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ABSTRACT: Redox conditions of lacustrine strata assessed by redox proxies with unified Redox threshold (R-T) | =]
thresholds were conflicted in the Ordos Basin. The internal cross-calibration approach of Eeforpacatis] E E:;i‘;’f&i‘f:;?;/{ S
multiple redox proxies, based on the enrichment sequence model of authigenic redox- e hold threshold (ﬁ"‘ égg(@
sensitive element (RSE) governed by redox potential, has recently been proposed to . R R SRR
calibrate redox thresholds in marine depositional systems. However, this assessment & : i

model often induces an overlapped threshold between anoxic—ferruginous and anoxic— % E

euxinic conditions. Except for the redox potential, the enrichment of RSE is also © ! !
controlled by its host phase. Thus, we introduced the enrichment degree and occurrence o ; |

state model controlled by the host phase content into this approach to identify anoxic— Oxicssuboxic. 1 ;

euxinic conditions by an enrichment threshold of Mo (or U). Based on this method ;—'d(%ﬁj%:o 0:
including double redox assessment models, we calibrated the thresholds of various redox Absence of émrelutioil i
conditions of the Chang 8-—Chang 7 Members in the southern Ordos Basin. DOP, or S,,

Subsequently, the effectiveness of previous bi-element proxies, the evolution of redox

conditions, and their influencing factors were analyzed based on the calibrated thresholds. Results show that this method is
applicable in the lacustrine strata. The cross plot of DOPy (degree of pyritization based on the total Fe and S content) (or Sgg)—
Mogg (or Ugg) (enrichment factor) is suggested for calibrating thresholds of different redox conditions. Previous bi-element proxies
are not suggested to be used again. There is a positive redox evolution sequence from oxic—suboxic (suboxidized) to anoxic—euxinic
conditions in Chang 8—Chang 7 Members. Hydrothermal activity and paleoproductivity play different roles in the formation of
redox conditions.

KEYWORDS: Ordos Basin, Chang 7, internal calibration, redox thresholds, anowxic, euxinic

1. INTRODUCTION elucidated by Algeo and Li (2020)."> This method has been
suggested to apply to virtually all Phanerozoic marine
depositional systems."”

Redox conditions of the bottom water were reclassified into
five categories, namely, oxic, dysoxic (or hypoxic), suboxic
(suboxidized), suboxic (subreduced), and euxinic conditions
by Algeo and Li (2020)."° Because the dysoxic conditions
cannot be distinguished from oxic conditions by the element
data'® and the term “suboxic” is confusing,'” we use the “oxic—
suboxic (suboxidized)” to represent the redox conditions with
the dissolved O, > 0 mL/L (Figure la). In addition, as both
nonsulfidic (suboxic—subreduced) and sulfidic (euxinic)
conditions are without dissolved O,,"* the anoxic—ferruginous

The chemical species characteristics of Fe (Fe,,/Feyy and
Feyr/Fer),' ™ degree of pyritization (DOP),>" size of
framboidal pyrite,” Cor/P ratio,”® bimetallic element ratios
(such as U/Th, V/Cr, and Ni/Co),” U and Mo isotopes,'*~"*
and redox-sensitive element (RSE) enrichment factors have
been frequently employed as redox proxies.*”'® However,
these redox parameters with various unified threshold values
are not applicable to all strata and regions.">'” Algeo and Li
(2020) suggested the internal cross-calibration approach of
various redox proxies based on enrichment sequence models
governed by the redox potential to calibrate the redox
thresholds (T1, T2, and T3) (Figure 1a)."® The T1, T2, and
T3 values correlate to the commencement of authigenic Re, U,
and Mo enrichments, respectively (Figure la). Compound Received: ~August 27, 2022
covariation between the enrichment factors of RSEs and other Revised:  November 19, 2022
redox proxies can be used to calibrate the onsets of the Accepted:  December 12, 2022
enrichment of RSEs as thresholds (Figure 1b)."” Redox Published: December 30, 2022
thresholds determined using this method in various strata

match the unified redox potential in the redox ladder
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Figure 1. (a) Redox ladder scheme and (b, c) identification model of different redox conditions; the redox conditions and primary redox thresholds
in (a) are reproduced from Algeo and Li (2020),"* Copyright 2020 Elsevier; the identification patterns of redox conditions in (b) is reproduced
from Algeo and Li (2020),"* Copyright 2020 Elsevier; the identification patterns of redox conditions in (c) is reproduced from Algeo and Maynard

(2004),"® Copyright 2004 Elsevier; SWI: Sediment—water interface.

and anoxic—euxinic conditions are used to represent non-
sulfidic and sulfidic anoxic conditions (Figure 1a), respectively.

The relative location fluctuation between the redox
threshold and sediment—water interface (SWI) yields different
co-enrichment combinations of RSEs under various redox
conditions (Figure la). Additionally, compound covariation
can identify RSE co-enrichment combinations (Figure 1b).
However, the enrichment sequence model, which is only
controlled by redox potential, is incapable of distinguishing
between T2 and T3."” In addition, several redox proxies
corresponding to redox thresholds calibrated solely by
compound covariance in the correlation diagram do not have
accurate values. Although this model has been recently utilized
to calibrate the redox thresholds of a few lacustrine systems,*’
the abovementioned problems remain unresolved.

Except for the enrichment sequence of RSEs governed by
the redox potential, their other geochemical characteristics,
such as the enrichment degree and occurrence states
controlled by oréanic matter, are distinct under various
redox conditions.'”*" RSEs (primarily V, U, and Mo) reside
primarily in siliciclastic detrital fractions with low enrichment
under oxic—suboxic (suboxidized) conditions, organic phases
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with moderate enrichment under anoxic—ferruginous (non-
sulfidic) conditions, authigenic, RSE-bearing sulfide or oxy-
hydroxide phases with strong enrichment under anoxic—
euxinic conditions (sulfidic).'® Under different redox con-
ditions, the varying enrichment degree and occurrence states of
RSEs provide a range of covariation correlations between their
concentration (RSE/Al) and total organic carbon (TOC)
(Figure 1c)."**' Algeo and Maynard (2004) proposed the
enrichment degree and occurrence state model (TOC—RSE
relationships) of RSEs regulated by the organic host phase
content (i.e, TOC) to assess redox conditions and calibrate
the TOC thresholds of various redox circumstances (Figure
1c)."® The TOC threshold was described as the TOC required
to achieve redox thresholds adequate for trace metal
buildup.">"® Overlap of the TOC ranges of adjacent redox
patterns renders TOC unsuitable as a redox proxy for
quantifying redox thresholds (Figure 1c). However, based on
this model, anoxic—euxinic (or euxinic, sulfidic) conditions can
be distinguished from anoxic—ferruginous (or suboxic—
subreduced, nonsulfidic) conditions by different redox patterns
(Figure 1c).

https://doi.org/10.1021/acsearthspacechem.2c00262
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Figure 2. (a) Tectonic units, sedimentary facies of the Chang 7* sub-Member, research districts (I: Jinghe district, II: Tongchuan district, and III:
Luohe district), and sampling positions. (b) Stratigraphic and lithological comprehensive column of the Yanchang Formation in the Ordos Basin.
The sedimentary facies of Chang 7> sub-Member in (a) is reproduced from Yuan et al.(2015),** Copyright 2015 Creative Commons license CC
BY-NC-ND 4.0. The distribution of tectonic units and faults is reproduced from Yang et al. (2012),*® Copyright 2012 Creative Commons license
CC BY-NC-ND 4.0 The stratigraphic and lithological comprehensive column graph was modified after Tang et al. (2014),*” Copyright 2014
Elsevier. The sedimentary facies of different Members in panel (b) are after Tang et al. (2014)*” and Zhang et al. (2021),” and it pertains only to

data, not the figure itself.

The Upper Triassic Chang 8—Chang 7 Members in the
Ordos Basin documented the entire sedimentary history from
shallow to deep water in the paleolake.”” The organic-rich
shale and mudstone were deposited during the deposition of
the Chang 7 Member. As these organic-rich fine-grained
sedimentary rocks in the Chang 7 Member are primary
Mesozoic source rocks,* target formation of shale oil
exploration,”* and records of biotic recovery of the freshwater
ecosystem following the Permian—Triassic mass extinction in
the Ordos Basin,”” its redox conditions have been the focus of
various studies.”>~*' However, the redox conditions in the
Chang 7 Member as determined by the aforementioned redox
proxies with defined threshold values were inconsistent, even
at the same depth interval in the same well or geographically
close to one another.”>™*' Therefore, Chang 8—Chang 7
Members were chosen to investigate the applicability of this
method for calibrating thresholds of various redox states in
lacustrine strata.

Given the issues created by both the above redox assessment
models utilized for redox evaluation, we selected redox
assessment models based on the behavioral difference of
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RSEs between adjacent redox conditions to calibrate the
thresholds of various redox conditions in Chang 8—Chang 7
Members. Accordingly, the authigenic enrichment sequence
model of RSEs was used to calibrate the redox thresholds R-
T(Re) (or T1) and R-T(U) (or T2), and the enrichment
degree and occurrence state model controlled by TOC were
utilized to differentiate between anoxic—euxinic and anoxic—
ferruginous conditions. Due to the redox couplings of other
RSEs, the redox threshold is denoted as R-T(X) as opposed to
the serial number proposed by Algeo and Li (2020),"” where X
represents the element. The redox proxies were utilized to
calibrate the threshold values of redox conditions, such as the
enrichment factors of RSEs (S, Re, V, U, and Mo), DOPy,
TOC, and pyrite content. As pyrite is also a host phase in
which Mo and U reside in adsorbed or solid solution
states,">** 7 it was considered as a proxy for calibrating the
enrichment degree thresholds of RSEs under different redox
conditions. Unlike Re, V, and U, the enrichment of Mo
requires a H,S-containing environment,””’ 7> and its
accumulation rate is related to the H,S concentration.”
Given this, our work primarily utilized Mo/Al-TOC and Mo/

https://doi.org/10.1021/acsearthspacechem.2c00262
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Al—pyrite content correlation patterns to discriminate between
anoxic—euxinic and anoxic—ferruginous conditions. The geo-
chemical profile of redox proxies, mineral analysis, and
paleontological observation was utilized to validate the
reasonableness of the thresholds calibrated by the internal
cross-calibration approach of numerous redox proxies. Based
on these calibrated thresholds, the effectiveness of previous
redox proxies such as V/Cr, V/(V + Ni), U/Th, Fe/Al, and
Corg/P was also examined. In addition, the evolution of redox
conditions in the Chang 8—Chang 7 Members and their
influencing factors, such as hydrothermal activity and
paleoproductivity, were also analyzed.

Our research is likely to contribute to the application of
internal cross-calibration of multiple redox proxies to calibrate
thresholds quantitatively between different redox conditions in
the lacustrine strata and avoid ambiguous thresholds of redox
conditions caused by the application of a single assessment
model in this method.

2. GEOLOGICAL SETTING

The Ordos Basin is located to the west of the North China
Craton (Figure 2a)*"** and spans 37 X 10* km? in area.”
Based on the property of the basement and distribution of
structural patterns, the Ordos Basin is divided into six second-
order tectonic units:** the Yimeng Uplift in the north, Weibei
Uplift in the south, Tianhuan Depression and Western Thrust
Belt in the west, Jinxi Fault—Fold Belt in the east, and central
Yishan Slope (Figure 2a).**

In the Late Triassic, the Ordos Basin changed from a craton
basin with compressive margins to an intraplate remnant
cratonic basin influenced bz the Indo-Sinian tectonic move-
ment in the Late Triassic.””"**” Correspondingly, sedimentary
facies in the basin changed from marine facies to terrestrial
facies"™" and coincided with the deposition of the terrestrial
strata of the Yanchang Formation with a thickness of 1—1.3
km.*® The principal sedimentary facies of the Yanchang
Formation are fluvial, deltaic, and lacustrine (Figure 2a,b).
Based on their marker beds, sedimentary cycles, and
lithological associations, the Yanchang Formation is divided
into 10 Members from top to bottom (Figure 2b).”" The
Chang 7 Member is subdivided into three sub-Members, from
bottom to top: the Chang 7°, Chang 7% and Chang 7' sub-
Members (Figure 2b).* Extensive dark-gray mudstones and
black shale of the semi-deep and deep lacustrine facies in the
Chang 7° sub-Member were deposited in the center and
southern portions of the basin (Figure 2a)." These are the
principal Mesozoic source rocks in the Ordos Basin.”
Following the deposition of the Chang 7° sub-Member, the
paleolake area began to decrease.”” During the sedimentary
epoch of the Chang 7° sub-Member, volcano and hydro-
thermal activity were also extremely active.’”>’

Our research region includes the Jinghe, Tongchuan, and
Luohe districts in the southern Ordos Basin. Jinghe district is
situated at the southwestern confluence of the Yishan Slope
and Weibei Uplift (Figure 2a). Tongchuan district is situated
on the Weibei Uplift, whereas Luohe is situated southeast of
the Yishan Slope belt (Figure 2a). In the Jinghe and
Tongchuan districts, the lithofacies association of the Chang
8—Chang 7 Members is comparable based on well and outcrop
lithology observations. Thin organic-rich mudstone layers and
thick black shale series with numerous tuff interlayers develop
in the Chang 7° sub-Member of the Jinghe and Tongchuan
districts. In the Chang 7' and Chang 7> sub-Members of the
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Jinghe and Tongchuan districts, several thin layers a of gray
mudstone and organic-rich black shale are also present.””* In
the Chang 7° sub-Member of the Luohe district, however,
black mudstone is deposited, as opposed to shale. These
mudstones are deposited beneath the semi-deep lacustrine
environment that is next to the delta.”> In addition, the Chang
7' and Chang 7> sub-Members of the Luohe district include
both black and gray mudstone. Tuff beds are uncommon in the
Chang 7 Member, Luohe district. The Chang 8—Chang 7
Members in the southern Ordos Basin document the
progression from delta facies to deep-lacustrine facies.”” To
calibrate the thresholds of redox conditions in both strata, fine-
grained sedimentary rocks from the Chang 8—Chang 7
Members of these districts were selected.

3. SAMPLES AND METHODS

3.1. Samples. Because the thresholds of various redox
conditions are calibrated by the compound covariation
patterns between RSEs enrichment factors and redox proxies,
the samples used to calibrate the thresholds should represent a
range of redox conditions. Therefore, 37 fine-grained
sedimentary rocks of the Chang 8—Chang 7 Members in
Jinghe district, Luohe district, and Tongchuan field profile in
the southern Ordos Basin were systematically collected to
calibrate the thresholds of different redox conditions based on
the changes of lithofacies and sedimentary facies along the
vertical dimension. Shale, mudstone, carbonaceous mudstone,
argillaceous siltstone, and silty mudstone comprise these
samples, which primarily represent shallow lacustrine facies
to deep lacustrine facies. Two carbonatite samples from the
Chang 7° sub-Member of the Motiangou outcrop in the
Tongchuan district were also collected to eliminate the
possible influence of hydrothermal activity on the ferrous
mineral composition of the adjacent layer. The downhole core
and outcrop samples were divided horizontally into multiple
pieces for various observations, analyses, and tests. The
majority of these fragment samples retain their original
thickness, allowing interior laminae to be compared across
various fragments. The thin intercalation and nodules are
absent from the samples analyzed herein, and all downhole
samples are cores.

3.2. Analytical Methods. A LECO CS-230 C and S
analyzer were used to determine the organic matter and S
content of fine-grained sedimentary rocks by analyzing the
TOC and total S content (TS). The pretreatment of samples,
experimental procedures, and quality standards for the TOC
and TS analysis were in accordance with the Chinese national
standard GB/T 19145-2003. X-ray fluorescence using an
AB104L Axios-mAX wavelength dispersive X-ray fluorescence
spectrometer was used to determine the major elemental
content of fine-grained sedimentary rocks and tuffs. The
abundance of trace elements in these samples was determined
using inductively coupled plasma mass spectrometry on a
PerkinElmer NexION 300D spectrometer. Detailed require-
ments for sample pretreatment, measuring range, and detection
limit of major and trace elements followed the Chinese
national standards GB/T 14506.30—2010, GB/T 14506.14—
2010, and GB/T 14506.28—2010, respectively.

At least 10 g of sample for the major and trace element
analyses was ground into powder in an agate ball mill and then
screened using a 200-mesh screen. Accordingly, S0 mg of each
powder sample was weighed for 24 h of digestion in a Teflon
bomb containing a mixture of 30% HF and 68% HNO; at 190

https://doi.org/10.1021/acsearthspacechem.2c00262
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°C.>> Excess solvent was then evaporated at 130 °C for 3 h,
and the process was repeated again.”> The sample was then
redissolved with 2 mL of 6 mol/L HNO; in Teflon bombs
with caps at 150 °C for 24 h.*® Subsequently, the sample was
quantitatively transferred into a S0 mL plastic bottle and
diluted to 50 mL with deionized distilled water in preparation
for the examination of trace elements. Because HNO; and HF
are toxic and caustic, it is necessary to wear protective gear
when using them and to avoid skin and eye contact.
Accordingly, these substances should be evaporated in a
fume cupboard.

Fine-grained sedimentary rocks and carbonatite were studied
by X-ray diffraction (XRD) on a Bruker D8 Focus equipped
with a ceramic X-ray tube containing Cu targets. The X-ray
tube had a working voltage of 40 kV and working current of 40
mA. The XRD detection angle of the entire rock ranged from
4.5 to 50° (26) with a step of 0.02° (26), and the scanning
speed was 2°/min (26). In addition, the XRD analysis
complied with China Petroleum and Natural Gas Industry
Standard SY/T5163—2018 for sample preparation, exper-
imental operation standards, and raw data processing criteria.

Optical microscopy was used to observe the microscopic
structure of carbonatite. C and O isotope analysis was carried
out to detect the possible origin of carbonatite. In addition, a
Leica 4500 MP polarizing microscope with an ultraviolet light
source and photographic system was used to observe the
microstructure of carbonatite under transmission light, using
2.5X objective lenses. Moreover, the §°C and 6O of
carbonatite were examined using an Elementar Isoflow-
Precision online preparation continuous flow-stable isotope
mass spectrometer. Sample pretreatment and data quality
adhered to the China Petroleum and Natural Gas Industry
Standard SY/T5238—2008.

The TOC and TS tests, C and O isotope analysis, and
optical microscopy observations were conducted at the
Laboratory of Petroleum Resources and Prospecting, China
University of Petroleum, Beijing. XRD of the entire rock was
completed at the Microstructure Laboratory for Energy
Materials of the China University of Petroleum, Beijing. In
addition, major and trace element content was analyzed at the
Analytical Laboratory of the Beijing Research Institute of
Uranium Geology.

3.3. Calculation of Redox Proxies. An Al-normalized
enrichment factor was adopted to evaluate the enrichment
d?§rﬁe of trace elements.'~'*® The corresponding formula
s 7

X X
S

Al sample Al reference material (l)
where X represents the abundance of trace elements. This
formula was also used to compute the enrichment factors for
Fe,0; and S to determine their degree of enrichment. The
elemental composition of clay and shale samples reported by
Wedepohl (1971)7 or upper continental crust (UCC)*® is
frequently employed as a reference material to normalize the
abundance of redox-sensitive trace elements. As these reference
materials lack definite redox conditions, 10 modern humin-rich
sediment samples from the Black Sea reported by Liischen
(2004)*° were used as reference materials to determine the
degree of RSE enrichment relative to the reference material
with definite redox conditions. These samples from Station-7
were deposited in a euxinic (sulfidic) environment at depths of
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137.5, 138.25, 139.25, 140.25, 141.25, 141.75, 142.25, 142.75,
143.5, and 144.5 cm."” Accordingly, TOC, TS, Al,O;, Fe,0;,
Re, V, U, and Mo have averages of 22.08%, 2.29%, 9.01%,
3.80%, 0.0597 ppm, 250 ppm, 15.7 ppm, and 101.0 ppm,
respectively. In addition, the enrichment coefficient of RSEs
normalized by the elemental composition of the upper
continental crust (UCC) reported by Rudnick and Gao
(2014)*® is included in the Supporting Information to assist
comparison across different studies (Table S1).

The following equation is based on the mineral content
calculation approach published by van Kaam-Peters (1998):%°

pyrite (%) = [(100 — 1.5 X TOC) X pyrite, . 1/100
)
where pyriteypp indicates the relative proportion of minerals
determined by XRD and 1.5 X TOC is the quantity of organic
matter. The other mineral content is calculated in the same

manner as pyrite. DOPy is frequently used in place of DOP to
evaluate the mineralization degree of pyrite in samples that

have not been subjected to chromium reduction.”>®" Tts
calculation equation is'”
DOP; = [(S/32.06)/2]/(Fe;/55.845) 3)

where S is the total sulfur, Fey is the total iron, 32.06 is the
relative atomic mass of S, and 55.84S is the relative atomic
mass of Fe.

4. RESULTS

4.1. TOC. In the Jinghe and Tongchuan districts, Chang 8
Member sedimentary rocks contain mudstone, carbonaceous
mudstone, silty mudstone, and argillaceous siltstone. The TOC
of these fine-grained sedimentary rocks ranges from 0.25 to
3.26%, with an average of 1.20% (Table S2). The black
mudstone was deposited at the base of the Chang 7° sub-
Member in the Jinghe, Tongchuan, and Luohe districts as the
paleolake began to expand. The TOC of this mudstone ranges
from 0.76 to 6.40%, with an average of 3.19% (Table S2). After
the deposition of the mudstone layer in the Chang 7° sub-
Member, the organic-rich black shale was deposited in the
Jinghe and Tongchuan districts as the paleolake spread and
deep lake facies evolved. The TOC of this shale ranges from
9.16 to 33.84%, with an average of 22.58% (Table S2).
Following the deposition of shale within the Chang 7° sub-
Member, the paleolake began to shrink. During the shrinkage
period of the paleolake, the Chang 7'—Chang 7* sub-Members
in parts of the Jinghe district continued to develop a thin shale
layer. Accordingly, the average TOC values of the thin shale
layer in the Chang 7' and Chang 7* sub-Members range from
14.03 to 26.36%, with an average of 20.03% (Table S2).
Moreover, the TOC of mudstone from the Chang 7* sub-
Member is 1.63% (Table S2).

4.2, Enrichment Degree of RSE. RSEs such as Fe, S, Re,
V, U, and Mo are typically employed to evaluate redox
conditions,¥!*!&2137396263 11y addition, the Fe,Op (total
Fe), Sgr, Regp, Vip, Ugp, and Mogg of the Chang 7 Member
shale are generally much higher than those of other fine-
grained sedimentary rocks, which corresponds to the
distribution of the TOC value of fine-grained sedimentary
rocks (Table S3). The Fe,Osgr, Sgr, Regr, Vir, Ugp, and Mogg
of the Chang 7 sub-Member shale are 1.515—9.197 (average:
4.210), 1.281—11.442 (average: 4.942), 0.060—0.550 (average:
0.325), 0.371—2.243 (average: 1.179), 0.556—13.830 (average:
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Figure 3. (a—f) Cross plots of Regz—Vgz—Ugz—Mog; of fine-grained rocks from the Chang 8—Chang 7 Members in the southern Ordos Basin.

4.893), and 0.082—3.124 (average: 1.314), respectively (Table
S3).

4.3. Redox Proxy Value, Ferrous-Bearing, and S-
Bearing Mineral Content of Fine-Grained Sedimentary
Rocks of Chang 8—Chang 7 Members. In accordance with
the distribution characteristics of the TOC and RSEs of fine-
grained sedimentary rocks in the Chang 8—Chang 7 Members,
the pyrite content and its related redox proxies, such as DOPy
and Fe_,, /S,y of shale in the Chang 7 Member are
considerably higher or lower than those of other fine-grained
sedimentary rocks (Tables S2 and S3). The pyrite content,
DOPr, and Fe,)/S,, of shale in the Chang 7 sub-Member are
5.68—25.81 (average: 15.05), 0.568—1.048 (average: 0.860),
and 0.48—0.88 (average: 0.60), respectively (Tables S2 and
S3). The siderite content of the majority of fine-grained Chang
8—Chang 7 Members is <10% (Table S2). The gypsum
content of fine-grained Chang 8—Chang 7 Member rocks is
generally low, ranging from 0.00 to 2.98% (average: 0.10%)
(Table S2). Other redox proxies such as V/Cr, V/(V + Ni),
U/Th, Fe/Al, and C,,/P of shale from the Chang 7 Member
are not considerably higher than those of other fine-grained
sedimentary rocks from the Chang 8—Chang 7 Members
(Table S3). Accordingly, the V/Cr, V/(V + Ni), U/Th, Fe/Al
and C,,/P ratios of shale in the Chang 7 sub-Member are
1.83—8.46 (average: 5.39), 0.76—0.91 (average: 0.87), 1.13—
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20.87 (average: 8.10), 0.24—S5.13 (average: 1.37), and 112.08—
884.99 (average: 360.21), respectively (Table S3).

4.4. Hydrothermal and Paleoproductivity Proxy
Values of Fine-Grained Sedimentary Rocks of Chang
8—Chang 7 Members. Al/(Al + Fe + Mn), (Fe + Mn)/Ti,
Fe,0;/TiO,, and MnO/TiO, are frequently utilized to
monitor hydrothermal activity.*>**~% Accordingly, the Al/
(Al + Fe + Mn), (Fe + Mn)/Ti, Fe,0,/TiO,, and Mn/TiO,
ratios of fine-grained rocks in Chang 7—Chang 8 Members are
0.16—0.80 (average: 0.51), 5.38—107.91 (average: 30.18),
4.58—92.07 (average: 25.45), and 0.03—2.71 (average: 0.37),
respectively (Table S4).

Cu, Ni, and P are associated with organic C sinking flow and
paleoproductivity in fine-grained rocks.>"®” Their proxies,
including Cu/Ti (or Cu/Al), Ni/Ti (or Al), (Cu + Ni)/Ti (or
Al), and P/Ti (or Al), were frequently used to estimate
padeoproductivity.68_71 Therefore, Cu/Ti, Ni/Ti, and P/Ti are
adopted to track the evolution of paleoproductivity in Chang
7—Chang 8 Members. Accordingly, the Cu/Ti, Ni/Ti, and P/
Ti ratios of fine-grained rocks in the Chang 7—Chang 8
Members are 0.64 X 1072—16.41 X 1072 (average: 3.93 X
1072), 0.49 X 107—3.27 X 107% (average: 1.42 X 107?), and
0.04—2.12 (average: 0.58), respectively (Table S4).
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Figure 4. (a—d) Cross plots of DOPr—Regp—Vpp—Ugp—Mogg of the Chang 8—Chang 7 fine-grained sedimentary rocks in the southern Ordos
Basin. The larger red solid cycles in (a) and (b) are the shale with Mogg > 1.3 and Ugg > 4.0.

5. DISCUSSION

5.1. Calibration of Thresholds for Different Redox
Conditions. 5.1.1. Redox Thresholds between Oxic—
Suboxic (Suboxidized) and Anoxic—Ferruginous Conditions.
Due to the different relative position relationships between the
redox threshold and SWI, which result in different co-
enrichment combinations of RSEs in surficial sediments
under different redox conditions (Figure la), the covariation
relationships among RSEs can be used to identify the redox
conditions of bottom water. Because the Re abundance of
some fine-grained sedimentary rocks is below the detection
limit of our instruments (<0.002 ppm), their redox states
cannot be established by the correlations of Regp—Ugp—Mogg
(Figure 3a,b). The redox enrichment potential of V is slightly
less than that of Re within the redox potential range of
threshold T1, as determined by Algeo and Li (2020),"” and the
positive correlation between Rgg and Vi demonstrates that V
can be utilized to calibrate the threshold of anoxic—ferruginous
conditions (Figure 3c).

The correlation of Upg—Regr and Ugp—Vyp shows that the
Ugg of shale with a reasonably high Ug (Ugs > 0.556) is
positively correlated with Regp and Vg within the ranges of
Regr > 0.060 and Vi > 0.371, respectively (Figure 3a,d). This
suggests that these shales were deposited at depths where the
redox potential was less than R-T(U) (T2). The Uy of other
fine-grained rocks with relatively low Ug (<0.074) demon-
strates an uncorrelated distribution with an increase in Regg
and Vg within Regp < 0.065 and Vg < 0.717, showing that
these fine-grained rocks were deposited in waters with a redox
potential greater than R-T(U) (T2) (Figure 3a,d). Except for
the Chang 7° sub-Member in the Tongchuan district, the Mogg
of other shales with reasonably high Moz (Mogg > 0.191) is
positively correlated with their Regg and Vi within the ranges
of Regp > 0.060 and Vi > 0.371, respectively (Figure 3b,e).
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The Mogp of shale in the Chang 7° sub-Member of the
Tongchuan district and other fine-grained rocks with relatively
low Mogg is uncorrelated with their Regr and Vg between
Regp < 0.065 and Vi < 0.717 (Figure 3b,e). Due to the strong
association between Mog; and Ugp (Figure 3f), anoxic—
ferruginous and anoxic—euxinic conditions cannot be sepa-
rated by the covariation of Repp—Vgp—Ugpz—Mog; (Figure
3a,b,d,e).

The Ugg of the majority of shale in the threshold range is
>1.0 (Figure 3a,d and Table S3), indicating that the overlap
between probable R-T(U) (T2) and R-T(Mo) (T3) may not
come from restricted U®* concentration and rapid transition, as
suggested by Algeo and Li (2020)."° Although it was also
believed that the reduction of U(VI) was related to the
reduction of Fe(Ill) mediated by microorganisms,72 the
positive relationship between Ugp and Mog; under various
redox conditions may be related to the sulfate reduction of
organic matter and formation of pyrite. U,(CO,;);*™ can be
converted to UO, by H,S from sulfate reduction in
sediments,”> which is also required for the formation of
particle-reactive thiomolybdates,” which may result in a
positive relationship between the Ugz and Moge of these
organic-rich shales.

The enrichment of authigenic Re in sediments under anoxic
conditions appears to be regulated only by redox conditions,”*
in contrast to the enrichment of V, U, and Mo, which is
controlled by numerous enrichment mechanisms under various
anoxic conditions.'**®*"”% In addition, the abundance of Re in
the modern euxinic Black Sea sediment (0.0597 ppm) is
substantially hlgher than that of the upper continental crust
(0.198 ppt).*® These disparities may result in a Regy < 1 for all
samples, although the corresponding Vgp, Mogg, and Ugg
values vary widely between 0.01 and 14. It is observed that
the Regp.ycc (normalized by the upper continental crust) of all
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Figure 6. (a—d) Cross plots of Spp—Repr—Vgr—Ugr—Mogg of the Chang 8—Chang 7 fine-grained sedimentary rocks in the southern Ordos Basin.

The larger red solid cycles in (a) and (b) are the shale with Mog; > 1.3 and Ug; > 4.0.

samples with Re abundance above the detection limit is >1
(Table S1), whether they are organic-rich shales or argillaceous
siltstones (Table S1). This indicates that redox conditions
cannot be evaluated solely based on the enrichment degree of
RSEs without the covariation patterns that reflect the redox

conditions between them.

DOP; can also be used as a redox scale to calibrate
thresholds in place of DOP, except for that the co-enrichment
combination of Re, V, U, and Mo is utilized to calibrate the

redox thresholds.">"” Regg, Vg, Ugg, and Mogg of fine-grained
rocks have an uncorrelated distribution within a relatively low
value range as DOPy increases within DOPy < 0.3 (Figure 4a—
d). Their relatively low values of Regp, Vgg, Ugg, and Mogg
indicate that they may deposit under oxic—suboxic (sub-

oxidized) conditions, particularly when they have a relatively
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low Vg;.'® However, they increase with DOPy > 0.3 (Figure
4a—d), showing that the authigenic enrichment of Re, V, U,
and Mo begins at DOP; = 0.3. The Ugz and Mogg of fine-
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Figure 7. Photographs of the Motiangou outcrop of Chang 8—Chang 7 Members in Tongchuan district. (a) Layer no. in the outcrop; (b), (c)
contact relationships among the carbonatite and the adjacent layers; the blue dashed line boxes in (c) are the sampling positions; red stars in (c) are
the position where the XRD analysis is conducted; the I-a and I-b in (c) are the argillaceous carbonatite and clay-bearing carbonatite, respectively.

grained rocks with a DOP between 0.3 and 0.5 demonstrate a
distinct distribution with increasing Regg and Vg, ie, U and
Mo are not co-enriched with Re and V. (Figure 3a,b,d,e). In
accordance with the enrichment sequence and co-enrichment
combination (Figure 1a), DOP; corresponds to the R-T(Re)
(T1) of fine-grained rocks in the Chang 7 Member at 0.3
(Figure 4a—d). The Ugg of fine-grained rocks of the Chang 7
Member within DOP > 0.5 is positively correlated with Regg
and Vg variation and is considerably greater than that of fine-
grained Chang 7 Member rocks with DOP; < 0.5 (Figure
3a,d). However, the Mo of shale initially deposited in the
Chang 7° sub-Member of the Tongchuan district within DOPy
> 0.5 is not co-enriched with V (Figures 3e and 4d). This
indicates that the redox potential of bottom water is below R-
T(U) (T2) when the DOPy of these fine-grained sedimentary
rocks is >0.5. Accordingly, DOP corresponds to R-T(U) (T2)
at 0.5 in the Chang 8—Chang 7 Members, based on the co-
enrichment of Re, V, and U (Figure 3a,d). As a result of the
positive correlation between the Ugz and Mogg of all fine-
grained sedimentary rocks (Figure 3f), the DOPy correspond-
ing to R-T(Mo) (T3) cannot be calibrated by their enrichment
sequence and co-enrichment combination (Figure 4c,d).
Except for pyrite, only four samples contain other S-
containing minerals, such as gypsum, with a maximum content
of 2.98% (Table S2). The majority of these rocks contain <1%
gypsum (Table S2). Moreover, TS, DOPy, and Fe,,,/S,, are
favorably linked with the pyrite content (Figure Sa—c),
suggesting that S exists primarily as a crucial electron carrier
in the low valence in pyrite (FeS,). Herein, Sgp has also been
employed as a redox proxy to calibrate redox thresholds. The
Regg, Vig, Ugp, and Mogg of fine-grained sedimentary rocks
have an uncorrelated distribution with increasing Sgp within
Sgr < 0.3 (Figure 6a—d). However, they present a positive
correlation with Sgp within Sgz > 0.3 (Figure 6a—d). This
indicates that Re, V, U, and Mo are co-enriched with S if the
Sgr of these fine-grained sedimentary rocks is >0.3.
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Accordingly, Sgp corresponds to R-T(Re) at a value of 0.3.
Calibration of the Sgp corresponding to R-T(U) is identical to
that of DOPy. The Sgp equivalent to R-T(U) is 1.2 based on
the co-enrichment difference between U and Mo as the Vi
and Regp increase (Figure 3ab,d,e). In addition, the Sgp
corresponding to R-T(Mo) (T3) cannot be confirmed by
the enrichment sequence of the relationships of Ugp—Sg and
Mogp—Sgr due to the co-enrichment between U and Mo of
most shales (Figure 3f).

The enrichment onset of Re, V, U, and Mo corresponding to
the same DOP; and Sgp may be related to the deposition,
reduction, and combination with S of the reactive Fe in pyrite.
Under anoxic—ferruginous bottom water conditions, the
authigenic Re co-enriches with the reactive Fe of pyrite.
Subsequently, the authigenic V, U, and Mo are sequentially
deposited with the reduction and combination with S of the
reactive Fe of pyrite. Therefore, the redox threshold calibrated
by the relationship between DOPp (or Sgz) and RSE
enrichment factors represents the beginning of anoxic—
ferruginous conditions. It also suggests that Spp can indicate
the redox conditions of bottom water when it is predominantly
coupled with the reactive Fe of pyrite.

The DOP; of the mudstone layer no. PS-16 (in which
sample no. P5-16 is situated) of the Chang 7° sub-Member in
the Tongchuan outcrop is <0.30 (Figure 4), although its Sgp. is
>0.3 (Figure 6), indicating incompatible redox conditions at
the same depth. However, mineral analysis, paleontological
observation, and variation of redox proxies in the field profile
indicate that mudstone layer no. PS-16 was deposited under
anoxic—ferruginous conditions, and its lower DOP; was
induced by the formation of hydrothermal siderite (FeCOj).

The siderite content of layer no. P5-16 is as high as 12.52%,
which is considerably higher than the siderite content of other
layers in the outcrop, which ranges from 0 to 6.46%, whereas
the pyrite (FeS,) content of layer no. P5-16 is 1.16%. The
comparatively high siderite content in layer no. P5-16 may be
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the product of hydrothermal fluid from the eruption of two-
period igneous carbonatite (layer no. PS-17 corresponding to
Period-I and layer no. PS-18 corresponding to Period-1I)
(Figure 7a—c). The two-period carbonatite layers and
underlying mudstone layers exhibit a structure similar to that
of channels with erosion structures, with the lithological
association consisting of mudstone, argillaceous carbonatite,
and clay-bearing carbonatite in the cross section from bottom
to top (Figures 7c and 8a). Fine-grained carbonates (grain size
< 1 mm), which predominantly comprise dolomite and
ankerite (total content > 70%) (Figure 8b,c), exhibit an
allotriomorphic granular texture (Figure 8a) distinct from the
radiate and spherical texture in the oval carbonate concretions
of the Chang 7 Member.”*”’

These carbonatites are magnesiocarbonatites based on their
Ca0, MgO, Fe,0;, and MnO composition (Figure 8d).”® The
6"Cyppp and 680y ppg of the carbonatite are 2.1%o0 and
—13.9%o, respectively, which are comparable to those of the
hydrothermal calcite in St. Vincent, Peru.”” According to the
thickness, the eruption of Period-II carbonatite was more
intense than the Period-I eruption (Figure 7a,c). The intense
eruption eroded a portion of the underlying mudstone layer
no. PS-16 (Figure 7b,c) and wedged the carbonatite into
mudstone layer no. PS-16 at the lateral contact area (Figure
7a,b). Before the relatively intense eruption of Period-1I
carbonatite (no. PS-18) or after the relatively weak eruption of
Period-I carbonatite (no. PS-17), considerable amounts of
CO,-rich hydrothermal fluids may have been released from
hydrothermal vents into the bottom water, resulting in the
deposition of hydrothermal siderite.

The variation of Al/(Al + Fe + Mn), (Fe + Mn)/Ti, MnO/
TiO,, and Fe,0;/TiO, curves indicates that hydrothermal
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activity occurred after the first mudstone layer no. P5-8 in the
Chang 7° sub-Member and increased considerably after the
eruption of carbonatite (Figure 9). For classic hydrothermal
sediments, Al/(Al + Fe + Mn) is typically low (generally <0.4)
and (Fe + Mn)/Ti is typically high (generally >15),°>* as are
MnO/TiO, and Fe,0,/Ti0,.%° Al/(Al + Fe + Mn) decreases
from 0.78 to 0.80 in the no. P2-5-18 and PS5-8 mudstone layers
to 0.35 in mudstone layer no. PS-16 (Figure 9). Correspond-
ingly, their (Fe + Mn)/Ti ratio increases from 5.38—6.95 to
46.25 (Figure 9). Changes in MnO/TiO, and Fe,0,/TiO,
follow the same pattern as (Fe + Mn)/Ti (Figure 9). This
suggests that the hydrothermal fluid began occurring in the
bottom water following the no. P5-8 mudstone layer and
became the predominant fluid in the no. P5-16 mudstone
layer. As the hydrothermal fluid contains high concentrations
of reducing substances, such as Fe’" and Mn?* 5% it can
directly convert the oxic—suboxic (suboxidized) conditions
into anoxic—ferruginous conditions. Consequently, the no. P5-
16 mudstone layer was deposited under anoxic—ferruginous
conditions.

The presence of benthic ostracod fossils in mudstone layers
no. P5-12 and PS-14 but not in mudstone layer no. P5-16
shows that the redox conditions of the bottom water altered
dramatically when the mudstone layer no. P5-16 with Sgg > 0.3
was deposited (Figures 9 and 10). During the deposition of
mudstone layers no. PS-14 and P5-12, the redox conditions of
the bottom water fluctuated between oxic—suboxic (suboxi-
dized) and anoxic—ferruginous conditions. This may be
triggered by the reducing fluid generated by the initial
hydrothermal activity. The alternating fluctuation of redox
conditions may have resulted in the ongoing demise of some
ostracods as the bottom water had little to no dissolved O,.
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Figure 9. Redox, paleoproductivity and hydrothermal proxy profile of the Chang 8—Chang 7 Members of Motiangou outcrop in the Tongchuan
district. The radioactivity of the strata was tested using an RS 230 handheld gamma spectrometer.

Figure 10. Calcareous ostracod fossils in samples from the layers (a) no. PS-12 and (b) no. P5-14. The white oval spot (a) and kidney shape (b)
pointed by the arrows in (a) and (b) and other similar white spots are calcareous ostracod fossils, some of which are not entirely preserved.

Consistent with the absence of benthic ostracod fossils and
intense hydrothermal activity in the mudstone layer no. PS-16,
the Sgr of the mudstone layer increased dramatically from
0.019 (no. P5-14) to 0.350 (no. PS-16) (Figures 7 and 9), and
the change in other redox proxies is identical to that of Sgp.
This synchronized transition between redox proxies and
hydrothermal proxies also occurs before and after the position
in the mudstone layers at the bottom of the Chang 7* sub-
Member in Well B1, where both the DOPy and Sgg are 0.3
(Figure 11). Accordingly, all DOPy and Sgp corresponding to
R-T(Re) (T1) in the Chang 7—Chang 8 Members of the
southern Ordos Basin are 0.3.

5.1.2. Thresholds of Enrichment Degree between Anoxic—
Ferruginous and Anoxic—Euxinic Conditions. In contrast to
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the threshold of anoxic—ferruginous conditions, the threshold
of anoxic—euxinic conditions was calibrated using an organic
matter-controlled enrichment degree and occurrence state
model. There is just one coefficient difference between the
concentration (X/Al) and enrichment factor, according to the
enrichment calculation formula (Xg).'*'” Hence, our study
replaced the RSE concentration (X/Al) with the enrichment
factor (Xgg). Due to the scavenging of Mo by S-rich organic
matter and formation of authigenic phases under various
anoxic conditions,””**** the Mogg of fine-grained sedimentary
rocks exhibits distinct correlations with TOC under various
redox conditions. The Mogg of fine-grained sedimentary rocks
with Sgg < 0.3 is relatively low, ranging from 0.010 to 0.071 for
TOC values between 0.25 and 5.70%. It exhibits an
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Figure 11. The redox, paleoproductivity and hydrothermal proxy profile of the Chang 8—Chang 7 Members of Well B 1 in the Jinghe district.

uncorrelated pattern with increasing TOC (Figure 12a),
indicating oxic—suboxic (suboxidized) conditions in the
bottom water,'® which is compatible with evaluation outcomes
based on the enrichment sequence of RSEs (Figures 4 and 6).
Within the TOC range of 2.63—26.36%, the Mogg of fine-
grained sedimentary rocks with Sgz > 0.30 and Mogg from
0.034 to 0.803 increases linearly with TOC, showing that these
rocks were deposited under anoxic—ferruginous conditions
(Figure 12a). The remaining fine-grained sedimentary rocks
with Moge = 1.352—3.124 exhibit a weak covariation or an
uncorrelated distribution with TOC rise within the TOC range
of 18.87—33.84% (Figure 12a), indicating deposition under
anoxic—euxinic conditions. These fine-grained sedimentary
rocks are Chang 7° sub-Member shales with Fe,Oxgg, Sgr, and
Mog values >1.0 (Table S3). This suggests that the H,S
content of the bottom water during the deposition of these
shale deposits may have been higher than that of the anoxic—
euxinic organic-rich Black Sea sediments.

As a result of the co-enrichment of U and Mo (Figure 3f),
the Ugg—TOC correlation diagram displays a similar pattern to
the Moge—TOC correlation diagram (Figure 12a,b). The Ugg
values for oxic—suboxic (suboxidized), anoxic—ferruginous,
and anoxic—euxinic conditions are 0.074—0.285, 0.125—2.965,
and 4.054—13.830, respectively (Figure 12b). Despite the
positive correlation between Ugz and TOC in anoxic—
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ferruginous conditions, organic matter may not be the primary
host phase for U. Positive correlation between U and TOC
may represent the influence of reactive organic matter on
microbially mediated U(V) reduction.” In addition, electron
microprobe analysis, a-fission track, and sequential extraction
studies revealed that a small amount of U is adsorbed onto the
organic matter in the Chang 7 Member of the Ordos Basin
shale.*® The Vg—TOC interactions throughout various TOC
ranges likewise exhibit the diverse redox patterns proposed by
Algeo and Maynard (2004)"® (Figure 12c). Under anoxic—
ferruginous conditions, the Vg of samples with TOC between
2.63 and 26.36% is positively correlated with TOC (Figure
12c). Under mildly reducing circumstances, it may involve
removing V(IV) ionic species by forming organometallic
ligands such as V-porphyrin.”*®> Therefore, there is a bit of
overlap of Vg between anoxic—ferruginous and anoxic—
euxinic conditions (Figure 12¢). Because the enrichment of Re
appears to be solely related to the reducing extent of bottom
water,”* the correlation between Repp and TOC is irrelevant
under different redox conditions (Figure 12d).

Due to the overlap between nearby redox conditions (Figure
12a—c), the TOC thresholds established by Algeo and
Maynard (2004)"® cannot be used to successfully differentiate
between distinct redox conditions, even in the cases given by
Algeo and Maynard (2004)."® However, under anoxic—euxinic
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Figure 12. (a—d) Cross plots of TOC—Mogp—Ugr—Vgr—Regg of fine-grained sedimentary rocks from the Chang 8—Chang 7 Members in the
southern Ordos Basin. The larger symbols in (c) and (d) are the samples with Mogg > 1.3 and U > 4.0.

conditions, the Mogz and Ugg of fine-grained sedimentary
rocks are above 1.3 and 4.0, respectively, which are
considerably greater than those under anoxic—ferruginous
conditions. Therefore, the RSE enrichment threshold (E-T)
was utilized to differentiate between anoxic—euxinic and
anoxic—ferruginous conditions. E-T represents the degree of
RSE enrichment at the onset of various redox conditions. In
accordance with this, the Mogg and Ugg corresponding to E-
T(Mo) and E-T(U) of anoxic—euxinic conditions in the
Chang 8—Chang 7 Members are 1.3 and 4.0, respectively
(Figures 12a,b and 13). Mo and U are more abundant in the
anoxic—euxinic shale of the Chang 7° sub-Member than in the
anoxic—euxinic organic-rich sediments of the Black Sea (Figure
12a,b).
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Figure 13. Redox thresholds and enrichment degree thresholds of
different redox conditions of the Chang 8—Chang 7 Members in the
southern Ordos Basin.
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DOP; of Chang 8—Chang 7 fine-grained sedimentary rocks
increases with the pyrite content and approaches 1.0 (Figure
Sb), whereas the Fe, /S, ratio decreases with the pyrite
content and approaches the atomic molar ratio of Fe and S in

pyrite (Fe,o/Smot = 0.5) (Figure Sc). Consequently, pyrite can
serve as a redox proxy. In addition to containing organic
material, pyrite also contains Mo**’>*® and U.* The distinct
redox patterns are also visible in the compound covariation
between the pyrite content and Mogg or Ugg (Figure 14a,b).
The pyrite content corresponds to oxic—suboxic, anoxic—
ferruginous, and anoxic—euxinic conditions within 0—2.14%,
1.16—21.72%, and 8.79—25.81%, respectively (Figure 14a,b).
Because V is not trapped in Fe-sulfides,'® Vi is not linked with
the pyrite content under anoxic—ferruginous conditions
(Figure 14c). Likewise, Regy is not correlated with the pyrite
content under anoxic—ferruginous conditions (Figure 14d), as
the enrichment of Re appears to be only controlled by
reducing conditions.”*

The uncorrelated, positive, and weakly positive correlations
between Moy (or Ugg) and TOC (or pyrite content) are also
observed in the Mogg (or Ugg)—DOP; (or Sgp) correlation
diagrams (Figures 4c,d and 6c,d). The DOP; and S are
positive for pyrite (Figure Sa,b), a key electron reservoir and
host phase for U and Mo. This indicates that the correlation
between Mo (or Ugp) and DOPp (or Sgg) includes the
sequence model controlled by the redox potential and
enrichment degree and occurrence state model controlled by
organic matter. Therefore, it is recommended to use the
correlation between DOP; (or Sgz) and Mogg (or Ugg) to
calibrate the redox and enrichment degree thresholds (Figures
4c,d and 6¢,d). In addition, the overlap of DOPy and Sgp
between anoxic—ferruginous and anoxic—euxinic conditions
shows that DOPy and Sgi should be applied in conjunction
with redox patterns (Figures 4c,d and 6¢,d).
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Figure 15. Cross plots of (a) TOC—TS, (b) TOC—pyrite, and (c) TOC—DOP; of fine-grained sedimentary rocks from the Chang 8—Chang 7
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Distinct correlations between TOC—-TS, TOC—pyrite
content, and TOC—DOP indicate that the enrichment degree
and occurrence states of U and Mo are controlled by organic
matter during different sedimentary periods in anoxic—
ferruginous and anoxic—euxinic settings (Figure 15a—c). H,S
comes from bacterial sulfate reduction of sedimentary organic
matter,”” resulting in its concentration being controlled by
TOC.* Under anoxic—ferruginous conditions, as the H,S for
synthesis of pyrite is from the bacterial sulfate reduction of syn-
sedimentary organic matter only below the SWIL the
diagenetic pyrite content is controlled by syn-sedimentary
organic matter.”” It produces a positive correlation between
TOC-TS, TOC—pyrite content, and TOC—DOP; (Figure
15). Because the pyrite and syn-sedimentary organic matter is
the host for U or Mo>®”® and H,S is also involved in the
authigenic enrichment process of U and Mo,”””” their content
or associated proxies are positively correlated with Ug and
Moy, (Figures 4c,d, 6¢,d, and 14a,b).
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However, under anoxic—euxinic conditions, HZS(aq) in
bottom water originates mostly from the bacterial sulfide
reduction of pre-sedimentary organic matter as opposed to
syn-sedimentary organic matter. In H,S-rich bottom water, an
abundance of pyrite forms in the upper sulfidic column”™~"*
and deposits with syn-sedimentary organic debris. The content
of these pyrites is mostly determined by the availability of
Fe**. 7% This results in a weak correlation of TOC—TS,
TOC—pyrite concentration, and TOC—DOP; under anoxic—
euxinic conditions (Figure 15a—c). In addition to the U and
Mo sequestered in the syn-sedimentary pyrite or organic
matter, a multitude of authigenic U and Mo formed via
reduction reaction is often deposited with syn-sedimentary
organic matter in the surface layers.'® The co-enrichment of
Mo (or U) with different occurrence states with organic matter
(or pyrite) induces a much higher Mog (or Ugg) and a weakly
positive relationship between Mog (or Ugg) and TOC (or
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Figure 16. (a—0) Cross plots of Vgp, Ugp and Mogg versus V/Cr, Vi/(Vi + Ni), U/Th, Fe/Al, and Cory/P of fine-grained sedimentary rocks in
Chang 8—Chang 7 Members.

U/Th (OI' 5U, Th/U)’26,27,29,53,96,97,99,101—103 Fe/Al,IOI and

pyrite content) under anoxic—euxinic conditions (Figures
Corg/ po8o8106 \uieh specific threshold values were used as

12a,b and 14a,b).
5.1.3. Calibration of Earlier Redox Proxies. V/
Cr 22,29,30,53,96—102 V/(V + Nl) (OI' V/Nl) 26,30,97,100,103—105
' )

redox proxies in previous studies on redox conditions of the
Chang 7 Member. However, V/Cr, V/(V + Ni), U/Th, and
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Figure 17. (a—f) Cross plots of Al/(Al + Fe + Mn)—Cu/Ti—Ni/Ti—P/Ti and (Fe + Mn)/Ti—Cu/Ti—Ni/Ti—P/Ti of fine-grained sedimentary
rocks from the Chang 7° sub-Member of Well B1 and Motiangou outcrop in the southern Ordos Basin.

Fe/Al (Fe,03/Al,0;) are generally positively correlated with
Vgr, Ugp, and Mogg, and no compound covariation patterns
exist between these redox proxies and enrichment factors
except Cy,/P (Figure 16a—1). In addition, the oxic—suboxic
(suboxidized) and anoxic—ferruginous ranges of these redox
proxies overlap. This shows that these redox proxies cannot be
utilized to identify the enrichment sequence of RSEs and
calibrate thresholds between various redox conditions.
Although there is compound covariation between C,,/P and
RSE enrichment factors (Vgg, Ugg, and Mogg) (Figure 16m—
0), the overlap of Corg/P between the oxic—suboxic
(suboxidized) and anoxic means that it cannot be used as a
reliable redox proxy to identify the threshold between them.
Therefore, it is not suggested to utilize these redox proxies to
evaluate redox conditions in the Chang 8—Chang 7 Members
of the Ordos Basin.

5.2. Evolution and Affecting Factors of Redox
Conditions of Bottom Water. Based on these calibrated
thresholds (Figure 13) and the variation of Sgs, DOPry, Ugg,
and Mog; from the Chang 8 Member to Chang 7° sub-
Member in the Jinghe and Tongchuan districts (Figures 9 and
11), an entire redox evolution sequence including oxic—
suboxic (suboxidized), anoxic—ferruginous, and anoxic—
euxinic conditions develops in this unit, which is consistent
with the increase in paleolake water depth and area increase
from the Chang 8 Member to Chang 7° sub-Member. From
the mudstone layer of the Chang 8 Member to that of the
Chang 7° sub-Member, oxic—suboxic (suboxidized) conditions
emerge prior to the severe hydrothermal activity indicated by
Period-1 carbonatite (Figures 7a and 9). After Period-I
carbonatite, Sgp, Ugp, and Mogp rise dramatically and
anoxic—ferruginous conditions occur from the thin mudstone
layer no. PS-16 to the base of the shale layer of the Chang 7°
sub-Member (Figure 9). After a particular thickness of shale
was deposited under anoxic—ferruginous conditions, anoxic—
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euxinic conditions accompanied by sporadic anoxic—ferrugi-
nous conditions evolved in the shale layer of the Chang 7° sub-
Member (Figure 11). Therefore, there is a positive evolution
sequence of redox conditions in the Chang 7° sub-Member of
the southern Ordos Basin deep-lake environment.

The fluctuation of Al/(Al + Fe + Mn) (<0.4, indicating
hydrothermal sediment)*>°*** and (Fe + Mn)/Ti (>15,
indicating hydrothermal sediment)*>**® of the mudstone
and shale in Well B1 and Motiangou field suggests sustained
hydrothermal activity in the deep-lake environment of the
southern Ordos Basin (Figures 9 and 11). The hydrothermal
proxy curves in the profile of the Motiangou outcrop in the
Tongchuan district and Well B1 in the Jinghe district exhibit
nearly synchronous variation with the redox conditions
(Figures 9 and 11). Hydrothermal activity appears to control
the formation of anoxic conditions, based on the synchronicity
between the redox and hydrothermal proxies (Figures 9 and
11). Enhanced hydrothermal activity allowed the development
of anoxic—ferruginous conditions in a thin mudstone section at
the base of Chang 7° sub-Member (Figures 9 and 11). In
contrast, the dramatic weakening of hydrothermal activity in
Well Bl considerably decreased the extent of reduction in the
anoxic—euxinic sections (Figure 11). However, intense hydro-
thermal activity in the mudstone layer no. P5-16 in the
Motiangou profile and the shale at the bottom of the shale
sections in Well Bl only produced anoxic—ferruginous
conditions (Figures 9 and 11). It suggests that hydrothermal
activity hastens the emergence of anoxic—ferruginous con-
ditions but cannot directly produce anoxic—euxinic conditions
in the Chang 7° sub-Member (Figure 9).

The paleoproductivity proxies Cu/Ti and Ni/Ti of the
anoxic—euxinic sections in the Chang 7° Member of Well B1
are 5.82 X 1072—16.41 X 107> (average: 10.28 X 107%) and
1.24 X 1072-3.27 X 107> (average: 2.21 X 107) (Figure 11),
respectively. Cu/Ti and Ni/Ti of the anoxic—ferruginous
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Figure 18. Redox, paleoproductivity and hydrothermal proxy profile of Chang 7° sub-Member of Well LH 2 in the Luohe district.

sections in the Chang 7° Member of Well B1 are 4.37 X 107>~
7.80 X 1072 (average: 5.73 X 107%) and 1.29 X 107>—1.73 X
1072 (average: 1.49 X 107%), respectively. This suggests that
high paleoproductivity was always sustained from the
formation of the anoxic sections in Chang 7° sub-Member.
The phosphate nodule and fossils in Chang 7 Member were
often been reported.”®'’” In addition, P in sediments is
solubilized and partly returned to the bottom water in the
reducing environment.”"'%%'%  Therefore, although the
variation trend of P/Ti is similar to that of Cu/Ti and Ni/
Ti in Chang 7—Chang 8 Members of Jinghe and Luohe
districts, it is adopted as an aided paleoproductivity proxy and
not discussed in detail here. Its data are listed in Table S4.

The variation trend of TOC in the profile is the same as that
of paleoproductivity proxies (Figure 11), which show that
paleoproductivity regulated the enrichment of organic matter.
Although the variation of Cu/Ti and Ni/Ti indicates a slight
decrease in paleoproductivity from the bottom to the top of
the anoxic—euxinic sections, the TOC of the anoxic—euxinic
sections (18.87—33.84%) is generally greater than that of the
anoxic—ferruginous sections (9.25—18.21%) (Figure 11). This
may be related to the decrease in dilution of terrigenous and
volcanic detrital material, which can arise from increasing water
depth''” and the diminished strength of volcanic eruption
represented by the thickness fluctuation of the tuff in Well Bl
(Figure 11).

Moreover, based on isotopic analysis of sedimentary pyrite,
the S of organic-rich fine-grained rocks in the Chang 7
Member is thought to have originated from atmospheric
precipitation or surface runoff rather than hydrothermal
processes.”® This shows that the H,S in anoxic—euxinic
conditions largely arises from the bacterial sulfate reduction of

organic matter, although it can also be observed in hydro-
thermal vents.*® In addition, anoxic—euxinic conditions
emerge following the maximum of Cu/Ti and Ni/Ti in
anoxic—ferruginous conditions and a particular thickness of
high-abundance organic matter sections (Figure 11). Con-
sequently, the formation of anoxic—euxinic conditions in the
Chang 7 Member is predicated on the maintenance of high
production.

The necessary TOC threshold for forming anoxic—euxinic
conditions in the Chang 7° sub-Member is 18% (Figure 12),
which is considerably greater than that of the Black Sea
sediments (strongly restricted basin, TOC at 0.5%) and
Saanich Inlet sediments (weakly restricted basin, TOC >
3%).">""" This also shows that lacustrine basins with
substantial terrestrial inputs must maintain high paleoproduc-
tivity for forming anoxic—euxinic conditions.

Similar to correlations between hydrothermal proxies and
redox proxies, the hydrothermal proxies are also roughly
synchronous with paleoproductivity proxies in the Chang 7°
sub-Member in the Motiangou profile and Well B1 (Figures 9,
11 and 17). This synchronous relationship indicates that
enhanced hydrothermal activity increased paleoproductivity,
whereas hypoactive hydrothermal activity reduced paleopro-
ductivity. In the deep lacustrine environment, the release and
movement of common nutritional elements such as Fe, Mn,
Zn, Cu, NH,*, NO;7, and PO43_80 to the surface water
increased planktonic algae production. These nutrient
materials may also enhance the chemosynthesis of photo-
synthetic bacteria in the anoxic—euxinic zone of the water
column, which was observed in the shallow marine hydro-
thermal vent."'*~""* PO,>~ from hydrothermal fluid compen-
sated for the low supply of PO,*” from volcanic material in the

https://doi.org/10.1021/acsearthspacechem.2c00262
ACS Earth Space Chem. 2023, 7, 120—141


https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.2c00262/suppl_file/sp2c00262_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00262?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00262?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00262?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00262?fig=fig18&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.2c00262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

anoxic—euxinic region in the Chang 7° sub-Member owing to
its poor mobility during the weathering of ash.''® Sustained
supply of nutrient material via hydrothermal activity,
particularly PO, along7 with nutrient material from volcanic
ash, particularly Fe,"'®'"” fostered sustained blooming of algae
in the anoxic—euxinic sections. Continuous algal bloom
provided huge amounts of organic matter for the bacterial
sulfate reaction and maintained the development of anoxic—
euxinic conditions. The abnormal hydrothermal and paleo-
productivity proxy values in the Chang 8 Members of Well B1
(mudstone layer no. B1-287-1 with abundant plant detritus)
(Figure 11, Table S4) may be caused by the formation of
siderite (20.58%) (Table S2) and its isomorphic rhodochrosite
during the diagenesis under the shore-shallow lacustrine
environment.

Variation in Sg (or DOPy) and Mogy (or Ugg) in the silt-
bearing mudstone section of the Chang 7° sub-Member in
Well LH 2 indicates that the mudstone section in the Chang 7°
sub-Member in the Luohe district was primarily deposited
under oxic—suboxic (suboxidized) conditions and intermittent
anoxic—ferruginous conditions (Figure 18). This is compatible
with the unstable hydrodynamic conditions in the semi-deep
lake adjacent to the delta environment,”> which can be
indicated by the frequent occurrence of micron-scale silty
laminae interbedded with argillaceous laminae in the mudstone
section.

Besides the hydrothermal proxies in the mudstone section of
the Chang 7° sub-Member in Well LH 2, the redox proxy
curves exhibit a pattern similar to those of paleoproductivity
and TOC (Figure 18). Cu/Ti (or TOC) of the anoxic—
ferruginous conditions corresponds to the relatively low (Fe +
Mn)/Ti or high Al/(Al + Fe + Mn) values (Figure 18). This
suggests that high paleoproductivity is advantageous for
developing anoxic—ferruginous conditions in the Chang 7°
sub-Member of the Luohe district. Weakened hydrothermal
activity is more favorable for raising paleoproductivity and
developing anoxic—ferruginous conditions (Figure 18). In a
semi-deep lacustrine setting, unstable hydrodynamic circum-
stances and insufficient water depth may permit hydrothermal
fluid to upwell straight to the surface water, resulting in
decreased paleoproductivity in the surface water. However, the
hydrothermal fluid itself may be harmful to lacustrine algae on
the surface water if it has a high concentration of reducing
material, although it can provide nutritious material such as
NH,*, NO;~, and PO,*".*" This suggests that hydrothermal
activity is not necessarily conducive to paleoproductivity.
Therefore, the anoxic—ferruginous environment in a semi-deep
lacustrine setting is primarily created by the consumption of
dissolved O, during the decomposition of organic matter and
is governed by paleoproductivity.

6. CONCLUSIONS

The internal cross-calibration approach of multiple proxies
based on the enrichment sequence model of RSEs controlled
by redox potential and enrichment degree and occurrence state
model of RSEs controlled by host phases is applicable in the
lacustrine strata. The cross plots of DOP;—Mog; (or Ugg) and
Sgr—Mogg (or Ugg) containing the double redox assessment
models are recommended, which can effectively differentiate
various redox conditions. To identify the precise threshold
value, the geochemical profiles of the redox proxy, mineral
analysis, and paleontological information are required.
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DOPy, Sgg, Ugp, and Mogg are effective redox proxies in
lacustrine strata in the Ordos Basin. However, these redox
proxies should be used in conjunction with redox patterns
when determining the redox extent. V/Cr, V/(V + Ni) (or V/
Ni), U/Th, Fe/Al, and Corg/P are not advised for assessing
redox conditions in the lacustrine strata of the Ordos Basin.
DOP; and Sgg values corresponding to R-T(Re) (T1) of the
Chang 7—Chang 8 Members are both at 0.3. In addition, the
DOP; and Sgg values corresponding to R-T(U) (T2) of the
Chang 7—Chang 8 Members are 0.5 and 1.2, respectively. E-
T(Mo) and E-T(U) are 1.3 and 4.0, respectively, between the
anoxic—ferruginous and anoxic—euxinic conditions.

The Chang 7° sub-Member deep lacustrine organic-rich
shale in the southern Ordos Basin was deposited predom-
inantly under anoxic—euxinic conditions with intermittent
anoxic—ferruginous conditions. The semi-deep lacustrine
organic-rich mudstone in the Chang 7° sub-Member of the
Luohe district is primarily deposited under oxic—suboxic
(suboxidized) conditions with sporadic anoxic—ferruginous
conditions. In the deep lacustrine environment, hydrothermal
activity promotes the transition from oxic—suboxic (suboxi-
dized) to anoxic—ferruginous conditions but inhibits the
creation of anoxic—ferruginous conditions in the semi-deep
lacustrine environment. By increasing paleoproductivity,
hydrothermal activity favors the establishment of anoxic—
euxinic environments. Sustained high paleoproductivity is the
base for forming anoxic—euxinic conditions in a deep
lacustrine environment.
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