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ABSTRACT. The Xiamaling Formation is an exceptionally well-preserved sedimen-
tary succession deposited on a marine passive margin about 1400 million years ago. We
used a multi-proxy approach, including iron speciation, trace metal dynamics, and
organic geochemistry, to explore the evolution of ocean chemistry through most of the
Xiamaling Formation. This evolution is put in the context of the paleogeography and
the sedimentological evolution of the Xiamaling depositional system.

Overall, the Xiamaling Formation is informally divided into six units based on
both sedimentological and geochemical criteria. Of the six units, we fully explored
four of them. Unit 4, the lowest unit we studied, is comprised of deep-water red muds,
periodically interrupted by green-colored silt and sandy turbidites. Iron extraction
results show that the red muds are enriched in highly reactive iron, indicating a
water-column source for the iron. However, the low organic carbon contents, low
hydrogen index (HI) values, and the oxidized nature of the reactive iron pool indicate
deposition in oxygenated bottom waters. We interpret unit 4 to represent a low-
productivity ferruginous oxygen-minimum zone (OMZ) environment, underlain by
oxygenated bottom waters. The transition to unit 3 reflects an increase in primary
productivity, and the development of a more biologically active OMZ, that supported
anoxygenic phototrophic bacteria. Still, in this unit, the bottom waters remained
oxygenated. The overlying unit 2 represents the transition to deep-water deoxygen-
ation and anoxic waters at the sediment surface. These waters were ferruginous in the
bottom part of the unit and sulfidic (euxinic) towards the top. In the uppermost unit 1,
euxinic conditions continued, punctuated by more frequent water-column oxygenation
towards the upper part of the unit.

We place the evolution of these chemical dynamics in the context of climate and
climate change, and in particular, the placement of the Xiamaling Formation in
relation to the Intertropical Convergence Zone (ITCZ) and the resulting Hadley Cell
dynamics. Also, while our results demonstrate the persistence of anoxic water-column
conditions high in the water column during the deposition of the Xiamaling Formation,
they also demonstrate bottom water oxygenation near the seafloor during the deposi-
tion of three of the four units, and over a time interval extending to 10’s of millions of
years.

Key words: oxygen, Mesoproterozoic, marine, atmosphere, euxinic, OMZ, ferrugi-
nous, anoxygenic photosynthesis

* Key Laboratory of Petroleum Geochemistry, Research Institute of Petroleum Exploration and
Development, China National Petroleum Corporation, Beijing 100083, China

## Department of Geosciences and Natural Resource Management, Section of Geology, and Nordic
Center for Earth Evolution (NordCEE), @sterVoldgade 10, 1350 Kgbenhavn K, Denmark

*#%* Institute of Biology and Nordic Center for Earth Evolution (NordCEE), University of Southern
Denmark, Campusvej 55, 5230 Odense M, Denmark

S Villum Investigator

T Corresponding author: dec@biology.sdu.dk

861



862 X. Wang and others—Oxygen, climate and the chemical evolution of

INTRODUCTION

The Mesoproterozoic Era (1600-1000 million years ago, Ma) was a time of
emerging eukaryote ecosystems (Javaux, 2011; Knoll, 2014; Butterfield, 2015; Cohen
and Macdonald, 2015) as well as eukaryote multicellularity (Butterfield, 2000). These
evolutionary innovations occurred in an environment that is poorly understood. There
is broad disagreement on concentrations of atmospheric oxygen during this Era, with
some estimates suggesting very low concentrations of < 0.1 percent present atmo-
spheric levels (PAL) (Planavsky and others, 2014), whereas others suggest minimum
levels of = 4 percent PAL (Zhang and others, 2016b; Zhang and others, 2017).
Furthermore, the available evidence, while limited, shows wide variability in ocean
chemistry. For example, geochemical analyses of sediments from the 1400 to 1500 Ma
Roper Group, representing an intra-cratonic basin from Northern Australia, show a
water-depth related transition from apparently oxygenated shallow waters to sulfidic
(euxinic) deep waters (Shen and others, 2003). Deep-water sediments from the 1000
to 1270 Ma Byland Supergroup, Canada, and the ca. 1460 Ma Newland Formation of
the Belt Supergroup, North-western US, show mixed sulfidic to ferruginous (Fe®'-
enriched water column) conditions (Planavsky and others, 2011), while the deep-water
~1420 Ma Kaltasy Formation, central Russia, displays geochemical signals consistent
with oxic bottom-water conditions (Sperling and others, 2014). The 1100 Ma Atar and
El Mreiti Groups, Mauritania, deposited in an epicontinental sea, and here, the
nearshore sediments record oxic depositional conditions, while the offshore environ-
ments record a mix of water-column conditions ranging from oxic to euxinic (Gille-
audeau and Kah, 2015). The ca. 1100 Ma Vazante Group, Brazil, houses a number of
glacial diamictites, and the postglacial shales of the Morro do Calcario Formation
deposited in a mix of oxic and anoxic, sometimes euxinic, water-column conditions
(Geboy and others, 2013).

Is this variability in ocean chemistry temporal or spatial, and should it be
considered normal for the Mesoproterozoic Era? What drives such variability, and
more broadly, how might such variability be related to atmospheric oxygen concentra-
tions? It may prove difficult to answer these questions for every Mesoproterozoic
sequence, but the ca. 1400 Ma Xiamaling Formation of Northern China offers a rare
opportunity to explore transitions in ocean chemistry and biogeochemical environ-
ment over a time scale well exceeding 10 million years. Furthermore, we can relate
these transitions to the specifics of the Xiamaling depositional environment and its
relationship to climate and climate change. The current contribution takes a multi-
proxy approach, complementing other recent studies on the Xiamaling Formation
(Zhang and others, 2015; Zhang and others, 2016b; Zhang and others, 2017), by
exploring the dynamics of ocean chemistry through nearly the entire depositional
history of the Xiamaling Formation, and by further examining relationships between
ocean chemistry and atmospheric oxygen concentrations.

Geologic Setting

The Xiamaling Formation is part of a Paleoproterozoic to mid-Mesoproterozoic
sedimentary package deposited on Paleoproterozoic crystalline rocks of the North
China craton, where the crystalline rocks were likely formed during the assembly of
supercontinent Columbia (Nuna) (Meng and others, 2011) (fig. 1A). Sediments of the
Changcheng Group began to deposit approximately 1800 million years ago directly
onto the crystalline basement rocks. The oldest of these sediments, the Changzhougou
Formation, is predominantly bedded quartz arenites, representing deposition in the
littoral zone with possible influence from fluvial and alluvial input. The overlying
Chuanlinggou Formation consists of predominantly fine-grained mudstones represent-
ing offshore deposition and thus a relative deepening of the basin. The Chuanlinggou
rocks transition into dolostones of the overlying Tuanshanzi Formation and thus
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Fig. 1. (A) General geology of the North China Block. Dating from a-(Li and others, 2009), b-(Liu and
others, 2011), c-(Zhang and others, 2015), d-(Zhang, Zhao, and Santosh, 2012), e-(Su and others, 2010),
f-(Li and others, 2014), g-(Zhang and others, 2009), h-(Li and others, 2010), i-(Lu and others, 2008), k-(Lu
and Li, 1991), I-(Gao and others, 2008), m-(Zhang and others, 2013), n-(Sun and others, 2013), o-(Duan and
others, 2014), p-(Li and others, 2011), q-(He and others, 2011); dates in red are for intrusive rocks; (B)
general map of the North China Block, with a rectangle showing the region of the Xiamaling Formation and
numbers designate the different outcrops while the symbols designate their relationship to volcanism.
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record a shallowing of the basin into a marine carbonate platform (Meng and others,
2011). All of these sediments contain occasional volcanoclastics, and the whole
sequence is interpreted as an opening rift (Meng and others, 2011; Qu and others,
2014).

The top of the Tuanshanzi Formation is marked by an unconformity (Qu and
others, 2014). The overlying Nankou Group, beginning with the Dahongyu Forma-
tion, deposited in a high-energy, shallow-water environment, with abundant volcano-
clastics consistent with continued deposition in a rift environment. In contrast, the
overlying Gaoyuzhuang Formation is barren of volcanoclastics and, while still represent-
ing shallow-water deposition with abundant stromatolites and dolostones (Zhu and
others, 1978), it is believed to represent the transition to a passive margin setting
(Meng and others, 2011; Qu and others, 2014).

The Jixian Group overlies the Nankou Group and contains both carbonates and
mudstones. The dolostones of the lowermost Yangzhuang Formation are believed to
represent inter- and super-tidal deposition, giving way to the dolostones and stromato-
lites of the overlying Wumishan Formation, and the mudstones of the Hongshui-
zhuang Formation through relative sea level rise. The Tieling Formation, uppermost
in the Jixian Group, represents a stromatolite-bearing carbonate platform developed
through an episode of sea-level fall (Meng and others, 2011).

The Xiamaling Formation

The Xiamaling Formation lies both conformably and unconformably over the
Tieling Formation (fig. 1A) (Qu and others, 2014). The Xiamaling Formation was
once grouped together with the Neoproterozoic Qingbaikou Group, but has subse-
quently been dated to a Mesoproterozoic age of about 1400 million years (Gao and
others, 2008; Su and others, 2008; Li and others, 2013). Recent high-precision zircon
ages obtained by isotope dilution Thermal Ionization Mass Spectrometry (TIMS) have
further refined the age of the Xiamaling Formation to 1384 * 1.4 Ma for a tuff layer
located in unit 2 (fig. 2) and 1392.2 * 1.0 Ma for a bentonite layer at the top of unit 3,
located 52 m below the tuff layer in stratigraphic height (Zhang and others, 2015). The
Xiamaling Formation can be seen in outcrop in several places on the North China
Platform (fig. 1B) with a present-day subsurface areal extent estimated at 60,000 km®
(Fan, 2015). We divide the Xiamaling Formation informally into 6 units. Other
schemes propose fewer divisions (Fan, 2015), but ours follows the geochemical and
sedimentological observations in the Xiahuayuan area. We present a composite
stratigraphy for the Xiamaling Formation in figure 2, generated mainly from outcrop
observations, but also from core observations, especially for unit 5. Outcrop and core
locations are presented in figure Al (Appendix). The collection of core material is
described below.

The lowermost Xiamaling Formation consists of rock types ranging from
conglomerates to sandy shales (Qu and others, 2014), but all rocks indicate
deposition in a shallow high-energy environment. In the region of Xiahuayuan,
unit 6, where exposed, consists of cross-bedded sands (fig. 3A), giving way to
alternating ferruginous and non-ferruginous silts, with occasional ferruginous
concretions (fig. 3B), similar to those reported by Zhu and others (2013). Unit 5
consists of brown marlstones, some massive, and interbedded with laminated and
organic-poor silts, sands and muds.

Unit 4 is defined, mostly, by alternating red and green muds and green sandy silts
(fig. 3C), with occasional sand layers. The green layers vary in thickness from < 1 mm
to 4 to 5 cm, but are typically in the 1 to 2 cm range (figs. 3C and 3D). These layers
often form erosional contact with underlying muds (fig. 30) and frequently fine
upwards. Unlike the muds, which are unlaminated, the sandy silts are typically parallel
laminated, but sometimes show cross stratification (fig. 3E). The red-green banding is
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Fig. 2. Measured section of the Xiamaling Formation. Dates from Zhang and others (2015). This is a
composite section made from field observation for most of the units except unit 5 where core observations
were used. Locations of coring and outcrop sites are found in figure 1A.

not strictly controlled by sedimentology, and the green color from the sandy silts
generally “bleeds” both upwards and downwards into the red muds, thereby generat-
ing the green muds in this part of the unit (figs. 3D and 3P). We interpret the green
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Fig. 3. Outcrop and thin section photos: (A) cross-laminated sandstones from unit 6, (B) concretion
layer in the middle of unit 6, (C) alternating red and green layers in unit 4, (D) close-up of green and red
layer alternation, showing the “bleeding” of green color from both below and above into the red mud, (E)
cross-laminated sandstone towards the top of unit 4. (F) Alternating green muds and sand/silt units above
the last red sediment in unit 4, (G) the development of the first black shales (white arrows) within
background green mud, indicating the beginning of unit 3 deposition, (H) typical layered sediments from
unit 3.
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Fig. 3. (continued) (I) Carbonate layers and concretions sandwiched between layered black shales at the
bottom of unit 2, (J) typical unit 2 black shales, with four bentonite layers, (K) the beginning of green/gray
shale alternation with black shales, signaling the start of unit 1, (L) transition to frequent alternations
between green/gray and black shales at 40 to 45 m in unit 1, (M) cross-laminated shale at about 15 m in unit
1, (N) carbonate concretions at the top of unit 1, (O) erosional contact between turbid I and underlying
muds in unit 4. Note the fining upwards in the turbidite, (P) “bleeding” of green color into overlying red
sediment in unit 4.
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Fig. 3. (continued) (Q) Occasional organic carbon laminations within a chert unit in unit 3, (R)
transition between black shale and chert in unit 3. Note that this transition does not reflect a change in
background sedimentation, only a sensation of organic carbon deposition, (S) typical laminated black shale
in unit 3, (T) typical laminated black shale in unit 2, (U) laminated black shale in unit 2, with an intervening
relatively organic-poor layer, (V) typical organic carbon layer in unit 1, (W) transition between organic
carbon rich black shales and organic carbon-poor green/gray shale in unit 1. Note that the transition does
not reflect a change in lithology, (X) organic-poor green/gray shale unit in unit 1.
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sandy silts to represent distal turbidites and the red layers to represent background
muds, some of which may have been suspended and re-deposited during emplacement
of the turbidites. We consider the red-green coloration and its meaning in more detail
below.

Moving up section, the red layers disappear, and green muds alternate with green
sandy silts (fig. 3F). The mud layers become thicker, and thin layers of black shale
begin to appear about 10 m above the last of the red layers (fig. 3G). We take the
appearance of black shale as the end of unit 4 deposition. While unit 4 contains
abundant evidence for turbidites, we find no evidence for wave interaction with the
sediment. The sedimentological evidence suggests unit 4 deposited at, or perhaps even
well below, storm wave base.

Unit 3 begins with the appearance of black shale layers (fig. 3G). The black shale
intervals are thin at first (fig. 3G), but over the span of a few meters, the black shales
become more frequent, the green muds disappear, and the black shales begin to
alternate with organic-poor silica-cemented sediments (fig. 3H). We will refer to these
silica-cemented sediments as cherts, recognizing that they still have a substantial clastic
component (Zhang and others, 2015). Most of unit 3 is characterized by alternating
black shale and chert (fig. 3H) without any evidence for turbidite deposition or mass
flows. Unit 3 black shales are finely laminated, with laminations interrupted by
occasional thin chert intervals (figs. 3H and 3S). The alternation between black shale
intervals and massive cherts can be abrupt. Thus, in thin section, black shale deposition
can cease suddenly in what appears to be a background of continuously depositing
sediment (fig. 3R). Still, there is also found occasional thin organic carbon-rich layers
within the chert (fig. 3Q)). Unit 3 is void of evidence of wave or current impingement,
and is believed to represent deposition in deep quiet waters.

There is a return to green muddy silts at the top of unit 3, somewhat reminiscent
of the top of unit 4. These green sediments deposited through about 20 meters of
stratigraphy with frequent carbonate layers, carbonate lenses and concretions, and
with occasional carbonate-cemented sandstone layers. Moving upsection, black shales
begin to appear, interbedded with the carbonate layers (fig. 3I), and the black shales
become continuous as the carbonates and occasional sand layers cease, signaling the
transition into unit 2.

In outcrop (fig. 3J), unit 2 displays pronounced layering, most of which results
from the weathering of sulfide-rich layers. Some banding, not readily observable in
fresh core, also results from the differential weathering of organic-rich black shale vs
less organic-rich gray shales, which themselves are not a major sediment type in the
unit. Fine-scale layering is observed in thin section (figs. 3T and 3U). Unit 2 is devoid of
sedimentological features indicating sediment disturbance after deposition and is thus
interpreted to represent deep-water quiet depositional conditions. Overall, units 3 and
2 likely represent the deepest waters of the Xiamaling Formation.

Atabout 70 m depth in our stratigraphy, organic-poor green-gray shale units (fig.
3X) begin to alternate with the black shales (figs. 3V and 3K). The green-gray shale
units are relatively infrequent until about 40 m depth, where they become prominent
(fig. 3L). In thin section, the transition between black and green-gray shale occurs
abruptly in the background of continuous sedimentation (fig. 3W). At around 15 m
depth, we observe cross-laminated dark siltstones and very fine sandstones (fig. 3M),
indicating the possible influence of storm waves on the sediments and a shallowing of
the basin. Near the top of our stratigraphic section, carbonate layers and concretions
become prominent (fig. 3N), and many of these have cemented cross-laminated
sedimentary structures, possibly indicating deposition at storm wave depth. Although
not observed in our stratigraphic sections, the uppermost unit 1 contains thin
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stromatolitic marl, presumably reflecting even further shallowing of the basin (Fan,
2015).

As mentioned above, a bentonite layer is found in the upper part of unit 3, and a
series of four ash layers are found spaced over about 1 m in unit 2 (figs. 2 and 3]) (Fan,
2015). The presence of these volcanoclastic layers has driven the suggestion that the
Xiamaling Formation represents the transition from a passive margin to a back-arc
basin setting (Meng and others, 2011; Qu and others, 2014). Overall, however,
volcanoclastics are rare in the Xiamaling Formation, with only these two episodes of
volcanoclastic deposition having been identified. Furthermore, from the bottom of
unit 3, and through all of unit 2, an interval covering all of the known volcanoclastics in
the Xiamaling Formation, sedimentation was in a quiet, deep, marine setting with no
indication of turbidites or mass flows as might be expected to be common in a back-arc
setting.

In contrast, the Xiamaling Formation, and other formations in the Jixian System
(fig. 1A), are intruded by a series of diabase dikes and sills dated to between 1316 Ma
and 1353 Ma (Li and others, 2009; Zhang and others, 2009; Liu and others, 2011;
Zhang and others, 2012a). These intrusives are interpreted to result from continental
rifting associated with breakup of the North China Craton from supercontinent
Columbia (Nuna) (Zhang and others, 2012a), a process initiated after the deposition
of the Xiamaling Formation (Zhang and others, 2012a).

Paleomagnetic results place the Xiamaling Formation in a tropical setting be-
tween 10°N and 30°N (Evans and Mitchell, 2011; Zhang and others, 2012b). Further-
more, spectral analysis of sediment geochemistry and color in unit 3, combined with
calibrated sediment chronology, revealed repeating patterns consistent with Milanko-
vitch cyclicity (Zhang and others, 2015). These patterns suggest that deposition of the
Xiamaling Formation was heavily influenced by climate change. Overall, and as
discussed fully in Zhang and others (2015), patterns of sediment geochemical variabil-
ity in the Xiamaling Formation, from unit 3 to unit 1, are very similar to those observed
in the Cretaceous Atlantic ocean (Wagner and others, 2013). Thus, the Cretaceous
Atlantic provides a model by which the influence of climate on Xiamaling Formation
deposition can be evaluated (Zhang and others, 2015). In this model, the location of
the Xiamaling Formation relative to Hadley Cell circulation and the placement of the
Intertropical Convergence Zone (ITCZ) are critical. Hadley cells are major cells of
atmospheric circulation featuring air rising near the equator, travelling north and
south and downwelling in the subtropics, typically near 30°N and S latitude. The ITCZ
refers to the zone, not always at the equator, where Hadley Cell upwelling occurs.
These details, and the link between climate change and water-column chemistry will be
explored in more detail in sections below.

Finally, in the Xiahuayuan area, the Xiamaling Formation has experienced a
remarkably low degree of thermal maturity, and was likely never heated above 90 °C
(Zhang and others, 2015). While the strata have experienced a fair amount of folding,
there is no evidence for hydrothermal mineralization or the late diagenetic remobiliza-
tion of metals in our area of study.

MATERIALS AND METHODS

Sampling
Most of our samples come from core material obtained with a diamond-tipped bit
lubricated with fresh water. Fresh water was used to reduce organic matter contamina-
tion from the coring fluids. Fresh water, however, is not a good lubricant, and our
recovery of shale was rather poor, particularly in unit 3 where soft, thin, shale units
alternated with much harder chert. The sediment layering, easily identified in outcrop,
was often difficult to observe in the fresh core material. Therefore, correlations were
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made to the outcrop stratigraphy based on a combination of geochemical comparisons
and calculated stratigraphic heights based on core angle and core depth. The
Xiamaling Formation was sampled in a total of 4 cores, with core 1 covering depths
from 15 to 97.65 meters, core 3 covering depths from 180.78 to 254.54 meters, core 2
covering depths from 265.9 to 357.4 meters and core 4 covering depths from 352.05 to
396 meters. In the present contribution we only report geochemical results from cores
1-3, while core 4 was used to assemble part of the composite stratigraphy in figure 2, as
noted above. Coring locations are found in figure Al.

For many geochemical parameters, we also report analyses from outcrop material
obtained from fresh road cuts. Before collecting outcrop material, we dug some 5 to
10 cm into the rock to remove the outermost weathered layer. Overall, as shown below,
when core and outcrop material is compared, there is an excellent agreement between
trace element and major element geochemistry. However, sulfides were typically either
partly or completely oxidized in the outcrop samples, and we view biomarker analyses
as unreliable from outcrop material.

Analytical Methods

Magjor and trace elements.—Most major and trace element analyses for the outcrop
and core materials were performed as outlined in Zhang and others (2015), Zhang and
others (2017) and Zhang and others (2016b) using X-ray fluorescence (XRF) for
major elements and inductively coupled plasma mass spectrometry (ICP-MS) for trace
elements. The uncertainty in determination of both major elements (XRF) and trace
metals (ICP) was generally < 2 percent. Some trace (U, V, Mo) and major (Fe)
elements were also determined using handheld X-ray fluorescence (HHXRF) at the
University of Copenhagen (UCPH) and at the University of Southern Denmark
(SDU), in both cases with an Olympics Delta DP-6000 with Rh anode. For trace metals
(UCPH), the HHXRF was calibrated against matrix-equivalent samples from the
Xiamaling Formation whose trace metals contents were determined separately by
ICP-MS calibrated against certified standards (see supplemental data tables, http://
earth.geology.yale.edu/ % 7eajs/SupplementaryData/2017/Wang). The standard de-
viation for repeated determinations of the certified standard NRC PACS-2 was < 5
percent for V, 14 percent for U and 12 percent for Mo. For Fe, the HHXRF (SDU) was
calibrated against 6 certified international standards and matrix-equivalent samples
from the Xiamaling Formation. The Xiamaling Formation samples were calibrated
with ICP-MS against certified standards as for the trace metals. The standard deviation
of repeated determination of certified standards was 1 percent.

In a few cases, we also used wet chemical extraction for total Fe determination
following Aller and others (1986). This method obtained 89 percent of the total iron from
the NRC PACS-3 certified standard, with a relative standard deviation of < 1 percent (see
supplemental tables, http://earth.geology.yale.edu/%7eajs/SupplementaryData,/2017/
Wang).

Organic carbon concentrations and isotopes.—Organic carbon concentrations and
isotopic analyses were performed on both outcrop and core materials. All outcrop
analyses were performed at the Key Laboratory of Petroleum Geochemistry (KLPG),
China, and all core sample analyses were performed at SDU. For organic carbon
analysis of outcrop material, samples were powdered, de-carbonated (1M HCl for 2 h),
and subsequently dried. TOC concentrations were measured with a LECO CS-230HC
carbon-sulfur analyzer. For outcrop samples, the isotopic composition of extracted
kerogen (SISCOI.g) was measured. Samples were analyzed with a Delta V Advantage
mass spectrometer (Thermo Scientific Co. Ltd.) after the carbon was first combusted
to carbon dioxide using a Flash EA 1112 HT. The procedure for isolating kerogen
followed Durand and Nicaise (1980) and is fully described in Zhang and others (2017).
The mass spectrometer was standardized with NBS-18 (3'*C = —5.014%¢) and Chinese
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standards GBW04405 (8'*C = 0.57%0) and GBW04407 (3'°C = —22.4%0) with a
relative standard deviation of 0.2 permil based on replicate analyses of the standards
(n = b). For core material, organic carbon concentrations were measured on dried,
decarbonated samples (1 N HCI for 2 hours at 50 °C) with a Thermo Scientific Flash
EA 2000 coupled to a Thermo Scientific Delta V Advantage gas-source mass spectrom-
eter. The AE 2000 burns the organic carbon to COy and chromatographically separates
the CO, gas. Concentrations were determined through the CO, peak area as recorded
in the Delta V. Both concentrations and isotopic compositions were standardized
against the NBS-18 standard (8'°C = —5.014%0) and LSVEC (3 '*C = —46.4%o0) with a
standard deviation of 0.3 permil for 8'°C and <1 percent for total organic carbon
concentration. Isotopic compositions are reported relative to the Pee Dee Belemnite
(PDB).

Sulfide and sulfur isotopes.—The isotopic composition of sulfide was obtained from
silver sulfide precipitated from the H,S liberated during distillation of the pre-weighed
samples by chromium reduction (Zhabina and Volkov, 1978; Canfield and others,
1986). Analyses of sulfur isotopic compositions were performed with the same mass
spectrometer system used for carbon isotope analyses at SDU, where isotopic composi-
tions were calibrated against standards IAEA S1, S2, S3 and an internal standard of
sulfate (BaSO,), altogether spanning a 5% range of ~50 permil (from —32.3 to +20.3
%o). The standard deviation of repeated measurements of international standards was
about 1 permil. The concentrations of sulfide in the sample were obtained by weighing
the Ag,S precipitated from the sulfide liberated during chromium reduction.

Iron speciation.—Iron speciation was performed as outlined in Poulton and Can-
field (2005) and Zhang and others (2017), where four pools of highly reactive iron
(FeHR) are determined. These pools include: FeCARB (siderite or ankerite), FeOX
(ferrihydrite, lepidocrocite, goethite, hematite), FeMAG (magnetite or similar), and
FeP (sulfidized iron, mainly pyrite). The concentrations of the iron species obtained
from the chemical extractions were quantified by AAS, with a standard deviation for
FeCARB of 20 percent, for FeOX and FeMAG of about 10 percent and for FeP of < 10
percent based on replicate analyses of the NRC PACS-3 sediment standard and other in
house standards (see supplemental tables for repeated standard analyses, http://
earth.geology.yale.edu/ % 7eajs/SupplementaryData/2017/Wang).

Biomarkers.—The biomarker analyses were performed on core materials at the
KLPG. All glass vessels used for bitumen extraction were combusted at 700 °C in a
muffle furnace to remove any organics and were then ultrasonically washed with
purified water. Two hundred grams of powders were precisely weighed and extracted
by Soxhlet extraction with chloroform for 8 h. The extracts (chloroform bitumen “A”)
were separated into various fractions including alkylated trimethyl benzenes with
dominantly 2,3,6-methylation. These were identified from the aromatic fraction, with
the fragment ion of m/z 134 as the base peak.

The maturity of Xiamaling Formation organic matter in the Xiahuayuan area is
low (Rc ~ 0.6%, Tmax < 450 °C) (Zhang and others, 2016b), and through most of the
stratigraphy, the TOC concentrations are high (>1 wt%; see below). A combination of
low maturity and high TOC content enhances the prospects of preserving extractable
biomarker molecules. We note, however, that even with low-maturity samples carefully
collected with non-organic drilling fluids, biomarker contaminants can be introduced
as samples are exposed to laboratory air during processing (Illing and others, 2014).
While this is of potential concern, the highest levels of contamination found by Illing
and others (2014) for C18 and C19 2,3,6-trimethyl aryl isoprenoids during laboratory
sample preparation were, at maximum, some 4 to 5 orders of magnitude lower
(150-400 pg onto 12 g of silicone gel) than the 0.2 to 4 X 107 pg we typically extracted
from 200g of sediment (see data below). Therefore, laboratory contamination likely
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Fig. 4. Various geochemical parameters presented from the Xiamaling Formation including both
outcrop and core data for many of the parameters. For the 8**S results, gray dots in unit 1 represent samples
with TOC contents of 0.5 to 1 wt%, and those with orange dots, TOC contents of < 0.5 wt%.

has no significant influence on our biomarker results. We also note that the biomark-
ers show regular stratigraphic trends which would be incompatible with either random
or persistent laboratory contamination. More generally, as described by Zhang and
others (2016b), the biomarker features of the Xiamaling Formation black shales and
overlying Jurassic coal are very different, suggesting that biomarkers from the Xiamal-
ing Formation do not come from younger migrated hydrocarbons.

Hydrogen Index, HI, is a measure of organic matter preservation, and is
defined as S,*100/TOC (Tissot and Welte, 1984; Espitalié, 1986). Here, S, repre-
sents the longer-chained, non-volatile hydrocarbons cracked and liberated during
heating pyrolysis. Our samples were pyrolyzed through programmed heating in a
Rock-Eval 6 instrument (Vinci Technologies, France) under a nitrogen atmo-
sphere. Pyrolysis began at 300 °C and continued to 650 °C at a heating rate of 25
°C/min, and collected data was interpreted with software ROCKINT. The instru-
ment was calibrated using the standard material [GBW (E) 070064~070066], and
results from repeated standard analysis are presented in data tables found in the
supplemental tables (http://earth.geology.yale.edu/ % 7eajs/SupplementaryData/
2017/Wang).

RESULTS

As noted above, and as shown in figure 2, the Xiamaling Formation is
informally divided into six units to encompass major changes in sediment geochem-
istry and/or depositional environment. We do not report geochemical data for the
lowest units 5 and 6, so these will not be considered further. Also, some of the data
presented here have been presented elsewhere (Zhang and others, 2015; Zhang and
others, 2016b; and Zhang and others, 2017). The data sources are indicated in the
supplemental tables (http://earth.geology.yale.edu/%7eajs/SupplementaryData/2017/
Wang).

We begin by presenting total organic carbon (TOC) concentration data. In unit 4,
the concentrations of TOC are very low, independently of whether the sediments
deposited as green or red shales (fig. 4). In unit 3, TOC reaches concentrations of over
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20 weight percent, falling to values of 1 weight percent or less in the adjacent chert-rich
layers (see also Zhang and others, 2015). As noted above, our sample recovery for
shales was poor during coring in this unit, so the outcrop results are more complete
and thus especially illustrative. In unit 2, the TOC concentrations range from 2 to 4
weight percent in the lower part of the unit, and 3 to 8 weight percent in the upper
part. There is also a gap of about 80 m in unit 2, as part of the formation is hidden in
the subsurface with no surface outcrops. This part of the unit was also inaccessible to
our drilling. The thickness of this gap was estimated from the stratigraphic relation-
ships between exposed surface outcrops. In unit 1, the TOC concentrations in the
black shales range from 2 to 6 weight percent, while the green/gray shales have TOC
concentrations in the range of 0.1 to 1 weight percent (see also Zhang and others,
2015, and Zhang and others, 2017).

We continue now with the concentrations of reduced sulfur. The concentrations
of sulfur are very low in unit 4 (fig. 4), generally less than 0.1 weight percent. In unit 3,
the high-TOC sediments tend towards higher concentrations of sulfur than the
low-TOC sediments. We suspect that the sulfur-rich sediments in this unit are under
represented due to poor recovery of TOC-rich shale during drilling. In outcrop
samples, concentrations of sulfide are unreliable due to weathering (for example, Ahm
and others, 2017) and are not reported. In unit 2, the concentrations of sulfur range
from about 0.2 weight percent to 1.5 weight percent, tending towards higher concen-
trations in the upper part of the unit. In unit 1, sulfur reaches very high concentrations
of nearly 3 weight percent, decreasing from a maximum concentration at about 45 m
to lower concentrations moving upsection.

The isotopic composition of organic carbon in the Xiamaling Formation is in the
range of —35 permil to —27 permil, values quite typical for the Mesoproterozoic Era
(Des Marais and others, 1992), but there is significant variability between the different
units (fig. 4). For unit 4, 8'3C values range between —35 permil and —32 permil, while
even greater variability is found in unit 3 with 8 '*C values of up to —27 permil. The
3'3C values in unit 2 are more consistent at —34.5 permil to —32.8 permil, with a few
“outliers” to heavier values, while in unit 1, there is a general trend from lighter to
heavier values moving upwards in the unit.

The 8*S of sulfide sulfur is mostly in the range of 0 to 20 permil for units 4, 3 and
lower part of unit 2. However, starting at the top of unit 2, and continuing into unit 1,
there is a pronounced shift in 8**S from about 0 permil to as low as —24 permil, with a
trend towards quite mixed values approaching the top of unit 1. In upper unit 1, the
most **S-enriched values are generally associated with the organic-poor sediments (fig.
4). The 8'S of seawater sulfate is not well constrained at this period in Earth history,
but 8**S values have been estimated at about 12 permil for 1440 Ma and 25 permil for
1280 Ma (fig. 4) (Kah and others, 2004).

We now present our biomarker results. Concentrations of the C;g and Ciq
2,3,6-trimethyl aryl isoprenoids (2,3,6-TMAI) have been reported previously for all of
unit 3 and parts of unit 4 and 2 (Zhang and others, 2016b). These values are shown
together with additional results for all of units 1 to 4 (fig. 4). To summarize, TMAI’s are
essentially absent in unit 4 except for a small peak at 305 to 310 m. There is also a peak
in concentration in the middle of unit 3. The concentrations are low at the base of unit
2 and generally increase through this unit with the highest values at the top. The
concentrations are also relatively high in the bottom of unit 1, falling to very low values
atabout 40 m and continuing low to the top of the unit.

Iron speciation is highly variable through the different units (fig. 5), and a
detailed account of how to interpret these results is presented in the Discussion
section. In unit 4, the red sediments typically have a ratio of FeHR/FeT > 0.38, while
the green sediments, including those near the top of the unit, do not (fig. 5). The



a 1400 million year old tropical marine setting 875

FeHR/FeT FeP/FeHR Prop FeHR Prop FeHR
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

O 1 II
¢
°
50 A [ 1 unit 1
- ¥ J—
o ¢
100 | e® ]
|
| — FeCarb
_ ] 1 FePy
g 150 |
<
‘5_ [ ) ° o © [ ) ° e
O Lo, ) %0.° (] rF —
a 200 ' o : o o | T ——
PR o , e .:' ——
S, % ‘..0' == unit 2
2501 g8 {ed, T e e
S ° - iy
o ° Y& %, e i3
° of i = uni
300 — L_ _ — — - 4 P
© o
T~. ® ’ unit 4
350 - OI' 1

Fig. 5. Iron speciation results for the Xiamaling Formation. For FeHR/FeT in unit 1, gray dots
represent samples with TOC < 0.5 wt% TOC, while orange represent samples with 0.5 to 1 wt% TOC. For
unit 4, dot color reflects sediment color. See text for details.

highly reactive component of the red sediments is predominantly Fe oxides, while for
the green sediments, the highly reactive component is mainly composed of Fe
carbonates and magnetite (fig. 5). In unit 3, most of the sediments have a FeHR /FeT <
0.38, but occasionally, the ratio of FeHR/FeT is > 0.38. When this occurs, the
FeP/FeHR ratio is generally < 0.7. The partitioning of Fe into the various highly
reactive phases varies greatly in the unit (fig. 5).

Continuing to the lower part of unit 2, the ratio of FeHR/FeT is both above and
below 0.38, but when above, the FeP/FeHR is generally < 0.7. In contrast, for upper
unit 2, FeHR/FeT is consistently above 0.38, and FeP/FeHR is at or above 0.7. The
bottom of unit 1 looks much like upper unit 2, but in the upper 40 m, and as discussed
previously (Zhang and others, 2017), FeHR/FeT is generally > 0.38 in the high-TOC
black shales and < 0.38 in the low TOC gray and green shales, particularly for samples
with < 0.5 weight percent TOC (fig. 5). When FeHR/FeT is > 0.38 in this part of the
unit, the ratio of FeP/FeT is typically > 0.7 (fig. 6).

We now consider the concentrations of the redox-sensitive metals Mo, U and V.
The concentrations of these metals have been normalized to both Al and Ti to provide
two different indications of enrichments over normal terrestrial background values
(fig. 7). The raw metal concentrations are found in the data supplement (http://
earth.geology.yale.edu/%7eajs/SupplementaryData/2017/Wang). These redox-
sensitive metals show little evidence for enrichment in unit 4, but each displays strong
enrichments relative to terrestrial background in unit 2, particularly in the upper part
of the unit. In unit 1, the strongest enrichments are in the lower part of the unit,
although less so than at the top of unit 2, and smaller, but still significant, enrichments
are seen in the high-TOC black shales of the upper 40 to 45 m of the unit (fig. 8)
(Zhang and others, 2017). In contrast, the low-TOC sediments (gray and green shales
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Fig. 8. Trace metal results from outcrop material where black shales (black dots) are indicated
separately from low-TOC sediments types (gray dots).

of unit 1, which are concentrated mostly in the upper 40 m) show little or no
enrichment in the redox-sensitive trace metals (fig. 8), as reported previously in Zhang
and others (2017).

The trace metal behavior in unit 3 is quite different. In this unit, enrichments are
observed in both Mo and U, particularly for the TOC-rich sediments, but through most
of the unit, V is either at or below crustal-average values (figs. 7 and 8). This is true
regardless of whether V is normalized to Al or to Ti (fig. 7), and regardless of whether
the sample is from black shales or from cherts (fig. 8). Aspects of trace metal behavior
in unit 3 have been discussed previously (Zhang and others, 2016b), and will be
considered in more detail below.

DISCUSSION

Interpreting Fe Speciation
We begin with a brief introduction to the interpretation of Fe speciation results.
The speciation of iron in sediment samples has frequently been used to assess the
chemical nature of the waters where the sediments deposited (for example, Raiswell
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and Canfield, 1998; Shen and others, 2002; Poulton and others, 2004; Poulton and
Canfield, 2005; Canfield and others, 2008; Planavsky and others, 2011; Sperling and
others, 2013; Sperling and others, 2014). Iron speciation is useful because anoxic
depositional environments can display characteristic enrichments in so-called highly
reactive iron (including iron oxides, carbonates and sulfides) to over 38 percent of the
total iron in the sample. Therefore, anoxic depositional environments can have ratios
of highly reactive to total iron greater than 0.38 (FeHR/FeT > 0.38) (Raiswell and
Canfield, 1998; Raiswell and Canfield, 2012). When about 70 percent or more of the
highly reactive iron is bound as sulfide (typically pyrite) (FeP/FeHR > 0.7), this is
indicative of euxinic (sulfidic) depositional conditions (Raiswell and Canfield, 2012).
When less of the highly reactive iron is bound as pyrite (FeP/FeHR < 0.7), this is
indicative of ferruginous (iron-rich) water-column conditions.

Some anoxic environments, however, do not display the characteristic iron
enrichments. For example, nitrogenous bottom waters, as found in modern anoxic
oxygen-minimum zones, do not contain iron enrichments (Raiswell and Canfield,
1998). The oxic environments just adjacent to anoxic nitrogenous OMZs, however, can
be enriched in highly reactive iron (Scholz and others, 2014), although these enrich-
ments have not yet been assessed using standard iron-extraction techniques. Finally,
anoxic (both sulfidic and ferruginous) depositional environments can also have ratios
of FeHR /FeT < 0.38 (Raiswell and Canfield, 1998; Raiswell and Canfield, 2012). This
means that a FeHR/FeT < 0.38 cannot, by itself, be used to define oxygenated
water-column conditions. Such an iron speciation result, however, can be used with
other geochemical information to support the interpretation of an oxygenated deposi-
tional setting. Generally, Fe speciation is best combined with other geochemical
indicators to assess ancient water chemistry.

Water-Column Chemistry of Individual Units

In the following, we use our results to evaluate the evolution of water-column
chemistry in the Xiamaling Formation. We will discuss each unit in turn, starting with
unit 4.

Unit 4.—The same green-red colorations that we observed in the field are also
observed in the core for unit 4, so our field observations of color change are not a
product of weathering. As mentioned above, the red sediments generally have FeHR/
FeT > 0.38, indicating deposition under anoxic conditions. Since the FeP/FeHR ratio
is distinctly low (fig. 5), a ferruginous water column is indicated (fig. 6). As discussed
above, the green-colored sediments are typically sandy silts that we interpret to
represent turbidite events. As also noted, we commonly observe the green coloration
to bleed into the red muddy layers, both above and below the green sandy silts (figs. 3D
and 3P). In the modern ocean, turbidites typically have more reactive organic carbon
than the sediments onto which they deposit (for example, Wilson and others, 1985),
and we interpret the bleed down to represent the reduction of ferric iron to ferrous
iron in the (once red) muds from the higher reductive capacity of the adjacent
turbidites. Our chemical extractions indicate the reactive Fe in the red sediments is
dominated by Fe oxides while the green sediments are dominated Fe*" phases, mainly
Fe carbonates (fig. 5). Similarly, the bleeding-up we observe could have resulted if the
turbidites re-suspended some of the background red muds during transport, with
subsequent reduction of ferric iron in the re-deposited red muds immediately above
the more reducing turbidites.

Overall, our depositional model is one of pelagic sedimentation of iron-enriched,
and oxidized, organic-poor muds, interspersed with the rapid deposition of more
reactive sandy silt turbidites with relatively less total iron. While the iron enrichments
of the red layers would seem to indicate anoxic water-column conditions, such
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conditions would seem to contradict the generally low HI values in this unit (fig. 4) and
the oxidized nature of the reactive Fe.

We will consider first the HI index for these samples. Low values of HI are
associated with high degrees of organic matter decomposition, and, subsequently,
poor organic matter preservation, as long as the samples are thermally immature and
devoid of terrestrial land plant debris (Espitalie and others, 1977; Tissot and Welte,
1984). As mentioned above, the sediments we explored from the Xiamaling Formation
have all experienced a low degree of thermal maturity, and they deposited some 1
billion years before the spread and diversification of terrestrial land plants.

As highlighted in a previous contribution focusing on unit 1 (Zhang and others,
2017), and in other literature (Pratt, 1984; Canfield, 1994; Kristensen and others, 1995;
Aller, 2014), deposition under anoxic conditions leads to less organic matter mineral-
ization, and consequently, enhanced organic matter preservation. Observations from
unit 1 (Zhang and others, 2017) (see also below), and from other sedimentary
environments from the Phanerozoic Eon (Pratt, 1984; Riboulleau and others, 2003),
show that deposition under anoxic conditions typically leads to high values of HI,
whereas deposition under oxygenated bottom-water conditions leads to lower values of
HI, due to the more extensive aerobic decomposition of organic matter. The TOC
contents of unit 4 are generally very low (0.05 to 0.4 wt%), average = 0.21 wt%) and fall
on the same relationship with HI as the other units of the Xiamaling Formation (fig.
9); similar relationships between TOC and HI are also often observed in geological
formations with sediments containing variable TOC contents (Pratt, 1984; Bouloubassi
and others, 1999; Riboulleau and others, 2003; Sabatino and others, 2009).

While the low HI values speak to extensive organic matter decomposition, so
might also the low TOC concentrations themselves. Indeed, through all of the modern
major ocean basins, the concentrations of TOC captured in sediment traps to depths
of 1 km or less (sampled during the Joint Global Ocean Flux Study, JGOFS) are all > 2
weight percent, with values typically in the range of 3 to 8 weight percent, or even
higher (fig. 10; data from http://usjgofs.whoi.edu/mzweb/data/Honjo/sed_traps.
html). Thus, marine sediments at depths of 1 km, or less, intercept particles with TOC
concentrations of > 2 weight percent. Much of the organic matter settling from the
photic zone in the modern ocean is associated with the carbonate and siliceous tests of
phytoplankton. In the absence of these mineral tests, as would have been the case in
the Mesoproterozoic oceans, one might expect even higher TOC concentrations in
settling particulates. A lack of mineralized tests, however, might have also resulted
in more slowly settling organic matter, potentially leading to more extensive organic
matter mineralization as the particles settled (Logan and others, 1995; Zhang and
others, 2016b). However, this is an unlikely explanation for the exceptionally low TOC
contents of unit 4 sediments given the high TOC concentrations of other units of the
Xiamaling Formation. Indeed, the range in TOC concentrations in Xiamaling Forma-
tion black shales (4-20 wt%, units 1-3, fig. 5) are similar to those found in other
Proterozoic black shales (Scott and others, 2008), and in sediments from modern
euxinic basins like the Black Sea (5 to 16 wt% TOC; Brumsack, 2006) and the Cariaco
Basin (2-5 wt% TOC; Piper and Dean, 2002). Therefore, it would appear that sinking
particulates from the Proterozoic Eon contained comparable TOC concentrations to
those of today. Taken together, the low TOC contents, and associated low HI, of unit 4
sediments are completely consistent with substantial organic matter decomposition as
expected under oxygenated marine bottom waters supporting extensive aerobic
organic matter mineralization. Finally, the oxidized nature of the reactive Fe in the red
muds is consistent with deposition into an oxygenated environment. Indeed, these red
muds are reminiscent of modern deep-sea red clays depositing in well-oxygenated
waters.
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Fig. 9. HI vs. TOC for both core and outcrop samples. Outcrop samples tend to have somewhat lower
HI values, which could represent the effects of weathering.

In summary, water-column conditions during the deposition of unit 4 appear to
have been ferruginous, yet the waters at the sediment surface appear to have been
oxygenated. The situation could have existed if a ferruginous OMZ occupied the basin,
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Fig. 10. Concentrations of TOC for sediment trap particles collected at depths <1000 meters during
the joint Global Ocean flux study (JGOFS), separated into different ocean basins.

and if the Xiamaling Formation sediments deposited at a depth where oxygen
accumulated below the overlying anoxic waters. In this way, highly reactive iron could
have settled from the anoxic part of the water column and become oxidized either in
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Fig. 11. Cartoon displaying depositional and chemical conditions for the different units. See text for
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the water column or within the oxygenated surface sediments. A cartoon depicting this
scenario is presented in figure 11. A somewhat analogous scenario has previously been
described for unit 3 (Zhang and others, 2016b), and will be discussed in more detail
below. The low concentrations of TMAI biomarkers in unit 4 sediments could reflect
an absence or near-absence of anoxygenic phototrophic green-sulfur bacteria in the
anoxic water column, perhaps due to phosphorus limitation in the ferruginous waters
(for example, Bjerrum and Canfield, 2002). Alternatively, low TMAI content could
also reflect the decomposition of these biomarkers during subsequent aerobic decom-
position.

Unit 3.—As mentioned above, unit 3, likely deposited well below storm wave base
and likely represents the deepest waters during deposition of the Xiamaling Formation
(Fan, 2015). The geochemistry of unit 3 is quite unique and has been partly described
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Fig. 12. Bottom water oxygen and sediment trace metal dynamics for oxygen minimum zones off the
coast of Peru and Mexico. Dotted vertical lines are crustal average values color coded to the different trace
metals. See text for details.

in Zhang and others (2016b). The shales of this unit are very TOC-rich and, like typical
TOC-rich sediments depositing under anoxic bottom-water conditions, they are en-
riched in Mo and U. However, unlike any other modern examples of anoxic deposi-
tional settings, including the Black Sea (Liischen, ms, 2004), the Cariaco Basin (Piper
and Dean, 2002), the Saanich Inlet (Calvert and others, 2001), and the anoxic parts of
modern OMZs (Nameroff and others, 2002; Boning and others, 2004; Scholz and
others, 2011), they show no enrichment in V. Therefore, modern anoxic depositional
settings do not provide an adequate model for the unit 3 geochemical environment.

It has recently been suggested that the lack of V enrichment in unit 3 sediments
resulted from the input of unusually V-depleted particles (Planavsky and others, 2016).
If this were true, and the sediments deposited under anoxic conditions, then the
sediments somehow managed to maintain apparent crustal average (or lower) V
concentrations while still enriching in V as expected during anoxic deposition. There
are no modern or ancient precedents for such a scenario, and as we have argued
previously (Zhang and others, 2016a), we find this very unlikely.

In contrast, there are modern analogues to the trace metal patterns observed in
unit 3 of the Xiamaling Formation, and these are found in modern OMZ sediments
from the eastern tropical South Pacific (ETSP), off the coast of Peru (Scholz and
others, 2011), and the Eastern tropical North Pacific (ETNP) off Mazatlan, Mexico
(Nameroff and others, 2002). These trace metal dynamics are best understood by
comparing sediments depositing within the anoxic core of the OMZ with those
depositing in oxygenated waters below the anoxic core. Thus, and as expected for
anoxic water-column settings (Cochran, 1990; Calvert and Pedersen, 1993; Algeo and
Lyons, 2006; Algeo and Rowe, 2012), V, Mo and U are all enriched in sediments
depositing within the anoxic OMZ core in each of the sites mentioned above (fig. 12).
In this anoxic OMZ core, anoxic waters directly intersect the sediments. Below the
anoxic core, however, where bottom-water oxygen concentrations begin to rise, V



a 1400 million year old tropical marine setting 885

returns to concentrations at (ETSP), or even below (ETNP), the crustal average. In
contrast, U in particular, but also Mo (especially in the ETNP), maintains enrichments
above the crustal average in sediments depositing with high concentrations of TOC.

We conclude, therefore, that the patterns of trace metal enrichment seen in
modern OMZs are directly analogous to those observed in unit 3 of the Xiamaling
Formation. We emphasize that there are no modern examples of deposition in anoxic
marine environments without V enrichment, and that all examples where V deposits in
organic-rich sediments at or under crustal average values are found under oxygenated
depositional conditions (Morford and Emerson, 1999; Zhang and others, 2016b).

Therefore, and as previously discussed (Zhang and others, 2016b), the geochemi-
cal evidence strongly points towards the deposition of unit 3 in oxygenated waters
directly below the anoxic core of an ancient OMZ. Also, as previously discussed (Zhang
and others, 2016b), an ancient OMZ interpretation is strengthened by the observation
of elevated concentrations of C,g and C;¢ TMAISs, particularly in the middle of the unit
where V depletion is the strongest. These biomarkers indicate the presence of an
ancient population of anoxygenic phototrophic green-sulfur bacteria living off the
oxidation of either sulfide or iron in the water column. These populations would have
lived in the anoxic waters overlying the oxygenated bottom waters where unit 3
deposited (see cartoon in fig. 11).

The chertrich sediments in unit 3 are much depleted in TOC compared to the
black shales (fig. 8, compare to figs. 3Q and 3S) (Zhang and others, 2016b). These
low-TOC samples tend towards low HI, indicating more extensive organic matter
degradation (fig. 9). They also show the same V behavior as the black shales, while
maintaining slight, but variable, enrichments in Mo and U (fig. 8; Zhang and others,
2016b). The cherts are, furthermore, enriched in TMAI biomarkers (fig. 4) (Zhang
and others, 2016b). Taken together, these observations suggest that the cherts also
deposited in oxygenated bottom waters, but with an overlying anoxic OMZ, similar to
the periods of black shale deposition. Similarly, the reduced HI in the cherts indicates
that some of the differences in TOC concentration between the black shales and cherts
can be explained by more extensive organic matter degradation in the cherts. Some of
the differences in TOC concentration might also relate to higher rates of primary
production during black shale deposition as driven by higher winds and more
intensive upwelling as discussed by Zhang and others (2015). Indeed, high rates of
primary production, and the subsequent water-column decomposition of settling
organic matter, could have led to more extensive oxygen depletion in the bottom
waters, helping to explain the better preservation of TOC in the black shales. Thus,
bottom water oxygen concentrations during chert deposition may have been higher
than during black shale deposition.

Our iron speciation results are equivocal, showing limited evidence for anoxic
water-column conditions through most of unit 3 (figs. 5 and 6). There are, however,
occasional anoxic water-column signals, and when anoxic, indications are, except in a
single instance, for ferruginous conditions. Thus, the OMZ setting of unit 3, in contrast
to that of unit 4, did not deposit elevated concentrations of highly reactive iron. The
reasons for this are unclear, but modern OMZ settings do not show the same
iron-enrichments as observed in anoxic basins (Raiswell and Canfield, 1998). The
reasons why OMZs do not show iron enrichments are also unclear, but may be related
to the relatively lower concentrations of dissolved Fe** in anoxic OMZ waters com-
pared to typical anoxic basins (Raiswell and Canfield, 2012). In modern OMZs, Fe**
concentrations may be suppressed due to interactions with the nitrogen cycle (Raiswell
and Canfield, 2012), where dissolved Fe?* can be biologically oxidized in the reduc-
tion of nitrate (Straub and others, 1996; Straub and others, 2004). There is no
evidence for a nitrogenous OMZ during the deposition of the Xiamaling Formation,
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and, in contrast to modern nitrogenous OMZs, Xiamaling unit 3 supported an
anoxygenic phototrophic community that likely oxidized Fe*", based on the evidence
for ferruginous conditions when the water column was anoxic. Thus, despite evidence
for sufficient Fe*" to drive anoxygenic photosynthesis, the concentrations were too low
to égenerate a large flux of highly reactive iron to the sediments. Or, alternatively, the
Fe”" might have been effectively recycled locally within the OMZ so that Fe oxyhydrox-
ides produced during anoxygenic photosynthesis were effectively reduced and re-
cycled within the anoxic OMZ waters. This geochemical situation might have provided
a small overall flux of reactive Fe to the underlying sediments, but insufficient to
produce a clear anoxic FeHR /FeT signal.

Finally, as noted above, the very top of unit 3 returns to organic-poor green and
gray shale deposition. The HI index in these sediments is low, but these sediments have
not been carefully explored geochemically, so we only note that the transition to unit 2
was not smooth, containing an interval with water-column conditions very different
from those either typical for unit 3 or for unit 2, as explored immediately below.

Unit 2.—The shales of unit 2 have relatively high TOC concentrations of 2 to 4
weight percent (fig. 4), and they are enriched in all of the redox-sensitive trace metals,
Mo, V and U, with the greatest enrichments in the uppermost part of the unit (figs. 7
and 8). This whole unit has elevated HI values (fig. 4), particularly in the core samples,
which should be the most pristine. As with trace metal enrichments, the highest HI
values are observed at the top of the unit. Iron speciation results show clear evidence
for an anoxic depositional environment through much of the lower part, and all of the
upper part of the unit (figs. 5 and 6). Since redox-sensitive trace metals and TMAI’s
(fig. 4, indicating the presence of water column anoxygenic phototrophs; see more
below) are enriched throughout the unit, sediments with relatively low FeHR/FeT
(< 0.38) likely reflect low fluxes of highly reactive iron under anoxic depositional
conditions rather than a transition to an oxygenated water column. In the bottom
portion of unit 2, the waters were mostly ferruginous with FeP/FeHR < 0.7 exceptin a
few cases (figs. 5 and 6). Near the top of unit 2, in contrast, the ratio of FeP/FeHR is
high, signaling the transition to a dominantly euxinic environment (figs. 5 and 6).

A pronounced transition occurs in 3%'S in upper unit 2, from values between 10
permil and 12 permil in the interval of 80 to 100 m, to values between —20 permil and
—5 permil in the interval of 70 to 80 m (fig. 4). This transition occurs where the
depositional environment was anoxic and mostly euxinic (figs. 5 and 8), and it also
accompanies a rather substantial decrease in the concentrations of redox-sensitive
trace metals (fig. 7). Although we have a poor understanding of the evolution of
seawater sulfate °*S through the time of Xiamaling Formation deposition, it is very
unlikely that the transition in 8**S at the top of unit 2 reflects a dramatic change in the
3*S of the sulfate reservoir. For one, the range of seawater 'S indicated on figure 4
represents the whole known range for Mesoproterozoic Era sulfate 3**S, and this range
is much smaller than the change in pyrite 8*'S in the upper part of unit 2. Also, as
discussed below, there are rapid changes of up to 40 permil in the 3%S of pyrite in unit
1, and it is highly unlikely that these changes relate to changes in the 8**S of the sulfate
reservoir. Therefore, we view the range of 5318 of sulfate, as indicated in figure 4, to
reflect the likely 8*'S of seawater sulfate during Xiamaling times, and the large changes
in the 8%*S sulfide at the top of unit 2 to reflect differences in the expression of isotope
fractionation during sulfate reduction as explored immediately below.

The pyritization of reactive iron occurs quickly in the presence of sulfide (Can-
field and others, 1992; Poulton and others, 2004), and, under euxinic conditions, most
pyritization of reactive iron occurs in the water column (Canfield and others, 1996).
Thus, small fractionations between sulfate and sulfide, as seen in the interval of unit 2
from 80 to 100 m, mean that the isotopic composition of water-column sulfide was
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likely close to that of the original seawater sulfate. Furthermore, for water-column
sulfide to have a 3**S close to seawater sulfate requires extensive, if not nearly
complete, sulfate consumption by sulfate reduction in the water column (Crowe and
others, 2014; Shen and others, 2002). The high fractionations between sulfate and
sulfide preserved in sediments from the interval 70 to 80 m reflect, in contrast,
incomplete water-column sulfate reduction allowing sulfides formed in the water
column to inherit distinctly depleted 8**S values compared to the initial sulfate
entering into the anoxic waters (Shen and others, 2002; Canfield and others, 2010).
This change in the extent of sulfate depletion could have arisen due to either a
decrease in the rate of water-column sulfate reduction, or to an increase in the
concentration of sulfate entering the basin. We cannot be certain as to the cause, but
the accompanying decrease in trace metal concentrations in moving to the top of unit
2 suggests less efficient trace metal removal, and this could also be associated with less
sulfate reduction and less sulfide accumulation in the waters.

As mentioned above, the waters of unit 2 supported a population of anoxygenic
phototrophic bacteria as evidenced by elevated concentrations of C,g and C;q TMAI
biomarkers (fig. 4). These biomarkers are particularly abundant above 225 m, parallel-
ing, to some extent, the trace metal enrichments (compare figs. 4 and 7). Overall, it
seems that a population of anoxygenic phototrophs was present in the water column
regardless of whether the water-column chemistry was predominantly ferruginous
(lower part of unit 2) or euxinic (upper part of unit 2), and regardless of the extent of
sulfate depletion in the waters. A cartoon depicting the evolution of unit 2 geochemis-
try is found in figure 11.

Unit 1.—As mentioned above, the boundary between unit 1 and unit 2 is not
particularly clear. We have chosen to place it at 70 m where gray/green shale
alternations begin. We note, however, that a further significant transition occurs at 40
to 45 m where gray/green shale-black shale alternations become much more pro-
nounced (fig. 3L), indicating a different geochemical environment as explored below.

In many ways, the lower part of unit 1 reflects a continuation of the geochemical
conditions seen in the upper part of unit 2. The bottom waters were mostly anoxic, and
when anoxic, they were mostly euxinic, but also ferruginous in some instances (figs. 5
and 6). Sulfur isotopes indicate the persistence of incomplete sulfate reduction in the
water column, as was also seen in the upper part of unit 2 (fig. 4), and there are no
differences in the isotopic composition of sulfide between ferruginous and euxinic
depositional conditions. In Lake Matano, a modern analogue environment, extensive
sulfate reduction occurs in ferruginous waters just below the oxic-anoxic transition in
the water column (Crowe and others, 2008; Crowe and others, 2014). By extension, it is
plausible that the extent of sulfate depletion in this portion of unit 1 was similar
regardless of whether the water column was sulfidic or ferruginous. If this were the
case, then the factor deciding whether the waters were ferruginous or sulfidic was likely
the supply rate of reactive iron to the anoxic water column, either by wind-blown dust
and river-derived particulates (Canfield and others, 1996; Raiswell and Canfield,
2012), or by the dissolution and transport of ferrous iron from slope and shelf
sediments intercepting the anoxic waters (Raiswell and Anderson, 2005; Lyons and
Severmann, 2006; Raiswell and Canfield, 2012).

In lower unit 1 the HI is high, and redox-sensitive trace metals are similar in
concentration to those seen at the very top of unit 2 (figs. 4, 7, and 8). This part of unit
1 also, like the upper part of unit 2, shows relatively large enrichments in TMAI’s
indicating a persistent population of anoxygenic phototrophic bacteria oxidizing
either excess Fe*" or H,S in the water column. Anoxic depositional conditions
dominated in lower unit 1.
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We have reported previously on aspects of the geochemistry of the upper 45 m of
unit 1, where a clear switching between oxic and anoxic depositional conditions is
reflected in alternating TOC, HI and trace metal enrichments (figs. 4 and 8; Zhang
and others, 2017) in association with the deposition of either green/gray or black
shales as possibly controlled by climate (Zhang and others, 2015; Zhang and others,
2017). This switching is also reflected in alternations in FeHR/FeT, which correlate
with TOC (fig. 13); TOC, in turn, correlates with 5%%S and trace metal concentrations
(figs. 8 and 13) (Zhang and others, 2015; Zhang and others, 2017). To summarize, low
TOC green/gray shales have low values of HI (fig. 9), show little if any enrichment in
trace metals (figs. 8 and 13), and generally have FeHR /FeT values consistent with oxic
depositional conditions (Zhang and others, 2017). In contrast, the black shales are
TOC enriched, with high values of HI and trace metal enrichments. In addition, the
black shales have FeHR/FeT values consistent with anoxic deposition under a mix of
ferruginous and euxinic conditions (ﬁ%. 6).

We note, furthermore, that the 'S of sulfide is depleted, and generally in the
range of 5 to —25 permil, when TOC is above around 1 weight percent and when
FeHR/FeT gives evidence for an anoxic water column (figs. 4, 5, and 13). In contrast,
the 8°*S of sulfide is generally enriched and mostly in the range of —5 to 25 permil
when TOC is less than around 1 weight percent and where FeHR/FeT %ives evidence,
generally, for oxic water-column deposition (figs. 4, 5, and 13). The §°*S data imply
that when the water-column was anoxic, sulfate reduction was incomplete, similar to
the lower part of unit 1. In contrast, when depositional conditions were oxic, sulfate
reduction was far more extensive, leading to **S enrichment. More extensive sulfate
depletion might be expected if sulfate reduction was restricted to sediments with a
sulfate supply from overlying waters that were relatively low in sulfate concentration, as
expected for this time in Earth history (Kah and others, 2004). Indeed, available
estimates suggest sulfate levels of less than about 2 mM (Shen and others, 2002; Kah
and others, 2004), or < 7 percent of the present oceanic concentrations of 28 mM.

At around 15 m in the stratigraphy (fig. 3M), coarser, cross-laminated silt- and
sandstones appear within the mudstones, some, possibly, showing signs of wave
influence. Thus, unit 1, especially the upper part, may represent a regressional
sequence moving up section.

Transitions in Water-Column Chemistry

Overall, the Xiamaling Formation displays many types of sedimentological and
water-column chemical conditions over the course of its deposition. Unit 4 reflects
oxygenated depositional conditions under a ferruginous OMZ, with periodic turbidite
deposition, giving the distinct red/green color banding of the unit. Unit 3 represents
continued oxic deposition, but under an OMZ with higher (but variable) rates of
primary production that appear to be climate controlled (Zhang and others, 2015).
This unit is not associated with turbidites, and overall, deposition was in deep waters
below storm wave base. The transition from unit 3 to 2 seems to reflect a return to
depositional conditions similar to those of the top of unit 4, but we did not carefully
explore this transition. Unit 2 was deposited under anoxic conditions that were
predominantly ferruginous in the lower part and predominantly euxinic in the upper
part. An apparent reduction in the extent of water-column sulfide accumulation
occurs when approaching the top of the unit. Unit 2 also deposited in deep waters with
no indication of wave influence on deposition. In unit 1, mixed euxinic and ferrugi-
nous depositional conditions dominated the lower part of the unit, and at about 40 m,
evidence of anoxic conditions alternate with evidence of oxygenated bottom waters. At
about 15 m, there appears to be occasional wave influence on deposition that becomes
evident, indicating shallowing to storm wave depth. Anoxygenic phototrophic bacteria
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Fig. 13. V/Al, 8*!S and FeHR/FeT as a function of TOC in unit 1. For V/Al, both outcrop and core
results are shown. The FeHR /FeT ratio of 0.38 is also indicated.

occupied the anoxic portion of the water column during deposition of all units, except
unit 4, with the greatest populations during the deposition of unit 2, and lower unit 1.

As noted above, we previously developed a climate model to explain the major
features of geochemical transitions between units 3 to 1 (Zhang and others, 2015). We
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will expand this model to include unit 4, and we will also provide an account of the
evolution of water chemistry in the context of this model.

Our model is premised on paleo-reconstructions of ancient supercontinent
Columbia (Nuna) that places the Xiamaling Formation between 10°N and 30°N
latitude and within the range of Hadley Cell circulation (Evans and Mitchell, 2011;
Zhang and others, 2012), as this controlled patterns of wind, rainfall, and ocean
circulation. Our model also draws heavily from observations of water-column chemical
and sedimentological dynamics as revealed in sediments from the Cretaceous Atlantic
Ocean (Kuypers and others, 2004; Hofmann and Wagner, 2011; Wagner and others,
2013). The reader is referred to Zhang and others (2015) for a full accounting of the
model. But, to summarize, the fluctuating geochemical conditions of units 3 and 1 are
explained by sediment deposition near the downwelling limb of an ancient Hadley Cell
(Zhang and others, 2015). Here, climate would be very sensitive to the location of the
ITCZ, and movement in the location of the ITCZ would alter trade wind patterns, rain
intensity and ocean circulation, generating different geochemical dynamics. Thus, in
our model, with a northward location of the ITCZ, the Xiamaling Formation deposited
in the band of easterly trade winds that induced coastal upwelling. This situation
generated high rates of primary production, an intensified OMZ, and high TOC
deposition in the black shales of unit 3, while also generating anoxic conditions during
black shale deposition in unit 1.

In contrast, with a more southerly location of the ITCZ, the Hadley Cell also
moved southward, and the Xiamaling Formation became located under the down-
welling portion of the Hadley Cell. Here trade wind intensity was reduced, limiting
upwelling, and reducing the organic carbon flux to the relatively organic-poor
sediments of both units 3 and 1. In the case of unit 3, geochemical evidence suggests
that OMZ conditions persisted, but the reduced organic carbon flux may have allowed
for higher bottom water oxygen concentrations and, hence, more extensive sedimen-
tary organic carbon oxidation. In unit 1, with the southerly placement of the ITCZ, the
water column transitioned to oxic conditions, with no evidence of an OMZ. In our
model, the more southerly location of the ITCZ generated less rain in the region of
Xiamaling Formation deposition, and encouraged net evaporation of surface waters
and silica deposition in unit 3 (Zhang and others, 2015). There is no evidence for
massive chert deposition in unit 1, but as noted earlier (Zhang and others, 2015), Si
contents are slightly elevated in the gray/green shales of this unit compared to the
black shales.

Unit 2 represents more stable depositional conditions, and we previously inter-
preted this unit to have deposited within the belt of persistent easterly trade winds,
requiring a stable northerly position for the ITCZ (Zhang and others, 2015). As unit 2
reflects waters that were anoxic at the sediment surface, the transition from unit 3 to
unit 2 was accompanied by either a sea-level fall, raising unit 2 into the anoxic portion
of an ancient OMZ, or by a change in ocean circulation causing an overall deeping of
the anoxic zone.

In moving from the lower to the upper part of unit 2, more sulfide became
available relative to Fe, causing a transition from dominantly ferruginous to domi-
nantly sulfidic conditions (figs. 5 and 6). Also, the sediments became more enriched in
highly reactive-iron, implying a greater supply of reactive iron relative to the back-
ground sedimentation (figs. 5 and 6). They also become more enriched in TOC (fig.
4) and in redox-sensitive trace metals, particularly Vand Mo (figs. 7 and 8). The §**S of
the deposited sulfide remained **S-enriched, implying extensive sulfate depletion in
the water column throughout this transition. These observations are rather anoma-
lous, particularly the transition to euxinic conditions in moving up-section (implying
iron limitation) despite a greater availability of highly reactive iron (as evidence by
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higher FeHR/FeT). These observations, however, can be accommodated, at least
generally, if there was an enhancement in water-column circulation (perhaps greater
upwelling), relative to detrital sediment deposition, in the transition from the lower to
the upper part of unit 2. Enhanced circulation could supply more reactive-iron, if the
iron was sourced from the water column, as well as more nutrients to fuel primary
production, and more sulfate to fuel sulfate reduction. Enhanced circulation would
also supply a greater flux of trace metals. Thus, enhanced circulation could explain
enrichments in highly reactive iron, trace metals and TOC concentrations, but does
not, in itself, explain the transition from ferruginous to euxinic conditions. We cannot
be certain, but if our model is correct, the changes in circulation elevated rates of
sulfate reduction to a greater extent than they elevated the supply of reactive iron,
generating a sulfide surplus. Overall, changes in circulation could have resulted from
movement in the ITCZ and subsequent changes in Hadley Cell dynamics, but these
details are also very uncertain.

As described above, the transition to unit 1 begins with alternations between
green/gray and black shales, with such alternations becoming much more pro-
nounced above 40 m to 45 m in our stratigraphy. These alternations in sediment type
reflect transitions between oxygenated and anoxic bottom water conditions. As de-
scribed previously (Zhang and others, 2015), and as mentioned above, we ascribe the
transition between unit 2 and unit 1 to movement of the ITCZ placing the Xiamaling
Formation again, as in unit 3, near the downwelling limb of an ancient Hadley Cell
(Zhang and others, 2015). As also explained above, Hadley Cell displacement north
and south, as perhaps controlled by climate change, would place the Xiamaling
Formation under different regimes of trade wind direction, wind intensity, and ocean
circulation, generating different bottom-water chemical conditions. Although unit 1
seems to reflect a regression to shallower waters, the water depth was still sufficient for
anoxia to develop below the upper mixed layer of the ocean.

We now turn to unit 4 -. Geochemical indications are that this unit deposited
under continuously oxygenated conditions, and with relatively low rates of primary
production, at least lower than overlying unit 3. Also, there was apparently an active
source of sediment for turbidite deposition. We can speculate that this unit deposited
northward of the downwelling limb of the Hadley Cell. This could have placed the
Xiamaling Formation in prevailing westerly winds, unconducive to coastal upwelling,
thus supporting low productivity. In this model, the prevailing rain patterns and the
specific geomorphology of continental Columbia (Nuna) supplied a source of river
sediment to the shelf and slope adjacent to where the Xiamaling Formation deposited,
providing the sediment source for the turbidites. This situation persisted until the
Hadley Cell moved north, with the downwelling limb passing over and then settling
justnorth of the site of Xiamaling Formation deposition. This transition in Hadley Cell
placement would have initiated unit 3 deposition and generated rain patterns that
delivered less river sediment to the shelf and slope, thus signaling a significant
reduction in turbidite deposition.

Our model suggests that the major features of Xiamaling Formation sedimentol-
ogy and water-column chemistry were driven by climate and climate change, which
affected water-column productivity, water-column oxygen distribution, as well as
sediment source to the basin. The major driving factor was the location of the ITCZ
and the relationship of the Xiamaling Formation to Hadley Cell circulation. Generally,
the ITCZ migrates towards the warming hemisphere (Broccoli and others, 2006;
Schneider and others, 2014). This happens both seasonally, and in response to
long-term climate change as hemispheres warm and cool. For example, during the last
glacial maximum, evidence points to a 7° southward movement of the ITCZ in
response to preferential cooling of the Northern Hemisphere (Arbuszewski and
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others, 2013). The ITCZ is also deflected by preferential warming and cooling of
landmass, relative to the adjacent ocean. Thus, on a seasonal basis, the ITCZ moves
relatively little in the equatorial Pacific and Atlantic oceans, but is deflected substan-
tially northward in Africa, and especially eastern Asia, during the Northern summer,
and substantially southward in South America and Africa during the Austral summer.
Around Asia, the total seasonal displacement is considerable, amounting to around 30°
total latitude (Schneider and others, 2014).

Overall, changes in global temperature distribution, as well as tectonic factors like
land mass distribution and continental drift, can influence the location of the ITCZ
relative to any place on the globe. As noted above, the precisely dated portion of the
Xiamaling Formation, representing 52 meters of stratigraphy from the top of unit 3 to
the bottom part of unit 2, represents 8 million years of deposition. We have no other
dating of the Xiamaling Formation, but each unit likely spans several million years.
Thus, over time scales that likely represent 10’s of millions of years, all of the above
mentioned factors could have contributed to displacement of the ITCZ, and Hadley
Cell distribution relative to where the Xiamaling Formation deposited. Although we
cannot be certain as to which of these factors might have driven changes in the location
of the ITCZ, we believe that the chemical dynamics observed in the Xiamaling
Formation were largely controlled by them.

Mesoproterozoic Era Water-Column Chemistry and Atmospheric Oxygen

The Xiamaling Formation provides a rare window into the development of
Mesoproterozoic Era ocean chemistry over a likely time span of 10’s of millions of
years. During this time, Xiamaling Formation bottom-water chemistry was variably
oxic, ferruginous and sulfidic. This range of water chemistries encompasses all of the
types previously described during the Mesoproterozoic Era (Shen and others, 2003;
Planavsky and others, 2011; Gilleaudeau and Kah, 2013; Geboy and others, 2013;
Sperling and others, 2015), demonstrating the potential for dynamic water-column
evolution in a single location. Furthermore, water-column anoxia, at least at some
depths, was typical during Xiamaling Formation deposition. This observation rein-
forces the idea that water-column anoxia was widespread during the Proterozoic Eon
(Canfield, 1998; Planavsky and others, 2011; Raiswell and Canfield, 2012; Canfield,
2014b; Gilleaudeau and Kah, 2015; Sperling and others, 2015), which is generally
taken to indicate considerably lower atmospheric oxygen levels compared to today,
and compared to the Phanerozoic Eon in general (Canfield, 1998; Canfield, 2014a;
Canfield, 2014b; Lyons and others, 2014; Sperling and others, 2015).

Still, the Xiamaling Formation displays evidence for bottom-water oxygenation
during the deposition of units 4, 3 and 1. Previous studies have utilized the geochemi-
cal features of units 3 and unit 1 to develop models constraining oxygen levels to > 4
percent PAL for unit 3 (Zhang and others, 2016b) and > 4 to 8 percent PAL for unit 1
(Zhang and others, 2017). Deep bottom-water oxygenation has also been reported for
the roughly contemporaneous (ca. 1420 Ma) Kaltasy Formation from central Russia
(Sperling and others, 2014), although oxygen estimates were not provided in the
study. In any event, for periods of time that extended over tens of millions of years,
atmospheric concentrations during the Mesoproterozoic Era were likely elevated in
the range of > 4 percent PAL.

These atmospheric oxygen concentrations are considerably higher than the
minimum oxygen constraint for Mesoproterozoic atmospheres of < 0.1 percent PAL
provided by chromium isotope systematics (Planavsky and others, 2014). In particular,
the lack of fractionated Cr associated with the deposition of iron stones has been
argued to indicate a lack of oxidative weathering of Cr on the continents and thus low
atmospheric oxygen levels (Planavsky and others, 2014). This earlier study has been
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updated with the analyses of shale-hosted Cr that also display low fractionations during
the Mesoproterozoic Era (Cole and others, 2016). We still, however, maintain our
earlier concerns (Zhang and others, 2016a) that the authigenic Cr component of the
Mesoproterozoic samples analyzed by Planavsky and others (2014), and also Cole and
others (2016), is small.

To evaluate the results of Cole and others (2016), we plot the 8%%Cr vs the Cr/Ti
ratio in their whole rock samples and add to this data from modern oxic (deep sea)
and anoxic (Cariaco Basin and Peru upwelling region) environments (data from
Gueguen and others, 2016) (fig. 14). The Cr/Ti range for crustal rocks is taken from
Cole and others (2016) and is indicated on the plot (fig. 14). Ratios exceeding the
crustal average might be taken as evidence for authigenic Cr enrichment. The Cr/Ti
for Mesoproterozoic Era samples, however, all plot in the range indicated for crustal
rocks, and in the same range seen for modern oxic sediments, which have been argued
to house no authigenic Cr component (Gueguen and others, 2016). Modern oxic
sediments and Mesoproterozoic Era shales also share a similar range in 8°*Cr and,
thus, there is no indication from these data that the Mesoproterozoic shales analyzed
by Cole and others (2016) contain an authigenic Cr component. In contrast, sedi-
ments from modern anoxic environments, and many Neoproterozoic and Phanero-
zoic shales (Cole and others, 2016, although there is a limited number of these) display
elevated Cr/Ti, and these tend to show 8°°Cr enrichments (fig. 14).

Cole and others (2016) also employed a chemical leaching procedure to selec-
tively remove possible authigenic Cr phases. The selectivity of this extraction proce-
dure was not evaluated, but results showed a similar 8°*Cr for the whole rock samples
and the leachate (fig. 14) for rocks of Mesoproterozoic age. These values were also
similar to the crustal average. The same procedure was used to leach Cr from modern
oxic sediments (Gueguen and others, 2016) (fig. 14). The 3%2Cr of the leachates from
these sediments is also similar to the whole-rock values and to the crustal average
(Gueguen and others, 2016), with no evidence of an authigenic marine component
(fig. 14). We conclude, therefore, that the similar isotopic compositions observed
between whole rock samples and leachates of the Mesoproterozoic aged shales in Cole
and others (2016) could have originated from the non-specific leaching of detrital Cr,
as was apparently the case for the modern oxic sediments. This analysis does not prove
that there was no authigenic Cr in the Mesoproterozoic shales analyzed by Cole and
others (2016), but it does demonstrate that their results are completely compatible
with a detrital source for the Cr. If so, these Mesoproterozoic-aged, shale-hosted 3°*Cr
values contain no information about the evolution of atmospheric and ocean chemis-
try. We highlight that Cole and others (2016) also analyzed samples from the
Xiamaling Formation. These samples showed crustal average Cr contents and 8°Cr
values, implying very low atmospheric oxygen levels, but during a time window when
our analyses suggest concentrations of atmospheric oxygen of > 4 to 8 percent PAL
(Zhang and others, 2016a; Zhang and others, 2017).

Furthermore, we note that highly fractionated 5%3Cr values of up to 1.7 permil
were found for Cr hosted in a number of carbonates ranging in age from 900 to 1100
Ma (Gilleaudeau and others, 2016). Prior to analyses, these carbonates were carefully
screened for diagenetic influence, and, after analysis, for detrital contamination
(Gilleaudeau and others, 2016). These highly fractionated values would indicate active
oxidative weathering of Cr in the time window from 900 to 1100 Ma, and for
atmospheric oxygen levels considerably greater than those implied by the results of
Planavsky and others (2014), and Cole and others (2016). Thus, there is mounting
evidence for elevated concentrations of atmospheric oxygen for protracted periods of
time during the Mesoproterozoic Era.
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Fig. 14. Upper panel; whole rock concentrations of Cr/Ti plotted against the isotopic composition of
chromium for a variety of modern sediments in oxic and anoxic environments, and from ancient shales.
Lower panel; comparison of the isotopic composition of Cr from whole rock samples and solutions obtained
from a chemical leaching procedure. Data from Cole and others (2016) and Gueguen and others (2016).
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CONCLUSIONS

The Xiamaling Formation is a remarkable sedimentary unit deposited over what
were likely 10’s of millions of years on a passive continental margin. The low thermal
maturity and excellent preservation of these rocks allow their organic and inorganic
geochemical exploration. Overall, we evaluated four units of the Xiamaling Forma-
tion, and each unit represented distinct geochemical characteristics reflecting differ-
ent water-column chemical environments. We argue that the major controls on
water-column chemistry were climate, controlling rates of upwelling and the dynamics
of ocean circulation, and climate change, controlling changes in water-column chemi-
cal dynamics within and between individual units. In our model, placement of the
Xiamaling Formation relative to atmospheric Hadley Cell dynamics is critical in
controlling the major features of water chemistry within each unit. We argue that
changes in Hadley Cell placement were controlled by both long and short-term climate
change, and, on long time scales, possibly also tectonic factors like continental drift.

Although water-column chemistry was dynamic, water-column anoxia was com-
mon, if not typical. This observation reinforces the consensus that ocean anoxia was
much more widespread during the Mesoproterozoic Era than during the Phanerozoic
Eon. Suppressed atmospheric oxygen concentrations compared to today would be one
way to maintain widespread anoxic water-column conditions, and this was likely true.
Still, the Xiamaling Formation displays evidence for bottom-water oxygen in three of
the four units we explored. Previous modeling of oxygen dynamics in two of these units
provide minimum atmospheric oxygen constraints of > 4 to 8 percent PAL.

We can speculate whether the elevated oxygen levels indicated over the time span
of Xiamaling Formation deposition were typical or unusual for the Mesoproterozoic
Era. Hopefully, further study on other well-preserved Mesoproterozoic sections will
help to answer this. However, high chromium isotope fractionations preserved in
carbonates from 900 to 1100 Ma suggest that elevated global oxygen levels persisted at
other times during the Mesoproterozoic Era. One may argue, of course, that the
Xiamaling Formation and the late Mesoproterozoic carbonates with highly fraction-
ated Cr only really speak to the time intervals represented by these studies. This is a
valid point. However, we note that atmospheric oxygen is controlled by the kinetic
balance between those processes producing oxygen and those processes consuming it.
Strong negative feedbacks are associated with these processes and act to help regulate
oxygen within some bounds (Canfield, 2014a). Understanding the regulation of
Mesoproterozoic Era oxygen concentrations will help us to understand whether the
oxygen levels indicated in the Xiamaling Formation are aberrant or typical.
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