
ing a key transitional period—the late Paleoproterozoic—
and specifically to probe the nature of ocean redox struc-
ture, we conducted a Fe–S–C–Mo biogeochemical study
of the �1.65 Ga Chuanlinggou Formation in the late Paleo-
proterozoic semi-restricted continental rifting Yanshan
Basin, North China. In this study, we aim to address two
themes: (1) reconstructing seawater chemistry in a continen-
tal rift basin and (2) the overarching factors that controlled
seawater chemistry in the basin and in turn the broader
implications for global ocean chemistry during the mid-
Proterozoic.

2. GEOLOGIC BACKGROUND

2.1. Tectonics, stratigraphy, and paleogeography

The Yanshan Basin was a continental rift setting that
developed within the northern margin of the North China
Block (Fig. 1A) between �1.8 and 1.6 Ga. This continental
rifting was possibly linked to the early partial breakup of
the supercontinent Columbia (also known as Nuna) in the
mid-Proterozoic from 1.6 to 1.2 Ga (Kusky and Li, 2003;
Meng et al., 2011; Zhang et al., 2012, and references
therein). The Changcheng Group is the earliest strati-
graphic unit in the basin and consists of the Changzhougou,
Chuanlinggou, Tuanshanzi, and Dahongyu formations
(Fig. 1B). The Changcheng Group is distributed mainly in
relatively narrow fault-bounded zones of apparent graben
and half-graben geometries (Fig. 1A; Yan and Liu, 1998;
Qiao and Gao, 2007).

In the depocenter area at Jixian, the basic geology of the
Proterozoic succession, including the Changcheng Group,
has been studied systematically (e.g., Chen et al., 1980).
The Changzhougou Formation, which unconformably
overlies an Archean metamorphic complex, was dominated
by fluvial coarse sandstones and conglomerates in its lower
portion and by littoral-intertidal siltstones and sandstones
in its upper portion. Inferences of a predominantly flu-
vial-littoral-intertidal depositional environment are sup-
ported by abundant wave- and current-generated
sedimentary structures, such as ripples, swash marks, and
cross bedding in the formation (Fig. 1B). The lower Chuan-
linggou Formation consists mainly of silty illitic shales with
interbedded siltstones/sandstones and is characterized by
sedimentary structures, such as cross bedding, indicative
of a shallow marine environment. The middle Chuanling-
gou Formation is mainly composed of black illitic shales
with clear planar bedding, suggesting a subtidal low-energy
environment during deposition. The upper Chuanlinggou
Formation consists mainly of calcareous black shales that
are intercalated with early- to mid-stage diagenetic carbon-
ate beds, nodules, lenses and laminae (Fig. 2). The diage-
netic carbonate laminae, lenses and nodules are typically
bedding-parallel with a wide range of lengths from a less
than centimeters to almost 50 cm. Diagenetic beds/lami-
nae/lenses/nodules can be characterized by gradual and
irregular, wavy boundaries—similar to those commonly
observed in Phanerozoic successions that have received
extensive study (e.g., Miocene Monterey Formation, Loyd
et al., 2012). Some small carbonate veins penetrate the
black shale layers with wrinkles and are often terminated
by bedding-parallel carbonate beds or laminae (Fig. 2D);
these features are similar to those sand veins and microbial-
ly induced sedimentary structures (MISS) previously found
in the middle Chuanlinggou Formation (Shi et al., 2008),
thus well consistent with their diagenetic origins. Some silty



Fig. 1. Geological background for the 1.65 Ga Chuanlinggou Formation. (A) Tectonic and paleogeographic context for the Yanshan Basin
during the deposition of the Chuanlinggou Formation (after Qiao and Gao, 2007, and Yan and Liu, 1998). YSTF: Yellow Sea Transform
Fault. Arrows represent invasion of open ocean water into the basin from an N and NE direction during the marine transgression as recorded
in the middle Chuanlinggou Formation. (B) Generalized stratigraphic column with detailed sedimentary structures of the Changcheng System
at the Jixian section (after Chen et al., 1980 and Chu et al., 2007). Age data sources: Lu and Li (1991), Wan et al. (2003), Gao et al. (2008,
2009), Li et al. (2011). Formations: TSZ (Tuanshanzi); DHY (Dahongyu). CLG1, CLG2, CLG4 and CLG5 are the outcrop subsections at the
Jixian section.

Fig. 2. Diagenetic carbonate beds, nodules, lenses and laminae within the calcareous black shale facies of the upper Chuanlinggou Formation
at the Jixian section. (A) A view of the upper subsection CLG5 showing carbonate beds. (B and C) Typical carbonate nodules, lenses and
laminae within the calcareous black shales. The red bar in B and the red marker pen in C are 5 cm and �15 cm, respectively, for scale. (D) A
close look of the diagenetic carbonates in the dashed yellow frame in C showing perpendicular-to-high angle veins (to bedding layers) with
wrinkles and wavy boundaries. The coin in D is 2.5 cm in diameter for scale.
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beds and lenses with relatively high-energy sedimentary
structures have been found locally in the middle-to-upper
Chuanlinggou Formation (Fig. 1), suggesting shoaling dur-
ing deposition. Therefore, the middle-to-upper Chuanling-
gou Formation was most likely deposited in a
predominantly subtidal environment with episodic shoaling
into an intertidal environment.

The overlying Tuanshanzi Formation is dominantly
composed of muddy dolostones in the lower portion and
stromatolitic dolostones in the upper portion, which are
locally intercalated with siltstone or silty shale beds; abun-
dant sedimentary structures such as mud cracks and cross
bedding were found in the formation, indicating an inter-
tidal to supratidal/lagoonal environment (Fig. 1B). Thus,
the Changcheng Group is typically interpreted as recording
a transgressive–regressive cycle in its first three formations,
with peak transgression coincident with deposition of the
black shales of the Chuanlinggou Formation (Yan and
Liu, 1998).

The Chuanlinggou Formation shows a basin-scale water
depth gradient running from north to south with deep-
water facies deposited in the south along a narrow belt
bounded by two sets of NE- to SW-trending rift faults (Bei-
jing–Lingyuan and Luanxian–Jianchang in Fig. 1A). Dur-
ing the transgressive phase of deposition for the
Chuanlinggou Formation, open ocean waters likely flowed
into the basin from the north (Qiao, 2002), the northeast
(Yan and Liu, 1998), or both, and a water-depth gradient
developed from the north to the rift zone (Fig. 1A). Such
a depth gradient has been clearly identified in the transi-
tional Xinglong area (Xu et al., 2002). Therefore, the Yan-
shan Basin was generally a semi-restricted rift basin during
deposition of the Chuanlinggou Formation, with maximum
connection to the open ocean at the time of the peak
transgression.

Our samples were collected from the Chuanlinggou For-
mation in the depocenter area at Jixian from four outcrop
subsections (CLG1, CLG2, CLG4, and CLG5 in
Fig. 1B). These comprise the middle to upper Chuanlinggou
Formation in a section with a general lithologic transition
from silty black shales to calcareous black shales
(Fig. 1B). The calcareous black shales without any evidence
for high-energy depositional conditions (CLG-5) are inter-
preted as the deepest facies. These subtidal black shales rep-
resent water depths beneath storm wave base from the
deepest portion of the Yanshan basin—but are certainly
not considered ‘deep’ in an open ocean sense.

2.2. Chronology

Zircon U–Pb ages of 1625 ± 6 million years (Ma) (Lu
and Li, 1991) and 1625.9 ± 8.9 Ma (Gao et al., 2008) from
the Dahongyu volcanic rocks in the Jixian area and the
youngest U–Pb age of 1805 ± 25 Ma from the Changzhou-
gou detrital zircons in the Beijing area (Wan et al., 2003)
place the age of the Changcheng Group in the range of
ca. 1.8–1.6 Ga. Recently, the age model for deposition of
sedimentary strata within the Changcheng Group was
revised to 1.7–1.6 Ga to be consistent with new U–Pb vol-
canic ages of 1673 ± 10 Ma for a granite-porphyry dike
(Li et al., 2011) and 1731 ± 4 Ma for a mafic dike (Peng
et al., 2012). These dikes were emplaced into the Archean
metamorphic basement but were unconformably overlain
by the Changzhougou Formation in Beijing area. These
radiometric age constraints for the Changcheng Group
(shown in Fig. 1B), including the new SHRIMP zircon
age of 1638 ± 14 Ma for the diabase in the Chuanlinggou
Formation reported by Gao et al. (2009), suggest that the
Chuanlinggou Formation was most likely deposited around
�1.65 Ga—and thus well after the cessation of large-scale
IF deposition at �1.85 Ga.

3. SAMPLES AND METHODS

A total of 55 sedimentary rock samples were analyzed in
this study. For 27 out of the 55 samples, iron speciation
data were reported previously by Planavsky et al. (2011)
as part of a sample compilation but without the detailed
geological and geochemical context that we provide here.
All outcrop samples were collected in August 2009. Large
blocks (>200 g) of the freshest exposures were targeted
for sampling, and any surfaces that might have been weath-
ered were trimmed prior to powdering. During rock pow-
dering, we did not observe obvious visible pyrite nodules
or bands in our samples, nor were the samples significantly
rust stained. Details for the analytical methods are similar
to those reported previously in Li et al. (2010, 2012). A con-
cise summary of the Fe, Mo, and S geochemical methods
follows.

Concentrations of total Fe (FeT) and Mo were measured
using an Agilent 7500 quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) following a standard
multi-acid digestion (HNO3–HCl–HF). Replicate analyses
of USGS standard (SDO-1, n = 7) were reproducible within
1.4% and 10.4% for assays of Fe and Mo, respectively. The
Fe contents in Fe-carbonates (Fecarb), ferric oxides (Feox),
and magnetite (Femag) were determined using the sequential
extraction procedure described in Poulton and Canfield
(2005) with quantification by ICP-MS. Disseminated pyrite
in samples was extracted using the chromium reduction
method described in Canfield et al. (1986) with silver nitrate
traps. Resulting Ag2S precipitates were carefully collected
and weighed for the stoichiometric calculation of pyrite sul-
fur concentration and, in turn, the Fe content present as pyr-
ite (Fepy) in the samples. The quality of Fepy data
determined by weighing Ag2S precipitates was tested by
titration of ZnS collected in zinc acetate traps using the same
chromium reduction method for five random samples with
an average agreement of 5.2%. A subset of samples (10) were
tested for the presence of pyrrhotite—given the possibility of
pyrite-to-pyrrhotite conversion at the metamorphic grade of
the samples—using a HCl and SnCl2 boiling extraction (see
details in Planavsky et al., 2011, and Asael et al., 2013).
These tests confirmed that pyrrhotite was a minor compo-
nent of the sulfide pool (<10% of the total sulfide pool).

Carbonate-associated sulfate (CAS) in our samples was
extracted using the HCl–BaCl2 procedure similar to that
described in Wotte et al. (2012). A brief protocol is given
below: (1) 60–130 g of sample powder (200 mesh) were first
rinsed with a 10% NaCl solution to remove later stage
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sulfate until no dissolved sulfate was observed to precipitate
on addition of saturated BaCl2 solution (�250 g/L) in dec-
anted supernatants. This step typically involved 2–3 rinses.
(2) The samples were further rinsed with bleach to remove
organic matter, any potential organically bound sulfur, and
metastable pyrites until no sulfate was recovered as BaSO4.
(3) The samples were then treated with 4 N HCl, which was
added in small aliquots to minimize the likelihood that pH
fell below 3.8. If a sample contained significant pyrite,
which might have oxidized to some degree, 15% SnCl2
was added to the HCl to inhibit possible ferric iron-medi-
ated pyrite oxidation during CAS extraction (Planavsky
et al., 2012). (4) Samples were processed by vacuum filtra-
tion immediately following the HCl dissolution step to
remove the CAS-bearing solution from the insoluble resi-
due within 2 h to minimize further the potential for pyrite
oxidation following dissolution. (5) Finally, liberated CAS
was precipitated as BaSO4 for subsequent isotopic measure-
ments by adding a saturated BaCl2 solution.

Resulting BaSO4 precipitates, as well as the Ag2S precip-
itates resulting from the pyrite extractions, were combusted
with an excess of V2O5 on a Thermo Scientific Delta V Plus
isotope ratio mass spectrometer coupled with a Costech ele-
mental analyzer for determining sulfur isotope composi-
tions of both pyrite (d34Spy) and CAS (d34SCAS). Sulfur
isotope compositions are expressed in standard d-notation
as permil (&) deviation from the V-CDT international
standard with an analytical error of 0.1& (1r) calculated
from replicate analyses of IAEA international standards
(IAEA-S1, IAEA-S2, IAEA-S3 for d34Spy and NBS-127,
IAEA-SO-5, IAEA-SO-6 for d34SCAS).

4. RESULTS AND DISCUSSION

4.1. Fe–C systematics

To investigate the marine redox chemistry of the
�1.65 Ga Chuanlinggou Formation, we examined the con-
centrations of total Fe (FeT) as well as extractable Fe
grouped operationally by specific mineral types: Fecarb,
Feox, Femag, Fepy, and remaining ‘unreactive’ Fe (FeU)
mainly in clay minerals and other silicates. Unlike FeU,
Fe in the other four mineral groups is reactive enough to
form pyrite given sufficient exposure to H2S either in the
water column or during early sediment diagenesis and thus
is defined as highly reactive iron (FeHR). Studies of modern
sediments deposited beneath anoxic bottom waters show
that FeHR/FeT usually exceeds 0.38 in these settings
through inputs of additional FeHR tied to Fe cycling in
the oxygen-deficient water column (Raiswell and Canfield,
1998; Raiswell et al., 2001; Poulton and Raiswell, 2002;
reviewed in Lyons and Severmann, 2006, and Poulton
and Canfield, 2011). This threshold value has been applied
with success in numerous geochemical studies of ancient
fine-grained siliciclastic rocks, although thermal alteration
can potentially convert FeHR to FeU during burial and
reduce this threshold value (Raiswell et al., 2008).

Because the total Fe content remains constant despite
any internal redistribution, FeT/Al is another way to look
for anoxic sedimentary Fe enrichments in rocks that might
have experienced burial/metamorphic alteration. Under
anoxic bottom waters, modern analogues show that FeT/
Al usually exceeds �0.5, nominally the ratio of average
continental crust and of most modern and ancient marine
muds and shales deposited in oxic environments (Lyons
and Severmann, 2006). Sediments deposited beneath oxy-
gen-containing waters but immediately proximal to large
anoxic portions of the water column can also have enrich-
ments in highly reactive iron (e.g., Scholz et al., 2014),
although such settings are unlikely to leave a spatially
and stratigraphically persistent record. Under anoxic and
sulfidic (euxinic) bottom waters, FePy/FeHR exceeds 0.7
and often 0.8 because the reactive Fe phases are titrated
out of the system before appreciable H2S starts to accumu-
late in the water column (Raiswell and Canfield, 1998;
Poulton and Canfield, 2011).

Stratigraphic analysis of iron speciation data for the
Chuanlinggou Formation reveals two intervals with distinct
features (see Fig. 3). The first, a lower interval (LI), com-
prising subsections CLG2, CLG4, and the lower �20 m
of CLG5, is characterized by low FeHR/FeT [0.19 ± 0.08
(SD)] and modestly elevated FeT/Al ratios (0.67 ± 0.40),
relative to typical continental margin sediments (Lyons
and Severmann, 2006). This interval also shows moderate
FePy/FeHR ratios (0.31 ± 0.18). This combination of
parameters could be consistent with either ferruginous or
oxic bottom-water conditions for the deposition during
the LI. The second distinct interval, an upper interval
(UI) consisting of the upper part of CLG5 and CLG1, is
characterized by higher FeHR/FeT ratios (0.68 ± 0.12) and
higher FeT/Al (1.27 ± 1.05) but lower FePy/FeHR

(0.10 ± 0.12) and similar FeT contents (see Fig. 3 and the
Appendix), consistent with anoxic and ferruginous condi-
tions for the deposition of the UI. Because of elevated car-
bonate contents (>50%), some UI samples are not well
suited to the Fe-based paleoredox proxies, which were
developed for and traditionally applied to fine-grained sili-
ciclastics. However, a recent study based on a large compi-
lation suggests that the FeHR/FeT threshold value of 0.38
can also be valid for carbonate-rich rocks, provided that
FeT > 0.5 wt% (Clarkson et al., 2014), a threshold sur-
passed by all of the samples examined here.

The UI contains the deepest water facies examined, indi-
cating an increase in the amount of reactive Fe and in the
FeHR/FeT ratios that correlate generally with the depth at
which the sediments were deposited in the Yanshan Basin.
This shift could be linked to the presence of a chemocline—
i.e., a switch from oxic to ferruginous conditions with
greater depth. There is also a slight increase in average
TOC content during the transition to the UI—from
0.67 wt% in LI to 1.16 wt% (Fig. 3 and Appendix). The
extent of organic matter loading is often invoked as a prox-
imate driver for anoxic or euxinic water column chemistry
below the mixed layer in Proterozoic oceans (e.g.,
Johnston et al., 2010). However, the lack of iron enrich-
ments in the LI, rather than reflecting deposition beneath
oxic waters, could be explained by deposition under anoxic
but rapidly accumulating conditions, which can mask the
signatures of anoxia via clastic dilution (see Lyons and
Severmann, 2006). This might be the case for the LI given



Fig. 3. Composite chemostratigraphy of the Jixian section with new iron speciation data from this study as well as data reported by Planavsky
et al. (2011) and related geochemical proxies that provide information for water column redox conditions. UI: upper interval; LI: lower
interval. Specific classes of chemically distinguishable iron mineral species are plotted relative to FeT in order to show their relative variations
from the LI into the UI. From left to right, the dashed lines in boxes represent average of TOC in this study, total Fe of average shales
(Turekian and Wedepohl, 1961), average crustal value of FeT/Al, boundary values (0.38 for FeHR/FeT and 0.7–0.8 for FePy/FeHR) which
differentiate euxinic, ferruginous and oxic waters (see more details in text) and average of S-isotope compositions of pyrites from this study.
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the presence of rippled surfaces (in CLG2, see Figs. 1 and 3)
suggesting nearshore deposition at potentially high rates of
sedimentation.

Strong positive correlation was observed between FeHR/
FeT ratios and TIC contents in all samples (R2 = 0.9;
Fig. 4A). Furthermore, similar correlations were also
observed between Fecarb/FeT and TIC for both LI (linear
R2 = 0.89) and UI (exponential R2 = 0.77) samples
(Fig. 4B), consistent with appreciable ferrous carbonate
(e.g., siderite) formation supported by an excess of Fe2+.
These correlations are linked to varying amounts of detrital
sediments versus authigenic (early diagenetic) carbonate
phases.

Despite some ambiguity in the Fe speciation data,
there is clearly no evidence for euxinic conditions in sub-
surface waters for the deepest portion of the Yanshan
basin at Jixian. We also note that the internal consistency
of our Fe speciation data as demonstrated above (e.g.,
elevated Fecarb with higher TIC; near zero Feox, and
Fig. 4. Crossplots of (A) FeHR/FeT and Fecarb/FeT (B), respectively, v
Chuanlinggou Formation at the Jixian section.
Femag in the most-easily-weathered LI black shales) indi-
cate that recent surface weathering is not an issue for
these iron ratios and specifically that the pyrite concentra-
tions that can be indicative of euxinia were not lost
through later oxidation.

Based on Fe data it seems that non-euxinic conditions
were sustained in the subsurface water column of the
�1.65 Ga semi-restricted Yanshan basin. In an anoxic mar-
ine system, the development of euxinic versus ferruginous
conditions will ultimately be controlled by the flux ratio
of Fe2+/SO4

2� into the system, with a proximate control
exerted by the need for sufficient organic matter flux to fuel
microbial H2S formation. We did not see an appreciable
correlation between pyrite formation (expressed as Fepy/
FeHR) and TOC contents for either our UI samples or all
our Chuanlinggou samples (R2 = 0.02; Fig. 5), but this does
not necessarily delineate whether sulfate levels or organic
matter fluxes were limiting sulfide production and the devel-
opment of euxinia (more on this below).
ersus total inorganic carbon (TIC) content in samples from the



Fig. 5. Crossplot of FePy/FeHR versus total organic carbon (TOC)
content in samples from the Chuanlinggou Formation at the Jixian
section.

Fig. 6. Frequency distribution of sulfur isotopic composition of
pyrite (d34Spy) preserved in the �1.65 Ga Chuanlinggou Forma-
tion. For comparisons, the isotopic ranges of possible coeval
seawater sulfate are shown above the histogram of d34Spy data. (1):
the isotopic composition of carbonate-associate sulfate (d34SCAS)
extracted from the Chuanlinggou Formation (Chu et al., 2007; this
study); (2): d34SCAS data from �1.65 Ga Paradise Creek Formation
(Kah et al., 2004; Gellatly and Lyons, 2005); (3): the isotopic
composition of coeval seawater sulfate (d34Ssw) suggested by
Strauss (1993) based on sulfate evaporite records; (4) a d34Ssw

value of 21& suggested by Canfield and Farquhar (2009).
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4.2. Sulfur isotopes

In order to explore the sulfur biogeochemistry in the
Yanshan basin and further inform the chemistry of late
Paleoproterozoic oceans more broadly, we analyzed the iso-
topic compositions of disseminated pyrites (d34Spy) and
putative coexisting sulfate captured and preserved in the
lattice of carbonate minerals (CAS and thus d34SCAS) of
the same sample. Past work reveals that CAS can capture
and preserve the isotopic composition of dissolved seawater
sulfate (e.g., Burdett et al., 1989; Kah et al., 2004; Gill et al.,
2007, 2008; Planavsky et al., 2012). In our case, however,
use of the technique is atypical in that we are looking at
CAS most likely in diagenetic carbonates (see also Loyd
et al., 2012). Therefore, the d34SCAS value is expected to
capture a pore fluid signal rather than the overlying seawa-
ter value. An important implication is that our CAS data
are likely to be isotopically heavier than the coeval seawater
given the preference for the light isotope, 32S, during bacte-
rial sulfate reduction (BSR). Indeed, the d34SCAS values of
the Chuanlinggou Formation, which are only available
for the carbonate-rich UI samples in this study, range from
27.3& to 40.2&. These values are significantly heavier than
the estimated d34S of coeval seawater sulfate (d34Ssw) of
21& (e.g., Strauss, 1993; Canfield and Farquhar, 2009)
and comparable or heavier than previously reported
d34SCAS values for the Chuanlinggou Formation (Chu
et al. (2007) and the �1.65 Ga Paradise Creek Formation
in Australia (Kah et al., 2004; Gellatly and Lyons, 2005;
Fig. 6).

In samples with d34SCAS and d34SPy values, their differ-
ence (D34S = d34SCAS � d34SPy) ranges from �6.8& to
4.8& (see Appendix; also see Fig. 6). This is a narrow range
compared to most modern settings, and the large fractiona-
tions often associated with BSR, and could reflect spurious
CAS records via pyrite oxidation. However, a few lines of
evidence suggest otherwise. First, as described above, we
were careful to avoid pyrite oxidation during extraction
by using a protocol that minimizes ferric iron-mediated
reactions. We also rinsed our samples very carefully to
remove any secondary sulfate that might have resulted from
outcrop oxidation. Consistent with this level of care, some
samples, despite the large amount of material used (>50 g)
and their relatively high pyrite contents (see Appendix),
failed to yield measurable amounts of CAS. Although
CAS is low in our samples, we are confident that our
CAS extraction method effectively prevented significant
contamination from pyrite oxidation and other non-CAS
during the CAS extraction. Also, 83% of our CAS-yielding
samples had less than 0.3% Fepy (see Appendix), and many
of them contained only trace amounts of pyrite
(Fepy < 0.1%), which would limit the potential impact of
oxidation during extraction. These samples still show the
small D34S range noted above. Most importantly, if pyrite
oxidation affected the d34SCAS significantly, during extrac-
tion or through outcrop weathering, we should see a com-
pressed D34S range—but not negative D34S values given
the negligible isotope fractionation during pyrite oxidation
(Taylor et al., 1984; Balci et al., 2007).

Peng et al. (2014) suggested that extracted sulfate could
be contaminated by recent, secondary atmospherically
derived sulfate (SAS). However, we used great care in rins-
ing our samples, and our d34SCAS data are characteristically
heavy and thus inconsistent with the much lighter putative
SAS contaminants from multiple locations suggested by
Peng et al. (2014).

If the small-to-negative D34S values are genuine, as we
assert, our observations are significant because they imply
the presence of sulfate in pore fluids and sedimentary sulfate
reduction under diagenetic conditions. This relationship in



Table 1
Explanation and values for terms used in pore fluid dissolved
inorganic carbon model in this study.

Variable Explanation

x Sedimentation rate (cm/yr)
G0 Utilizable organic carbon (moles � cm�3)
Ds Sediment diffusion coefficient (1.92E�5 cm2 s�1 for

CO2, see Boudreau, 1996 table 4.3)
k Reaction rate for anoxic remineralization (Tromp et al.,

1995)
C0 Marine DIC concentration (2.2E�6 mol � cm�3 for

modern)
z Depth (cm)
d13Corg Carbon isotope value of organic carbon (�25&)
d13Csw Carbon isotope value for marine seawater (0&)
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turn indicates that the ferruginous, rather than euxinic, water
column implied for the UI was probably not a consequence
of sulfate being insufficiently abundant in the water column
to fuel BSR in excess of reactive Fe availability.

Given all these considerations, and assuming that the
carbonate is diagenetic, pyrite isotopically heavier than
coexisting sulfate is most easily explained, at least in our
case, by formation that was delayed, from an evolved pore
fluid sulfate reservoir—with BSR driving the porewaters
isotopically heavier (see also Loyd et al., 2012). Also impli-
cit is earlier capture of the CAS in diagenetic carbonates.
Specifically, we tentatively link these negative D34S values
to calcium carbonate precipitation in the upper portion of
the sediment pile and delayed pyrite formation via sulfida-
tion of Fe carbonates deeper within the sediments. Details
of this conceptual model remain unresolved, including the
required loss of earlier formed hydrogen sulfide via upward
diffusion or some process other than pyrite formation, such
as reaction with organic matter. This model, however, is
not unreasonable given the expected slower reaction kinet-
ics for iron-rich carbonates compared to labile Fe(III) oxy-
hydroxide phases, which in this case may have yielded their
Fe first, via bacterial reduction, to secondary iron
carbonates.

4.3. Mo enrichments

There is iron speciation evidence for ferruginous condi-
tions in the deep-water facies of the Chuanlinggou Forma-
tion. In some of the Chuanlinggou samples we investigated,
the Fe proxy data yield ambiguous conclusions about depo-
sitional redox conditions, but there is no clear evidence for
extended periods of euxinia in the late Paleoproterozoic
Yanshan Basin—at least in the deepest Jixian area. Reac-
tion with free hydrogen sulfide is a critical player in Mo sed-
imentary enrichment under anoxic conditions; sulfide is
required for the formation of particle reactive thiomolyb-
dates or a Fe–Mo–S phase (e.g., Helz et al., 1996, 2011;
Scott and Lyons, 2012). The bulk-rock Mo concentrations
Fig. 7. Compilation of molybdenum concentration versus FeHR/FeT (A)
Chuanlinggou Fm. and euxinic Rove Fm. (1.84 Ga), Wollogorang Fm. (1
Data sources: Chuanlinggou Formation (this study), Rove, Wollogorang
et al., 2003).
in our Chuanlinggou samples are on average �1 ppm
(Fig. 7A; Table 1), which is indistinguishable from average
crustal values (1–2 ppm). This relationship is consistent
with our interpretation of dominantly ferruginous (sul-
fide-limited) rather than euxinic conditions for the deep
waters (Scott et al., 2008) and a lack of significant pore-
water sulfide accumulation in the upper, Fe-buffered por-
tion of the sediment pile. The lack of Mo enrichment
persists over a relatively wide range of TOC values, in con-
trast to what is observed in typical euxinic shales (Fig. 7B).
This relationship provides critical support for the idea that
sediments deposited below ferruginous marine settings are
not significant Mo sinks. Therefore, this work supports
the argument that the size of the marine Mo reservoir can
be used to gauge the extent of euxinic conditions specifi-
cally—rather than anoxic conditions more generally (see
Reinhard et al., 2013).

4.4. Carbon isotope values in diagenetic carbonates

There are relatively few studies on Proterozoic early
diagenetic carbonates despite the possibility that pore fluid
and total organic carbon (TOC) (B), respectively for the ferruginous
.73 Ga), Velkerri Fm. (1.4 Ga), and modern Cariaco basin (14.5 ka).
and Velkerri Formations (Scott et al., 2008), Cariaco basin (Lyons
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carbonate precipitation may have been an important part of
the global carbon cycle and global carbon isotope mass bal-
ance during the Precambrian. Specifically, it was recently
proposed that there was much more extensive precipitation
of isotopically light diagenetic carbonates in the Precam-
brian, when the oceans were more pervasively reducing
(Higgins et al., 2009; Johnston et al., 2013; Macdonald
et al., 2013; Schrag et al., 2013). This phenomenon could
dramatically change estimates of organic carbon burial
derived from the marine dissolved inorganic carbon (DIC)
record (Schrag et al., 2013). Although the focus of this study
is not strictly on diagenetic carbonate formation, our sam-
ples provide an excellent opportunity to explore their poten-
tial impact on C isotope records. We provide additional
discussion on the mode and significance of the diagenetic
carbonates of the Chuanlinggou Formation and explore
the possible links between marine oxidant levels, ferruginous
pore fluids, and the authigenic carbonate sink.

The fact that the examined anoxic calcareous shales of
the UI contain extensive diagenetic carbonates (Fig. 2) is
consistent with the idea that anoxic remineralization path-
ways will drive extensive carbonate precipitation (Higgins
et al., 2009; Schrag et al., 2013). All of the carbonates from
this study have negative d13C values, which is consistent
with at least partial pore fluid carbonate formation (e.g.,
Loyd et al., 2012). However, the average d13C value
(�3.4 ± 1.4&) is heavier and less variable than typical
marine diagenetic carbonates formed within the zones of
sulfate and iron reduction or through anaerobic oxidation
of biogenic methane in Phanerozoic sediments (usually
between �6& and �60&; e.g., Zhu et al., 2002; Meister
et al., 2007; Naehr et al., 2007; Loyd et al., 2012). Given
the limited number of samples in this study, additional
work will be needed to gauge if this is a common feature
of Proterozoic diagenetic carbonates. However, if the Chu-
anlinggou Formation samples are roughly representative
of the isotope values of typical mid-Proterozoic diagenetic
carbonates, the data would imply that even extensive
authigenic carbonate precipitation is unlikely to signifi-
cantly alter our traditional view of the global isotope mass
balance during this period. Heavier d13C values in the Pro-
terozoic relative to comparable Phanerozoic environments
could, in theory, be linked to a decrease in the size of the
marine DIC reservoir through time—resulting in less effec-
tive isotopic buffering of pore fluid DIC in younger sedi-
ments (Bartley and Kah, 2004). Alternatively, limited
pore fluid oxidants—lower sulfate concentrations and
(or) a limiting ferric iron supply (with non-bioturbated
sediments supporting little to no continuous Fe re-oxida-
tion)—may have led to more extensive precipitation of car-
bonates in the methanic zone, which is typically
characterized by positive d13CDIC values (see Naehr
et al., 2007, and references therein). We explore this possi-
bility below.

A simple early diagenetic model (Berner, 1964, 1971) can
be used to gauge the factors controlling the d13C of diage-
netic carbonates precipitated in anoxic pore fluids. With this
approach it is straightforward to illustrate and roughly
quantify the main processes that will control the pore fluid
DIC carbon isotope values, allowing exploration of the
potential influence of oxidant limitation and methanogenesis
on the d13C of the diagenetic carbonates of the Chuanling-
gou Formation.

We calculate pore fluid [DIC] using a modified version
of the one-dimensional general diagenetic equation for the
chemical evolution of a fluid phase within the sediment
(G-model; Berner, 1964):

@C
@t
¼ Ds

@2C
@z2
� x

@C
@z
þ kG0 exp � k

x
z

� �
ð1Þ

where the terms on the right hand side denote mass conser-
vation due to fluxes associated with diffusion (term 1),
advection (term 2), and reaction (term 3). These fluxes
are, in turn, controlled by the sediment diffusion coefficient
a given species (Ds), the concentration gradient as a func-
tion of depth in the sediment [oC/oz, where z is depth (posi-
tive downward)], the sediment advection velocity (x), and a
first-order reaction term for the conversion of labile organic
matter to DIC. In the latter term, k represents the intrinsic
rate of organic carbon remineralization, and G0 represents
the concentration of metabolically available organic carbon
at the sediment–water interface. For simplicity, we assume
a scaling between k and x generalized to anoxic mineraliza-
tion during sulfate reduction (e.g., Tromp et al., 1995).
Assuming steady state (oC/ot = 0) and the boundary condi-
tion C(z =1) = C1, we obtain the analytical solution:

CðzÞ ¼ � x2G0

Dsk þ x2
exp � k

x
z

� �
þ C1 ð2Þ

If we further specify the boundary condition that the
DIC concentration at the sediment–water interface is equal
to that of the overlying seawater [C(z = 0) = C0 =
[DIC]SW], we can obtain a solution for C1, and this can
be combined with Eq. (2) above to obtain a solution for
[DIC]total as a function of depth in the sediment:

CðzÞ ¼ � x2G0

Dsk þ x2
exp � k

x
z

� �
þ x2G0

Dsk þ x2
þ C0 ð3Þ

We can then take the difference between [DIC]total and
[DIC]SW to determine [DIC]remin, and through simple mass
balance determine the carbon isotope composition of the
pore fluid DIC:

½DIC�totald
13Ctotal ¼ ½DIC�remind

13Cremin þ ½DIC�SWd13CSW

ð4Þ

All values/ranges for model parameters are listed in
Table 1.

The model results are given in Fig. 8. Three significant
points emerge from this basic analysis. First, availability
of initial utilizable organic carbon (i.e., G0) has a significant
impact on pore fluid d13CDIC values (Fig. 8A). Although it
is difficult to constrain values for G0, even in modern sys-
tems, bulk TOC values in the Chuanlinggou sediments
hosting the diagenetic beds (upper Subsection CLG5) are
near 1% (Fig. 3, Appendix). We thus consider a reasonable
minimum estimate to be >1% for initial utilizable organic
carbon for the Chuanlinggou diagenetic carbonates.



Fig. 8. Modeling for d13C of dissolved inorganic carbon (DIC) in pore fluids. (A) Sensitivity analyses for d13C of DIC versus sedimentation
rate with contours representing utilizable organic carbon (G0). (B) Sensitivity analyses for d13C of DIC versus sedimentation rate with
contours representing marine DIC concentrations. G0 is equal to 1%. (C) d13C of DIC with G0 of 1%, modern marine DIC concentrations, and
x of 0.1 cm/yr. For all contour plots, results are taken from 3 m depth, assuming oxidants will be exhausted below this depth. The horizontal
black lines in (A) and (B) represent the average d13C of the diagenetic carbonates of the Chuanlinggou Formation. See text for detailed
description of model setup.
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Second, it is clear from Fig. 8A,B that sedimentation
rates also have the capacity to cause large variations in
the d13C of pore fluid DIC. However, with reasonable
sedimentation rates for the examined settings over short
time scales (e.g., �0.1 cm/yr on sub-million year timescales;
Sadler, 1981), and with modern [DIC] and G0 of 1%, it
becomes difficult to explain the average d13C of the diage-
netic carbonates if carbonate precipitation happened only
in the sulfate and iron reduction diagenetic zones
(Fig. 8C). The data would thus seem to imply a non-trivial
portion of diagenetic carbonate formation in the deeper
methanic zone of the sediment column.

Third, changes in seawater [DIC] result in significant
shifts in pore fluid d13CDIC values (Fig. 8B and A). With
very high marine DIC concentrations, there is significant
isotopic buffering capacity, making it increasingly difficult
to drive pore fluid DIC to lighter d13C values. However, rea-
sonable estimates of sedimentation rate (e.g., between 0.05
and 0.1 cm/yr) and inputs of organic carbon (for the exam-
ined sections) yield pore fluid d13CDIC values significantly
lighter than the d13C of the examined diagenetic carbonates
(Fig. 8A); this prediction is true even with very elevated DIC
concentrations (>5�modern [DIC]; Fig. 8B). This leaves us
with the intriguing possibility that carbonate formation in
the methanic zone, likely linked to pore fluid oxidant limita-
tion (see more below), was an important factor behind the
relatively heavy d13C of the diagenetic carbonates. Consis-
tent with this model, diagenetic carbonates from the extre-
mely organic-rich Jurassic Kimmeridge Clay have average
d13C values near �3& because of carbonate precipitation
in the methanic zone (Irwin et al., 1977).

Significant carbonate precipitation in the methanic zone
in the Proterozoic may be linked with low marine oxidant
(primarily sulfate) concentrations and less net sulfate reduc-
tion compared to ‘typical’ modern continental margin sed-
iments. In other words, if seawater sulfate concentrations
were a small fraction of modern levels during the mid-Pro-
terozoic and quickly consumed in the sediments, a relatively
thin zone of sulfate reduction may have caused limited evo-
lution of d13C of DIC. Within the zone of methanogenesis,
following sulfate consumption, the d13C of DIC would be
expected to shift to heavier values, as isotopically light car-
bon is preferentially utilized for methane formation from
the existing DIC pool. In this case, the result is relatively
13C-enriched authigenic carbonate phases due fundamen-
tally to oxidant limitation in Proterozoic seawater. Of
course, oxygen would have been absent beneath the anoxic
bottom waters, and a number of studies point to low sulfate
in the ocean (e.g., Kah et al., 2004; Scott et al., 2014) and
low atmospheric O2 at this time (e.g., Planavsky et al.,
2014). We propose that porewater oxidant limitation is
likely to have prevented authigenic carbonates from being
a major sink—in terms of the global mass balance—for iso-
topically light carbon.

There is currently a lack of strong empirical evidence for
widespread isotopically light carbonate burial in marginal
marine environments during the Proterozoic, but if authi-
genic carbonates were buried primarily in deep water envi-
ronments one might expect this record to be poorly
preserved (e.g., Canfield and Kump, 2013). Given that
decreasing the sedimentation rate and initial utilizable
organic carbon concentrations results in heavier pore fluid
d13CDIC values, it may be difficult for distal marine environ-
ments to support significant burial fluxes of authigenic car-
bonate with markedly light d13C values. Given this
framework, the search for evidence of a significant isotopi-
cally light carbon sink in the Proterozoic should focus on
well-preserved continental shelf settings. However, carbon-
ate precipitation in the methanic zone may be less impor-
tant in offshore than marginal settings due to lower
relative organic carbon loading. If this is the case the result
that offshore marine settings (compared to more organic-
rich settings) may be more suited for burial of isolated
depleted carbonate despite heavier porewater DIC values
in the sulfate reduction zone of the sediment column. It
could be possible to resolve between these competing



Fig. 9. Compilation of FePy/FeHR versus total organic carbon
(TOC) content reported for the mid-Proterozoic strata. (A) Dataset
includes both oxic and anoxic samples. (B) Dataset includes only
unambiguous anoxic samples (i.e., FeHR/FeT > 0.38). Coefficient
(R2) between FePy/FeHR and TOC and t-test p value for the dataset
are given in brackets for each strata unit in legend. Data source:
1.84 Ga Rove/Virginia Fm. (Poulton et al., 2004, 2010), 1.73 Ga
Wollogorang and < 1.64 Ga Reward Fms. (Shen et al., 2002),
1.64 Ga Mt. Isa Superbasin, 1.45 Ga Newland Fm. and 1.2 Ga
Borden Basin (Planavsky et al., 2011).
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models with a more complex, spatially resolved coupled
early diagenetic and ocean modeling approach.

4.5. Broader implications for the middle Proterozoic ocean

chemistry

Ocean chemistry and redox structure in the late Paleo-
proterozoic (1.8–1.6 Ga) is particularly intriguing because
it is believed to mark a fundamental transition of ocean
redox state after which major iron formations (IF) largely
disappeared from the rock record for a billion years. As sta-
ted in Section 1, transitions from ferruginous to mildly
oxic-suboxic (Holland, 2006; Slack et al., 2007, 2009) or
euxinic (Canfield, 1998) deep ocean waters were the two
major mechanisms proposed previously to explain the glo-
bal termination of large IF deposition. In particular, the
euxinia hypothesis received support from sedimentary Fe
speciation, S isotope systematics, and lipid biomarker data
collected from mid-Proterozoic marine basins (e.g., Brocks
et al., 2005; Poulton et al., 2004; Shen et al., 2002, 2003). In
contrast, new Fe speciation data for the <1.84 Ga Rove
Formation (Animikie Group, Lake Superior region) sug-
gest mid-depth euxinic waters associated with deeper ferru-
ginous waters (Poulton et al., 2010), which is an emerging
idea for the Precambrian ocean more generally, including
the late Archean (Reinhard et al., 2009; Scott et al., 2011)
and Neoproterozoic (Canfield et al., 2008; Li et al., 2010,
2012; Johnston et al., 2010; see Lyons et al., 2014, for
review). Our Fe–S–C–Mo data from the Chuanlinggou
Formation indicate non-euxinic (i.e., ferruginous and possi-
bly oxic) subsurface marine conditions for the deepest por-
tion of the �1.65 Ga Yanshan basin. We suggest that this
condition may have been due to insufficient water column
sulfate reduction rates (relative to reactive Fe delivery
fluxes). This suggestion is supported by the occurrences of
ironstones in the Chuanlinggou Formation in Jiaxian area
(Planavsky et al., 2014) and the west part of basin (e.g.,
Xuanhua area) where economic ironstones were deposited
and mined historically. This situation is in contrast to many
modern semi-restricted euxinic marine settings (e.g., the
Black Sea and Cariaco Basin) where both sulfate and
organic matter fluxes are not limiting factors for the devel-
opment of euxinia. This observation is also in contrast to
the Cryogenian interglacial semi-restricted Nanhua Basin
(South China) where euxinia developed in the subsurface
waters of the basin when the post-Sturtian transgression
brought nutrient-rich deep seawater from the open ocean
into the basin, resulting in higher productivity in its surface
water and, in turn, in high export of organic matter into
subsurface water (Li et al., 2012).

We observed, however, that the extent of euxinia seems to
be decoupled from local organic matter loading in most mid-
Proterozoic settings. A compilation of paired Fepy/FeHR and
TOC data reported for numerous mid-Proterozoic strata
shows no significant correlation between relative pyritization
and TOC content (Fig. 9A). This also is true when we
screened the dataset to only include samples deposited under
anoxic conditions (Fig. 9B). The suggestion is that other
factors beyond just local organic matter loading (which are
linked to TOC values) control dissolved sulfide-ferrous iron
ratios. These controls include broader, regional patterns of
organic carbon delivery and related rates of BSR relative
to pervasive availability of sulfide-buffering dissolved Fe.
Other work leaves open the possibility that sulfate could
have been a limiting factor in the development of Proterozoic
euxinia (Li et al., 2010).
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5. SUMMARY AND CONCLUSIONS

Our Fe–S–C–Mo biogeochemical investigation of strata
from the �1.65 Ga Chuanlinggou Formation yields results
that are consistent with non-euxinic water column condi-
tions (ferruginous and possibly oxic) persisting in the sub-
surface waters of the semi-restricted Yanshan rift basin—
at least in the deepest Jixian area. The non-correlative rela-
tionships between relative pyritization (represented by
Fepy/FeHR) and TOC observed for both the Chuanlinggou
Formation and other previously studied mid-Proterozoic
strata support that other factors beyond just local organic
matter loading must be considered for euxinic development
in mid-Proterozoic oceans. However, paired CAS-pyrite S-
isotope data from the Chuanlinggou Formation suggest the
persistence of sulfate into the pore fluids, which is not con-
sistent with insufficient sulfate for BSR in water column. In
addition, despite evidence for deposition under anoxic con-
ditions, there are not significant Mo enrichments in the
Chuanlinggou Formation. This observation supports the
idea that the presence of appreciable dissolved sulfide in
the water column is a key control in Mo enrichment and
that the size of the marine Mo reservoir can be used to
gauge the extent of euxinic conditions specifically—rather
than anoxic conditions more generally (cf. Reinhard
et al., 2013).

Lastly, there appears to have been extensive diagenetic
carbonate precipitation during the deposition of the Chu-
anlinggou Formation, consistent with the idea of enhanced
precipitation in anoxic pore fluids during the Precambrian
(Schrag et al., 2013). However, these carbonates have only
moderately negative d13C values (�3.4 ± 1.4&), which we
link, with support from a simple numerical model, to exten-
sive precipitation of carbonates in the methanic zone within
the sediments. Oxidant limitation (sulfate in particular) in
the pore fluids could have led to more extensive precipita-
tion of carbonates in the methanic zone, which is character-
ized by positive d13CDIC values.

ACKNOWLEDGEMENTS

We thank Ben Gill, Bill Gilhooly, Jeremy Owens, Jiaxin Yan
and Meng Cheng for laboratory or technical assistance. We are
also grateful to Erik Sperling, Graham Shields-Zhou, and Associ-
ate Editor David Johnston for their valuable comments. This
research was supported by the MOE of China (Grant # NCET-
11-0724) and the Chinese 973 Program (Grants # 2013CB955704
and # 2011CB808800) to C.L. N.J.P. acknowledges support from
the Geological Society of America the NSF-EAR-PF and the
NSF-ELT program. T.W.L and G.D.L. acknowledge funding from
the NASA Astrobiology Institute, as well as the NSF-EAR-ELT
track and the NSF-FESD program.

APPENDIX
T
ab

le
A

K
ey

ge
o

ch
em

S
am

p
le

U
p

p
er

In
te

rv
a

C
L

G
1-

13
C

L
G

1-
12

C
L

G
1-

11
C

L
G

1-
10

C
L

G
1-

09
C

L
G

1-
08

C
L

G
1-

07
C

L
G

1-
03

C
L

G
1-

02
C

L
G

1-
01

C
L

G
5-

53
C

L
G

5-
45

C
L

G
5-

44
C

L
G

5-
43

C
L

G
5-

39
C

L
G

5-
38



CLG5-37 70.3 5.9 0.7 4.0 0.07 0.56 1.85 0.66 0.36 3.44 1.08 4.52 0.76 0.16 1.12 40.6 37.8 �2.8 �2.4 �11.8 1.8 2.5
CLG5-36 68.3 7.2 1.3 3.1 0.08 0.12 1.39 0.79 0.09 2.39 0.68 3.07 0.78 0.05 0.98 40.6 0.7 0.6
CLG5-35 66.9 5.1 1.2 4.8 0.04 0.23 0.71 0.40 0.06 1.39 1.08 2.46 0.56 0.16 0.52 41.6 0.7 0.6
CLG5-33 64.3 6.5 1.0 3.5 0.05 0.23 0.77 0.35 0.06 1.41 0.71 2.11 0.67 0.16 0.60 42.6 2.8 2.8
CLG5-32 63.5 6.1 1.1 3.8 0.05 0.15 0.70 0.73 0.08 1.67 0.73 2.39 0.70 0.09 0.63 40.5 6.2 5.7
CLG5-31 62.4 5.4 1.6 4.7 0.05 0.45 0.70 0.16 0.04 1.35 1.05 2.40 0.56 0.33 0.51 38.1 �2.4 �11.8 1.1 0.7
CLG5-29 60.4 6.0 1.2 4.2 0.07 0.23 1.03 0.52 0.09 1.86 0.95 2.81 0.66 0.12 0.67 39.6 37.5 �2.1 �2.5 �10.9 0.9 0.7
CLG5-27 58.3 6.1 1.1 3.8 0.06 0.16 1.05 0.78 0.22 2.21 0.77 2.98 0.74 0.07 0.79 41.4 0.4 0.4
CLG5-25 56.1 6.5 1.3 3.6 0.05 0.05 0.64 1.00 0.03 1.72 0.73 2.44 0.70 0.03 0.68 40.4 37.8 �2.6 �2.5 �11.3 1.0 0.8
CLG5-24 57.6 9.2 1.3 1.6 0.11 0.06 2.08 0.42 0.10 2.66 0.80 3.46 0.77 0.02 2.11 36.6 1.0 0.7
CLG5-23 56.5 7.9 1.3 2.7 0.09 0.05 1.65 0.55 0.07 2.32 0.76 3.08 0.75 0.02 1.16 42.8 0.2 0.2
CLG5-22 55.5 5.9 1.5 4.0 0.03 0.08 0.34 0.77 0.03 1.23 0.78 2.01 0.61 0.07 0.50 39.8 �2.4 �12.3 0.2 0.1
CLG5-21 53.9 7.2 1.1 3.0 0.04 0.05 0.35 0.72 0.03 1.16 0.71 1.87 0.62 0.04 0.62 40.2 0.3 0.2
CLG5-19 49.6 7.5 1.1 3.2 0.09 0.08 1.56 0.75 0.11 2.51 0.79 3.30 0.76 0.03 1.03 40.6 1.3 1.2
CLG5-16 43.7 8.4 0.8 2.7 0.16 0.04 2.52 0.77 0.22 3.55 1.32 4.87 0.73 0.01 1.77 43.6 40.2 �3.4 �6.4 �8.4 1.6 1.9
CLG5-15B 43.2 8.4 0.8 2.7 0.15 0.07 2.49 0.66 0.17 3.39 1.06 4.45 0.76 0.02 1.67 43.6 37.8 �5.8 0.4 0.5
CLG5-15A 43.2 8.7 0.8 2.5 0.16 0.06 2.60 0.63 0.11 3.41 1.21 4.62 0.74 0.02 1.83 43.3 37.8 �5.5 �6.5 �8.3 0.3 0.4
CLG5-13 41.45 8.1 1.1 2.5 0.13 0.06 1.93 0.98 0.04 3.01 0.69 3.69 0.81 0.02 1.49 41.0 39.9 �1.1 �4.9 �8.4 2.0 1.8
CLG5-12 40.9 9.0 0.8 2.2 0.16 0.01 2.42 0.82 0.07 3.33 0.76 4.09 0.81 0.00 1.86 41.6 34.8 �6.8 �5.9 �8.0 3.3 4.1
CLG5-09 36 2.4 1.6 6.4 0.05 0.05 0.50 1.19 0.10 1.84 2.06 3.90 0.47 0.03 0.61 40.4 0.5 0.3
Lower Interval (LI)

CLG5-08B 10.4 0.3 1.1 7.4 0.02 0.63 0.30 0.04 0.18 1.15 4.08 5.23 0.22 0.55 0.71 38.7 0.5 0.4
CLG5-08A 9.6 0.1 1.3 8.0 0.01 0.37 0.14 0.01 0.15 0.67 3.80 4.47 0.15 0.56 0.56 38.2 0.2 0.2
CLG5-03 2.8 0.0 1.0 8.1 0.01 0.21 0.06 0.11 0.18 0.57 3.87 4.44 0.13 0.37 0.55 36.5 0.3 0.3
CLG5-02 0.8 0.0 0.9 8.2 0.01 0.05 0.08 0.09 0.21 0.42 4.40 4.83 0.09 0.11 0.59 36.9 0.2 0.2
CLG5-01 0 0.0 0.8 7.0 0.01 0.03 0.12 0.02 0.21 0.38 3.62 3.99 0.09 0.07 0.57 40.2 6.6 8.2
CLG4-05 37.7 1.0 0.8 6.5 0.10 0.06 1.31 0.18 1.52 3.08 11.53 14.61 0.21 0.02 2.24 26.2 0.2 0.3
CLG4-03 37.5 0.0 0.3 8.7 0.02 0.08 0.17 0.25 0.30 0.79 3.87 4.66 0.17 0.10 0.54 28.2 0.2 0.7
CLG2-14 43.2 1.4 0.8 6.1 0.06 0.29 0.98 0.27 0.16 1.70 2.51 4.21 0.40 0.17 0.69 38.0 0.3 0.3
CLG2-12 42.4 0.2 0.7 7.5 0.01 0.36 0.19 0.13 0.05 0.73 2.26 2.99 0.24 0.50 0.40 36.1 0.5 0.8
CLG2-10 41.1 0.6 0.5 7.3 0.03 0.09 0.35 0.01 0.11 0.55 3.06 3.61 0.15 0.16 0.49 39.8 0.4 0.7
CLG2-09 40.5 0.0 0.2 7.7 0.01 0.26 0.10 0.03 0.12 0.51 2.94 3.45 0.15 0.52 0.45 37.5 0.3 1.3
CLG2-08 3.8 0.8 0.4 7.2 0.04 0.24 0.64 0.05 0.22 1.15 3.67 4.81 0.24 0.21 0.67 35.9 0.4 1.0
CLG2-06 3.2 0.1 0.4 7.7 0.01 0.20 0.21 0.03 0.19 0.63 3.62 4.25 0.15 0.32 0.55 36.7 0.5 1.3
CLG2-05 2.7 0.3 0.4 6.9 0.02 0.23 0.35 0.02 0.19 0.78 3.45 4.23 0.19 0.29 0.61 35.1 0.3 0.6
CLG2-04B 1.6 0.0 0.4 7.8 0.01 0.17 0.11 0.09 0.15 0.51 3.72 4.24 0.12 0.33 0.55 36.6 0.4 1.0
CLG2-04A 1.8 0.8 0.9 7.0 0.04 0.37 0.66 0.05 0.30 1.38 3.88 5.26 0.26 0.27 0.75 33.0 0.6 0.7
CLG2-03 1.3 0.0 0.5 7.0 0.00 0.35 0.12 0.02 0.16 0.65 2.98 3.63 0.18 0.54 0.52 34.7 0.3 0.6
CLG2-02 0.7 1.5 1.0 6.0 0.06 0.41 0.96 0.07 0.20 1.63 3.62 5.25 0.31 0.25 0.88 32.2 0.4 0.4
CLG2-01 0 0.2 0.6 8.0 0.02 0.35 0.21 0.06 0.07 0.69 2.77 3.45 0.20 0.51 0.43 34.9 0.3 0.5

a Depths are relative to zero at the bottom of each subsection.
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