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a b s t r a c t

The lacustrine black shales in the Chang7 Member from the Upper Triassic Yanchang Formation of the
Ordos Basin in Central China are considered one of the most important hydrocarbon source rocks.
However, the mechanism of organic accumulation in the black shales remains controversial. To resolve
the controversy, with the former paleontological data of Yanchang Formation and sedimentation rate
data of the Chang7 black shales, we investigated the typical intervals of the Chang7 black shales (TICBS)
which were obtained by drilling in Yaowan at the southern margin of the Ordos Basin and performed
various sedimentary, isotopic and geochemical analysis, including the sedimentary petrography, pyrite
morphology, total organic carbon (TOC) and total sulfur (TS), the ratio of pyritic Fe to total Fe (DOPT),
major and trace elements, together with pyritic sulfur isotopes (d34Spy). The high sulfur content,
enrichment of redox-sensitive trace metals, and the lower sedimentation rate of the TICBS in addition to
the presence of marine spined acritarchs and coelacanth fossils indicate that the TICBS were deposited in
a lacustrine environment possibly influenced by seawater. The petrographic observations show a thick
layer of black shale with interlayers of thin layered siltstone (silty mudstone) and laminated tuff, which
were related to the turbidity currents and volcanism, respectively. The U/Th, C-S, and Mo-U covariations,
pyrite morphology, DOPT, combined with the d34Spy, suggest that the deposition occurred beneath the
anoxic-sulfidic bottom waters, which was intermittently influenced by the oxygen-containing turbidity.
The Ni/Al and Cu/Al possibly show extremely high to high primary productivity in the water column,
which might be connected with the substantial nutrients input from seawater or frequently erupted
volcanic ash entering the lake. In addition, the coincidence of an increased abundance of TOC with
increased P/Al, Ni/Al, Cu/Al and U/Th, as well as relatively consistent Ti/Al suggest that the accumulation
of the organic matter might be irrelevant to the clastic influx, and was mainly controlled by the high
primary productivity and anoxic-sulfidic conditions. Further, the covariations of TOC vs. P/Al and TOC vs.
Ba/Al indicate that the high primary productivity led to the elevated accumulation and burial of organic
matter, while the anoxic to sulfidic conditions were likely resulted from an intense degradation of the
organic matter during the early diagenesis. In summary, the organic matter accumulation is ultimately
attributed to the high primary productivity possibly resulted from seawater or volcanic ash entering the
lake.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The deposition of black shales and the accumulation of organic
matter in black shales not only involves the basic biogeochemical
processes on Earth, including photosynthesis, oxidation, bacterial
sulfate reduction and humification, etc., but also makes an impor-
tant contribution to the primary source of hydrocarbons and other
economicmineral deposits (Arthur and Sageman,1994; Hedges and
Keil, 1995; Burdige, 2007). The preservation and enrichment of the
organic matter in the sediments is controlled by many factors, such
as primary productivity, bottom-water oxygen supply, nutrient
availability, clastic influx and the activity of such degradation pro-
cesses as bacterial sulfate reduction (e.g. Demaison and Moore,
1980; Pedersen and Calvert, 1990; Murphy et al., 2000; Wei et al.,
2012; Lash and Blood, 2014; Fu et al., 2015; Yan et al., 2015).
However, the most important factors are attributed to primary
productivity, redox conditions, and sedimentation rate. Corre-
spondingly, three “simple” models on the accumulation of organic
matter have been proposed, including the models on productivity,
preservation and sedimentation rate (Katz, 2005). The productivity
model suggests that a high level of primary productivity, which is
induced by a high nutrient supply from the sedimentary environ-
ments, results in a large accumulation of organic matter (Pedersen
and Calvert, 1990; Hay, 1995; Parrish, 1995). The preservation
model argues that bottom dysoxia/anoxia ought to be regarded as
the main control on organic matter preservation, which enhances
organic matter accumulation by limiting the benthic activity and
reducing the consumption of organic matter (Demaison andMoore,
1980). The sedimentation ratemodel suggests that there is a critical
threshold in the sedimentation rate (Ibach, 1982). When the sedi-
mentation rate is below this threshold, the oxidation and bio-
turbation of the organic matter potentially decrease with
increasing sedimentation rate. However, above this threshold, as
the sedimentation rate continues to increase, the dilution of
organic matter increases whilst the amount of accumulated organic
matter decreases. Therefore, it is difficult to explain organic accu-
mulation with a single factor in all sediments and different sedi-
mentary settings may have specific factors that control the
accumulation of organic matter (Arthur and Sageman, 1994;
Canfield, 1994; Rimmer et al., 2004; Yan et al., 2015; Zeng et al.,
2015).

The lacustrine black shales in the Chang7 Member from the
Upper Triassic Yanchang Formation of the Ordos Basin, Central
China, have a high abundance of organic matter with a strong po-
tential for hydrocarbon generation and expulsion (Yang and Zhang,
2005). The preservation of a large amount of cyanobacteria, green
algae and acritarchs shows that the productivity was high during
the deposition of the shales (Ji et al., 2012). Laminated black shales,
biomarkers and trace elements indicate that the Chang7 black
shales were deposited in an anoxic setting (Yang and Zhang, 2005;
Zhang et al., 2008; Yang et al., 2010; Qiu et al., 2014). Further, vol-
canic eruptions and lake-bottom hydrothermal activities during the
same periods may have been the sources for significant nutrients,
resulting in an enhanced biological productivity (Qiu et al., 2009b;
Zhang et al., 2009, 2010). Lastly, the identification of marine spined
acritarchs and coelacanth fossils from the Chang7 black shales
suggest conditions with a marine influence (Su, 1984; Xu et al.,
2003). Despite previous studies dealing with the Chang7 black
shales, the factors controlling the enrichment of organic matter are
not well understood. Further, the hypothesis of marine incursion
events is not generally accepted and it is even unclear whether
those events have influenced the accumulation of organic matter in
shales.

Using traditional sedimentology and sediment geochemistry in
conjunction with the published data of paleontology and
sedimentation rate, we re-evaluate the depositional environment
of the Yanchang Formation and re-assess various sediment pa-
rameters pertaining to the typical intervals of the Chang7 black
shales (TICBS). By so doing, we explored the mechanism of organic
matter accumulation and factors controlling the deposition of the
TICBS.

2. Geological background, samples and analytical methods

The Ordos Basin spans five provinces namely, Shaanxi, Gansu,
Ningxia, Inner Mongolia and Shanxi, and is a multicycle cratonic
basin (Yang and Zhang, 2005). It has a significant resource potential,
amounting to about one-third of China's total oil and gas produc-
tion (Yang et al., 2013). The Ordos Basin has experienced different
stages of evolution, including the Early Paleozoic marginal ocean
basin, Early to the Late Paleozoic littoral basin, Late Permian to
Middle Triassic large interior basin and Late Triassic to the Early
Cretaceous para-foreland basin, before finally developing into the
tectonic framework of the current basin. In the foreland basin stage
during the Late Triassic, the North China plate and Yangtze plate
collided and integrated, resulting in the closure of the relict of
Youjiang and Qinling troughs and the formation of the Qinling
Mountains (Yang, 2002). The tectonic process provided a large
depositional space for the Ordos Basin (Liu, 1998; Liu and Yang,
2000) and subsequently deposited a set of fluvial-lacustrine sedi-
ments with a thickness of about 1300 m - the Upper Triassic Yan-
chang Formation (Deng et al., 2008). It is subdivided into 10
members from bottom to top (Qiu et al., 2010) and the depositional
period of Chang7 was the pinnacle of the basin development.
Meanwhile, intense subsidence allowed large-scale deposition of
organic-rich source rocks in the deep to semi-deep water of the
lake (Yang and Zhang, 2005). The Chang7 member can be sub-
divided into 3 sub-members based on the sedimentary cycles,
named Chang71 to Chang73 from top to bottom. Chang73 is mainly a
developed, thick layer of oil shale with tuff layers at the bottom,
Chang72 has developed mudstone with thin tuff intercalations in
the lower part and development of silty mudstone in the upper
part, and lastly Chang71 is mainly composed of mudstone and silty
mudstone (Qiu, 2011).

The well Yaowan 1 (N35� 13'; E109� 010) lies in the Tongchuan
area at the southern margin of the Ordos Basin, which is 35 km
north of Tongchuan City (Fig. 1A). The total thickness of the drilled
core is 168 m including the Chang6, Chang7 and Chang8 strata of
the Yanchang Formation. The Chang6 and Chang8 strata are mainly
thick-bedded fine-grained gray-green sandstone, whereas the
Chang7 strata are predominantly black shale and siltstone with
intercalations of gray mudstone, silty mudstone, and tuff. In this
paper, we collected samples from the typical intervals of black
shales (108.5e117.5 m with the total length of 9 m) mostly devel-
oped in Chang72. The sampling interval is from 0.3 to 0.5 m with a
total of 25 samples (Fig. 1B; Table 1).

Thin sections of sedimentary rock samples were prepared at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences, and were studied in detail using an optical microscope (Leica
DMRX 888056) and a scanning electron microscope (SEM; Carl
Zeiss SUPRA55 SAPPHIRE). Powdered samples were taken from the
drilled core using a hand-held dental drill (ROTEX™ 782E), and care
was taken to avoid mixing those powders with tuff and phosphate
nodules, and subsequently, samples were pulverized to <200 mesh
sizes with an agate mortar.

Major and trace elements were measured at the Institute of
Geochemistry, Chinese Academy of Sciences. Powdered samples
were placed in Teflon beakers and dissolved in 1 mL of hydrofluoric
acid (HF) and 1 mL of nitric acid (HNO3). Subsequently, the sealed
beakers were placed into an electric oven and heated to 185 �C for
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about 36 h. Thereafter, the solutions were evaporated on a hot plate
overnight and then treated with 2 mL of HNO3 and 3 mL of ultra-
pure distilled water. The beakers were sealed again and heated to
135 �C for about 5 h to dissolve the residue. Major and trace ele-
ments were determined using a Varian Vista Pro ICP-AES and a
Perkin-Elmer Sciex ELAN 6000 ICP-MS following the method
described by Qi et al. (2005). Certified reference materials (GSR-1,
OU-6, 1633-a, GXR-2, GXR-5) were used for quality control. The
precision and accuracy were both above 5% for Al, Ti, P, Fe, Ba, Cu,
Ni, Th, U, and 10% for Mo.

The total organic carbon (TOC) and total sulfur (TS) contents
were measured using a vario EL cube elemental analyzer at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences. At first, the total carbon and total sulfur contents were
measured. Secondly, samples were decalcified with 6 mol/L HCl to
remove inorganic carbon, and were washed twice with de-ionized
water before dried at 60 �C for TOC determination. Certified refer-
ence material (sulfanilamide) was used for quality control. The
precision and accuracy of the TOC and TS measurements were both
above 0.5%.

Sulfur isotopic measurement was conducted by the Oxy-Anion
Stable Isotope Consortium (OASIC) at Louisiana State University.
Firstly, the sample split was treated with 1 M chromium dichloride
(CrCl2) solution and 6 N hydrochloric acid (HCl) þ 10 mL alcohol.
The hydrogen sulfide was immediately purged by nitrogen stream
and was trapped and collected in a zinc acetate (ZnAc) solution to
which 2% silver nitrate (AgNO3) þ6 N ammonium hydroxide
(NH4OH) solutions were added to precipitate silver sulfide (Ag2S),
which was then filtered, rinsed and dried. All these procedures
were based on the method of Canfield et al. (1986). Afterward, the
dried Ag2S was mixed with vanadium pentoxide (V2O5) and then
converted to sulfur dioxide (SO2) by combustion with an elemental
analyzer at 980 �C. Finally, the sulfur isotopic ratio of the purified
SO2, namely, the pyrite sulfur isotope value (d34Spy), was analyzed
by using a Finnigan Delta-S mass spectrometer. The standard de-
viation associated with the d34S analysis was ±0.3‰ and was re-
ported according to the VCDT (Vienna Canyon Diablo Troilite)
standard.

3. Results

3.1. Petrographic characteristics

The TICBS from well Yaowan 1 is thick, with interlayers of thin
siltstone (silty mudstone) and laminated tuff. The interlayers of
siltstone and silty mudstone are rare compared to the tuff in-
terlayers and they often abruptly shift to black shale at the bottom
with a flame-like sedimentary structure (Fig. 2A), which is
considered to be the characteristic of deepwater deposits formed
by turbidity currents (Feng et al., 2012; Qiu, 2011). The interlayers of
tuff developed in the whole shales are mainly ash lamina, which is
usually a centimeter to less than a millimeter. Phosphate nodules
are often found above ash lamina (Fig. 2B and D).

Under the single-polar microscope, the ash lamina are
composed of coarse crystal fragments of plagioclase which are
scattered in the matrix of tiny volcanic dust. The contents of the
crystal fragments of plagioclase are 50e70% with a particle size of
about 0.05e0.3 mm (Fig. 2C). In addition, there are usually small
amounts of volcanic crystal fragments found in the organic lamina
(Fig. 2C).

3.2. The characteristics of TOC, TS, and d34Spy

The TOC and TS contents of the black shales are both high and
highly variable, ranging from 7.21% to 32.28% (avg. 18.35%), and
3.84%e16.83% (avg. 7.57%), respectively. The TOC and TS contents of
siltstones and silty mudstones are relatively low with small varia-
tions, ranging from 2.84% to 4.27% (avg. 3.55%) and 0.58%e1.94%
(avg. 1.16%), respectively (Fig. 3; Table 1).

The d34Spy of the TICBS range between �2.4‰ and þ8.7‰, with
the majority being positive. The d34Spy fluctuate significantly in the
profile and are generally lower in the black shales with high TOC
contents (Fig. 3).

3.3. The characteristics of major and trace elements

The aluminum (Al) and titanium (Ti) contents of the TICBS are
relatively variable with the similar trends (Fig. 3). The Ti/Al is
relatively steady, while the Ti/Al of siltstones and silty mudstones
(0.036e0.061, avg. 0.049) are slightly higher than those of the
associated black shales (0.025e0.058, avg. 0.043) (Fig. 3; Table 1).

To eliminate the influence of terrigenous clastics, the produc-
tivity indicators, including phosphorus (P), barium (Ba), nickel (Ni)
and copper (Cu) are normalized to aluminum (Al) (Algeo and
Tribovillard, 2009). The profiles of the P/Al, Ni/Al and Cu/Al of the
TICBS correlate well, with the Ba/Al showing a different trend
(Fig. 4). Generally, themean P/Al, Ni/Al and Cu/Al of the black shales
(131.5 � 10�4, 7.89 � 10�4 and 22.89 � 10�4) are significantly
higher than those of the siltstones and silty mudstones
(85.79 � 10�4, 2.74 � 10�4 and 5.92 � 10�4; one anomaly is the
sample A-24 with extremely high P/Al, mostly likely caused by
phosphate nodules in the shales). Meanwhile, the mean Ba/Al is
lower than those of the black shales (73.86� 10�4) compared to the
siltstones and silty mudstones (97.70 � 10�4) (Table 1).

The enrichment factor (MEF) is used to describe the degree of
element enrichment in shale, which is calculated according to the
following equation: MEF¼(X/Al)sample/(X/Al)PAAS, where X and Al
represent the concentration of elements X and Al, respectively.
Samples are normalized using the post-Archean average shale
(PAAS) of McLennan (1989). MEF>1 represents an element enrich-
ment to the PAAS concentrations, MEF>3 represents a detectable
enrichment and MEF>10 indicates a moderate to a strong degree of
enrichment (Algeo and Tribovillard, 2009). The enrichment factors
of phosphorus (P), iron (Fe), molybdenum (Mo), uranium (U),
barium (Ba), thorium (Th), nickel (Ni) and copper (Cu) (PEF, FeEF,
MoEF, UEF, BaEF, ThEF, NiEF and CuEF) of the TICBS are shown in Table 1
and Fig. 5. In the black shales, the Mo and U are strongly enriched,
Fe and Cu are detectably enriched, while the other elements show
minor to no enrichment. In siltstones and silty mudstones, the Mo
has a detectable to moderate enrichment, P, U, Ba, and Cu show
slight enrichment, Fe, and Th show no enrichment, and Ni is
depleted.

4. Discussion

4.1. The depositional setting: lacustrine or marine?

It is generally believed that the major basins in central and
western China, including the Ordos Basin, have been transformed
from sea-land interaction (marine or offshore lake) into a fresh-
water lake in Late Permian (Ji et al., 2006). However, marine fossils
were found in the Late Triassic sediments from the southwestern
Ordos Basin. For example, a typical marine coelacanth fossil with a
rounded tail was found in the Chang33 (Chang4-6) of the Upper
Triassic Yanchang Formation in Huachi area (Liu et al., 1999); a
broken marine coelacanth fossil was discovered in the Tongchuan
Formation (Chang7) in Tongchuan area (Su, 1984); spined acri-
tarchs fossils belonging to marine planktonic algae were identified
in the Chang2, 3, 6 and 7 members of the Upper Triassic Yanchang
Formation in the southwestern of the Ordos basin (Xu et al., 2003;



Fig. 1. (A) Study site (left) and an expanded view (right) of the Tongchuan area with the location of well Yaowan 1; and (B) Vertical profile in which lithologies of the Chang72 strata
and the position of samples in this study are shown.
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Ji et al., 2006). In addition, the high sulfur content (avg.6.54%, Max
>15, Fig. 3), the enrichment of Mo, U and other redox-sensitive
trace metals (Fig. 5) of the TICBS suggest the characteristics of
the marine environment (Berner and Raiswell, 1984; Rimmer,
2004). Lastly, the sedimentation rate of Chang7 shales is in the
range of limited marine basins (see below section 4.4 for discus-
sion). Therefore, it is possible that seawater intruded into the
Ordos Basin, and some sediments of the Yanchang Formation



Table 1
Variation of the multiple geochemical parameters of the samples from the typical intervals of the Chang7 black shales.

Samples Depth(m) Lithology TOC (%) TS (%) Al (%) Ti (%) Fe (%) P (ug/g) Mo (ug/g) U (ug/g) Ba (ug/g) Th (ug/g) Ni (ug/g) Cu (ug/g)

A-1 108.80 Black shale 31.66 7.71 4.81 0.19 7.40 982.8 80.7 50.5 344.0 10.4 40.7 131.0
A-2 109.00 Black shale 10.59 3.84 8.09 0.20 4.37 513.4 34.7 32.1 408.0 15.7 26.8 67.6
A-3 109.25 Black shale 17.59 6.26 6.37 0.27 6.65 730.5 55.6 53.0 391.0 11.6 44.9 113.0
A-4 109.50 Black shale 24.80 7.51 5.75 0.26 7.31 1260.0 90.5 73.6 431.0 10.4 53.6 127.0
A-5 109.85 Black shale 7.21 4.44 8.69 0.50 4.18 615.5 23.9 27.9 931.0 14.8 25.2 73.8
A-6 110.20 Black shale 15.21 5.36 5.65 0.30 5.94 567.0 26.9 20.2 377.0 13.2 51.2 79.4
A-7 110.70 Black shale 14.02 9.36 4.74 0.23 8.55 328.1 64.0 59.4 383.0 9.1 33.6 145.0
A-8 110.95 Black shale 26.79 11.27 4.05 0.17 9.92 708.5 94.1 52.0 248.0 7.4 47.2 183.0
A-9 111.25 Black shale 32.28 8.27 3.75 0.17 6.98 1093.0 57.7 44.9 280.0 7.2 30.4 101.0
A-10 111.45 Black shale 14.55 8.58 6.01 0.24 8.32 561.7 40.5 49.8 325.0 12.5 41.3 109.0
A-11 111.80 Silty mudstone 3.83 0.95 8.11 0.29 5.11 701.4 7.1 10.0 583.0 13.2 23.1 47.5
A-12 112.65 Silty mudstone 4.27 1.15 7.24 0.44 2.98 906.5 12.8 9.8 697.0 14.2 30.1 70.0
A-13 113.00 Black shale 10.96 5.97 6.99 0.27 6.82 490.4 37.2 30.0 350.0 12.5 81.0 108.0
A-14 113.10 Black shale 9.08 3.97 7.35 0.29 6.65 440.5 27.4 22.2 366.0 13.9 39.4 74.8
A-15 113.45 Black shale 9.81 7.21 7.41 0.31 7.28 425.4 48.6 53.7 449.0 12.4 42.6 97.8
A-16 113.90 Black shale 19.86 8.11 3.27 0.16 7.22 516.2 55.9 34.5 228.0 7.6 31.2 104.0
A-17 114.20 Siltstone 2.84 1.94 9.18 0.53 2.68 519.1 6.0 4.2 1210.0 12.4 7.2 19.6
A-18 114.60 Black shale 17.71 10.52 4.63 0.21 9.48 375.0 96.7 33.6 300.0 7.0 32.5 132.0
A-19 114.85 Black shale 17.08 4.78 5.36 0.27 5.12 527.9 36.0 32.4 396.0 10.1 53.3 85.1
A-20 115.40 Siltstone 3.27 0.58 7.50 0.30 2.50 560.6 4.4 4.4 680.0 10.1 23.8 45.2
A-21 115.80 Black shale 29.90 16.83 2.66 0.12 14.36 509.2 99.4 66.4 223.0 5.6 39.6 165.0
A-22 116.20 Black shale 17.51 8.98 4.68 0.21 7.79 856.4 61.5 54.5 396.0 6.7 28.0 107.0
A-23 116.50 Black shale 19.00 7.94 5.60 0.22 7.39 960.3 55.7 57.0 389.0 10.6 41.8 112.0
A-24 116.80 Black shale 19.08 7.29 5.53 0.21 6.91 5484.0 59.5 80.8 609.0 8.8 33.3 124.0
A-25 117.15 Black shale 20.67 4.77 5.71 0.20 4.97 898.6 60.5 37.6 750.0 7.7 47.5 112.0

Ti/Al P/Al ( � 10�4) Ba/Al ( � 10�4) Ni/Al ( � 10�4) Cu/Al ( � 10�4) PEF FeEF MoEF UEF BaEF ThEF NiEF CuEF U/Th d34Spy (‰) DOPT

0.040 204.49 71.58 8.47 27.26 2.92 3.06 168.09 33.90 1.10 1.48 1.54 5.46 4.85 3.2 0.91
0.025 63.46 50.43 3.31 8.36 0.91 1.07 42.93 12.82 0.78 1.33 0.60 1.67 2.05 0.4 0.77
0.042 114.75 61.42 7.05 17.75 1.64 2.08 87.43 26.88 0.95 1.25 1.28 3.55 4.57 0.82
0.045 219.10 74.95 9.32 22.08 3.13 2.53 157.53 41.31 1.15 1.24 1.70 4.42 7.07 �2.4 0.90
0.057 70.82 107.12 2.90 8.49 1.01 0.96 27.53 10.36 1.65 1.17 0.53 1.70 1.88 7.9 0.93
0.053 100.30 66.69 9.06 14.05 1.43 2.09 47.63 11.56 1.03 1.60 1.65 2.81 1.53 4.1 0.79
0.048 69.21 80.78 7.09 30.58 0.99 3.59 135.11 40.43 1.24 1.31 1.29 6.12 6.54 0.96
0.042 174.99 61.25 11.66 45.20 2.50 4.88 232.65 41.51 0.94 1.24 2.12 9.05 7.08 0.3 0.99
0.046 291.30 74.62 8.10 26.92 4.17 3.70 153.93 38.68 1.15 1.32 1.47 5.39 6.24 1.04
0.041 93.43 54.06 6.87 18.13 1.34 2.75 67.44 26.76 0.83 1.43 1.25 3.63 3.99 0.90
0.035 86.52 71.92 2.85 5.86 1.24 1.26 8.82 3.99 1.11 1.12 0.52 1.17 0.76 0.16
0.061 125.28 96.33 4.16 9.67 1.79 0.82 17.71 4.38 1.48 1.35 0.76 1.94 0.69 3.4 0.34
0.038 70.20 50.10 11.60 15.46 1.00 1.94 53.31 13.87 0.77 1.23 2.11 3.10 2.40 0.77
0.040 59.93 49.79 5.36 10.18 0.86 1.80 37.31 9.73 0.77 1.30 0.98 2.04 1.59 �1.3 0.52
0.042 57.44 60.63 5.75 13.21 0.82 1.96 65.69 23.43 0.93 1.15 1.05 2.64 4.33 0.87
0.050 157.96 69.76 9.55 31.82 2.26 4.40 171.21 34.04 1.07 1.59 1.74 6.37 4.54 1.3 0.98
0.057 56.57 131.85 0.78 2.14 0.81 0.58 6.58 1.47 2.03 0.93 0.14 0.43 0.34 8.7 0.63
0.044 81.08 64.86 7.03 28.54 1.16 4.08 209.28 23.46 1.00 1.04 1.28 5.71 4.79 3 0.97
0.050 98.46 73.87 9.94 15.87 1.41 1.90 67.22 19.54 1.14 1.29 1.81 3.18 3.21 0.82
0.040 74.78 90.71 3.17 6.03 1.07 0.66 5.89 1.91 1.40 0.92 0.58 1.21 0.44 1.7 0.20
0.044 191.35 83.80 14.88 62.01 2.74 10.74 373.92 80.52 1.29 1.44 2.71 12.41 11.87 0.7 1.03
0.044 182.93 84.58 5.98 22.85 2.62 3.31 131.49 37.58 1.30 0.98 1.09 4.58 8.16 3.4 1.01
0.039 171.46 69.45 7.46 20.00 2.45 2.63 99.55 32.88 1.07 1.30 1.36 4.00 5.38 0.94
0.038 991.43 110.10 6.02 22.42 14.18 2.49 107.67 47.15 1.70 1.09 1.10 4.49 9.17 3.7 0.92
0.036 157.32 131.30 8.32 19.61 2.25 1.73 106.02 21.27 2.02 0.93 1.51 3.93 4.88 0.84
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(including Chang7) might have marine deposits with the charac-
teristics of offshore lakes in the Late Triassic.

However, it has been debated regarding the origin of seawater.
Liu et al. (1999) proposed that (1) the trough of northern margin of
the Ordos Basin has been closed in the late Permian; (2) there was
no seawater connected from the eastern and southern margin of
the Ordos Basin after the Permian as indicated by the regular
sedimentary sequence of regression from eastern and southern
margin into interior of the Ordos Basin; (3) the northern part of the
western basin margin is a set of coarse debris continental sedi-
ments in the Permian and Triassic while the southern part of the
western basin margin has Early to Middle Triassic marine strata
(Fig. 6). Taking into consideration of all the evidence it is suggested
that the Ordos Basin was possibly connected to the sea in the
southwest margin.
4.2. Redox conditions

4.2.1. Pyrite morphology and DOPT
Pyrite framboid diameter is a potential tool to distinguish

anoxic-euxinic conditions from oxic-dysoxic conditions (Wilkin
and Barnes, 1997; Wignall and Newton, 1998; Riquier et al.,
2006). Wilkin and Barnes (1996) suggested the mean framboid
diameter (±1б, б stands for standard deviation) from sediments of
anoxic-euxinic and oxic-dysoxic environments are 5.0 ± 1.7 mm and
7.7 ± 4.1 mm, respectively. They also think fewer than 4% of fram-
boids are >10 mm in euxinic sediments; generally 10e50% of
framboids are >10 mm in non-euxinic sediments. The size distri-
butions of framboidal pyrite from the black shales of the TICBS is
4e8 mm with rather constant and small sizes, and only a few of
those framboidal pyrite (<10%) are >10 mm (Fig. 7 A, B and D).



Fig. 2. Characteristics of the TICBS. (A) Black shale and turbidite siltstone with a flame-like sedimentary structure (black line); (B) Volcanic ash layers (light-colored layer marked
“V”) and phosphate nodule (dark nodule marked “P”) developed in the black shale samples; (C) Organic matter lamina (dark layer marked “O”) and millimeter thin volcanic ash
layer (bright layer marked “V”) in which the crystals are plagioclase (sample A-24); (D) Phosphate nodules (brown nodule marked “P”) and volcanic ash layer (the bright layer
marked “V”) of sample A-24. The fine bright bands in C and D are fractures, artefacts produced by the process of making thin sections. Note that A and B are sample photographs,
and C and D are photographs taken under the single-polar microscope. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Therefore, the black shales were possibly deposited in anoxic-
euxinic bottom water. In contrast to the shales, the siltstones and
silty mudstones have a few pyrite framboids and often 30% of
framboids are >10 mm (Fig. 7C), which likely indicate the oxic-
dysoxic environment.

The degree of pyritization (DOP), a ratio of pyritic Fe to total
reactive Fe within a sample, is used as a paleoredox proxy (Raiswell
et al., 1988). Generally, DOP <0.42 indicates an oxic,
0.46 < DOP<0.75 the suboxic, and DOP>0.75 anoxic-euxinic envi-
ronment (Raiswell et al., 1988; Sageman et al., 2003). The DOPT, the
Fig. 3. Down-core variations of TOC contents, TS contents, d34Spy ratios, Al contents, Ti conte
shales, silty mudstones, and siltstones, respectively.
ratio of pyritic Fe (based on total S) to total Fe, can be used in place
of the true DOP values, if pyrite S composes the bulk of total S and
reactive Fe compose the bulk of total Fe (Algeo and Maynard, 2008;
Algeo et al., 2008b). This is true for many black shale formations
including the Pennsylvanian shales, Appalachian Basin Devonian
black shales, and Late Triassic Chang7 shales (Rimmer et al., 2004;
Algeo and Maynard, 2008; Yuan et al., 2016b). In current study, the
DOPT of the shales is between 0.52 and 1.04 (Fig. 4), almost all of
them higher than 0.75, which suggests an anoxic-euxinic envi-
ronment. In contrast to the shales, the DOPT of the siltstones and
nts and Ti/Al ratios of the TICBS. Unfilled circles, squares, and triangles represent black



Fig. 4. Down-core variations of the TOC contents, DOPT, U/Th, P/Al ( � 10�4), Ba/Al ( � 10�4), Ni/Al ( � 10�4) and Cu/Al ( � 10�4) of the TICBS. The five vertical dashed lines mark in
DOPT, U/Th, Ni/Al ( � 10�4) and Cu/Al ( � 10�4) panels at 0.45, 0.75, 1.25, 7.3, and 8.0, respectively (Raiswell et al., 1988; Wignall and Twitchett, 1996; B€oning et al., 2012). Unfilled
circles, squares, and triangles represent black shales, silty mudstones and siltstones, respectively.
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silty mudstones range from 0.16 to 0.62 (Fig. 4), which indicates an
oxic-suboxic environment.
4.2.2. U/Th
Under oxidizing conditions, Th exists as insoluble Th4þ, and U

exists as the dissolved form of U6þ. Under strong reducing condi-
tions, Th is still in the insoluble form Th4þ, but U transforms from
the dissolved state of U6þ to insoluble U4þ, and is enriched in
sediments (Wignall and Twitchett, 1996; Kimura and Watanabe,
2001). Therefore, the U/Th are typically greater than 1.25 in an
anoxic environment and less than 0.75 in an oxygen-enriched
environment (Wignall and Twitchett, 1996). The U/Th of the black
shales are greater than 1.25 with the highest value of 11.87 and its
average of 5.05. In addition, the U/Th of the siltstones and silty
mudstones are close to or less than 0.75 (Fig. 4; Table 1). These data
indicate that the black shales were deposited in an intensely anoxic
environment, while the siltstones and silty mudstones were
deposited in an oxic to the suboxic environment.
4.2.3. C-S-Fe relationship
The theoretical composition of pyrite (FeS2) is Fe 46.55 wt%, S

53.45 wt% and S/Fe ¼ 1.15. In the Fe-S scatter plot, there is a good
correlation between Fe and S (Fig. 8A solid line, R2 ¼ 0.92) and the
TICBS are near the theoretical line of pyrite (Fig. 8A dotted line),
indicating that the sulfur contained in the samples may almost
entirely exist as pyrite (Dean and Arthur, 1989). Thus, the pyrite
sulfur can be estimated by the total sulfur (Algeo and Maynard,
2004; Rimmer, 2004; Rimmer et al., 2004).

The C-S relationship in the sediments can be used to assess the
oxygen level of bottomwaters (Hofmann et al., 2000). It is based on
the principle that organic matter is catabolized by bacteria, while
sulfates are concurrently reduced by means of the bacteria sulfate
reduction (BSR) to form hydrogen sulfides that react with iron so as
to form pyrites in the sediment, resulting in the C-S covariation
(Leventhal, 1987). In the C-S plot, sediments (rocks) deposited
under the oxic conditions generally distribute along a line through
the originwith S/C¼ 0.36 (Berner and Raiswell, 1984). In contrast to
the oxic conditions, the euxinic environments with abundant
reactive iron are characterized by S/C higher than 0.36with positive
intercepts on the S axis (Leventhal, 1983; Berner,1984). The positive
intercept indicates that the pyrite is formed in sulfidic water col-
umns (Raiswell and Berner, 1985; Lyons and Berner, 1992). Addi-
tionally, the euxinic environments with limited reactive iron are
characterized by a fairly constant or relatively high sulfur content
independent of the organic carbon content (Hofmann et al., 2000).
The TICBS show a good correlation between C and S (R2 ¼ 0.57),
and their trend line with a positive intercept (Fig. 8B solid line a) is
close to the line of S/C ¼ 0.36 (Fig. 8B dotted line). This shows that
the TICBS may be deposited in an environment crossing from oxic
to anoxic, even to sulfidic. If the samples from the siltstone and silty
mudstonewere excluded, the correlation between C and S becomes
worse (R2¼ 0.34), still with a positive intercept (Fig. 8B solid line b),
and a relatively high S content, indicating the sedimentary char-
acteristics of anoxic to sulfidic environment with limited reactive
iron. In summary, the black shales may have been deposited in an
anoxic to the sulfidic environment, while the siltstones and silty
mudstones may have been deposited in an oxic to the suboxic
environment.
4.2.4. Mo-U covariation
U and Mo are redox indicators with minimal detrital influences

and can truly reflect the redox conditions during sediment depo-
sition (Tribovillard et al., 2006). As the U enrichment begins under
suboxic conditions (Fe3þ is transforming to Fe2þ), whereas Mo
enrichment requires the presence of H2S (i.e., euxinic conditions)
and the redox cycle of Mo potentially being influenced by partic-
ulate shuttles, the patterns of U-Mo covariations have been shown
to be particularly useful proxies for paleoenvironmental recon-
struction (Algeo and Tribovillard, 2009; Tribovillard et al., 2012; Luo
et al., 2017).

Mo and U show strong enrichment in the black shales, whereas
Mo and U shows detectable to moderate and detectable enrich-
ment, respectively, in the siltstones and silty mudstones (Fig. 9;
Table 1). Additionally, the MoEF are much higher than the UEF in the
black shales and slightly higher than the UEF in the siltstones and
silty mudstones. These data indicate that the black shales were
possibly deposited in a water column with abundant H2S, whereas
siltstones and silty mudstones were deposited in water with scarce
H2S. In the diagram of the Mo-U covariation, the black shales
correspond to an anoxic to the sulfidic environment, whereas the
siltstones and silty mudstones correspond to an oxic to the suboxic
environment (Fig. 9). Given that the siltstones and silty mudstones
belongs to the turbidites (Qiu, 2011; Feng et al., 2012.), the TICBS
were generally deposited in an anoxic to the sulfidic environment,
but occasionally affected by the oxygen-containing turbidity.
4.2.5. Characteristics of sulfur isotopes
Studies have shown that sulfur isotopes can record changes in

the redox conditions in ocean and lake systems (e.g., Strauss, 1997;
Watanabe et al., 2004; Thompson and Kah, 2012). The principle is



Fig. 5. Enrichment factors of some major and trace elements of the TICBS. The extent of the boxes corresponds to the range of values (min-max) and the inner line to the average
values.

Fig. 6. Late Triassic palaeogeographic map of the Ordos Basin with well location
(Modified from Qiu et al., 2009a).
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that the bacterial sulfate reduction (BSR) activity induces a frac-
tionation of the stable isotopes 34S and 32S, resulting in a depletion
of 34S in the produced sulfide relative to coeval sulfate (Kaplan and
Rittenberg, 1964; Canfield, 2001). Although the sulfur isotope
fractionation caused by the BSR is widespread, the degree of
fractionation is ultimately controlled by the sulfate availability. In
an open environment, the supply of sulfate is sufficient and the
sulfur isotope fractionation is generally greater than 20e22‰
(Zaback et al., 1993; Habicht and Canfield, 1997), whereas in a
closed environment, the sulfate concentration is very low and the
sulfur isotope fractionation is often less than 25‰ (Schwarcz and
Burnie, 1973; Chambers, 1982; Habicht and Canfield, 1996, 1997;
Watanabe et al., 2004).
The d34Spy of the TICBS range from - 2.4 to þ8.7‰ (Table 1). As

the marine incursion events possibly occurred when the shales
were deposited (see section 4.1), so we assume that the sulfate d34S
of the Late Triassic lake water in the Ordos Basin was the same as
coeval open-marine waters (15.5 ± 0.4‰; Boschetti et al., 2011),
then the maximum fractionation of the sulfur isotope would be
6.4e18.3‰. It is lower than 20‰ representing the fractionation
value of the sulfur isotope caused by the BSR in an open environ-
ment with sufficient sulfate, but much higher than the maximum
fractionation of the sulfur isotope (4.6‰) in Late Cretaceous Son-
gliao Basin experienced frommarine incursion (Huang et al., 2013).
This possibly shows that the Late Triassic Ordos Basin was a semi-
closed environment, although other reasons could have caused a
small S-isotope fractionations, e.g., near-quantitative consumption
of water-column or porewater sulfate, more reactive (i.e., more
easily metabolized) organic matter associated with greater rates of
sulfate reduction (Algeo et al., 2015; Canfield, 2001).

Further, the d34Spy fluctuates significantly, being lighter in black
shales with high TOC and heavier in black shales with low TOC or
siltstones (silty mudstones) (Fig. 3). These fluctuations may
possibly be related to the migration of the redox interface. It ap-
pears that when black shales with low TOC or siltstones (silty
mudstones) were deposited, the redox interface was possibly
located under or at the sediment-water interface, which limited the
supply of sulfate in the pore water system, resulting in the forma-
tion of pyrite with heavier d34Spy. On the other hand, when black
shales with high TOC were deposited, the redox interface possibly
moved up to the bottom water, which enhanced the supply of
sulfate and BSR, leading to the formation of pyrite with lighter
d34Spy.

To summarize, the present data (U/Th, C-S, and Mo-U co-
variations, DOPT and d34Spy) and pyrite morphology as stated above
indicate that the sediments from the TICBS, even though existing
short-term oxidation to sub-oxidation, were mainly deposited in
the anoxic-sulfidic depositional environment.

4.3. Primary productivity

P, Ba, Ni and Cu are potential proxies for primary productivity
(Tribovillard et al., 2006). They usually represent the relative level
of primary productivity and be used to compare with TOC in order
to ensure the relationship between primary productivity and



Fig. 7. Photomicrographs obtained by using a scanning electron microscope (SEM) of pyrite from studied samples: (A) Pyrite framboids in sample A-7; (B) Framboidal pyrite made
up of uniform microcrystals in sample A-8; (C) Pyrite framboids in sample A-11; and (D) Pyrite framboids with a tail in sample A-22.

Fig. 8. The relationship of iron and organic carbon to the sulfur content of the TICBS.
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organicmatter enrichment (e.g. B€oning et al., 2012;Wei et al., 2012;
Yan et al., 2015). However, we need to certify that the TOC above
refers to the organic matter produced by algae organisms (primary
productivity) before compare (Pedersen and Calvert, 1990). In fact,
previous research had certified that the organic matter of the
Chang7 black shales was mainly algae coming from primary pro-
ductivity. For instance, the kerogen of the Chang7 black shales was
consisted of average value being 91.08% amorphous liptinite and
less than 10% the vitrinite (terrestrial debris) (Yang and Zhang,
2005; Kong, 2007); the kerogen's d13C of the Chang7 black shales
ranges from�30‰ to�28‰ (Guo et al., 2014; Ji et al., 2007), which
is in the range of algae (Meyers, 1994); the abundance of cyano-
bacteria fossils in the Chang7 black shales is closely related to the
organic carbon contents of black shales (Ji et al., 2012). Therefore,
TOC in our paper can be compared with the productivity proxies
and the details are as follows.

Phosphorus is considered as an important nutrient which limits
biological growth (Ingall et al., 1993; Vink et al., 1997; Slomp et al.,
2004). The distributions of phosphorous (P) in sediments are often
linked to supply of organic matter, possibly resulting from a high
productivity, which makes P an important indicator for biological
productivity (Schmitz et al., 1997). The P/Al in the black shales are
higher with a larger range, while in siltstones (siltymudstones), it is
lower with a smaller range. As a whole, the P/Al shows a rapid and
frequent change (Fig. 4). These data suggest that a significant
change possibly occurred in primary productivity when the TICBS
were deposited. In addition, the P/Al and TOC have nearly the same
profile trends, indicating that the primary productivity is likely to
exert an important influence on the enrichment of organic matter.

Nickel (Ni) and copper (Cu) are predominantly delivered to the
sediments in association with the OM (organometallic complexes),
so the contents of sedimentary organic matter are often propor-
tional to Ni and Cu (Tribovillard et al., 2006). Consequently, organic
matter may be partially or completely degraded after deposition,
whereas the Ni and Cu released by the organic matter are trapped
by pyrite and are retained within the sediments (Huerta-Diaz and



Fig. 9. UEF versus MoEF for the TICBS. The lines show Mo/U molar ratios equal to the
seawater value (SW) and to the fractions thereof (3 � SW, 0.3 � SW). The pattern of UEF

and MoEF are compared to the model proposed by Algeo and Tribovillard (2009).
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Morse,1992; Algeo andMaynard, 2004; Nameroff et al., 2004; Piper
and Perkins, 2004); hence, the Ni and Cu can be used as indicators
for paleoproductivity (Tribovillard et al., 2006). The average Cu/Al
and Ni/Al of the Peru upwelling area (Productive area) are
8.00� 10�4 and 7.30� 10�4, and their background values with TOC
being zero are 1.8� 10�4 or 2.7� 10�4 and 0.7� 10�4 or 1.4� 10�4,
respectively (B€oning et al., 2012). The Cu/Al of the black shales are
much higher than those of Peru, and Ni/Al are slightly higher than
those of Peru (Fig. 4), whilst the background values with TOC being
zero (1.14 � 10�4 and 2.63 � 10�4, respectively) (Fig. 10D and C) are
similar to the Peru area. Therefore, the paleoproductivity of the
black shales was possibly very high. In addition, the coincidence of
an increased abundance of total organic carbon (TOC) with
increased Cu/Al, Ni/Al, and P/Al (Fig. 4) indicates that the organic
matter accumulation in the TICBS was mainly controlled by
increased primary productivity.

The barite accumulation rate shows a positive correlation with
primary productivity in themarine sediments (Dymond et al., 1992;
Dymond and Collier, 1996; Paytan, 1996; Paytan and Griffith, 2007).
Therefore, the Ba/Al ratio can be used in order to quantitatively
evaluate the paleoproductivity (Dean et al., 1997). However, when
the primary productivity is very high, a strong BSRmay cause barite
dissolution and Ba loss in the sediments, thus reducing the reli-
ability of the Ba/Al proxy (Van Os et al., 1991; Torres et al., 1996; Van
Santvoort et al., 1996; Tribovillard et al., 2006). The profile varia-
tions of Ba/Al are very different from the Cu/Al, Ni/Al, P/Al and TOC
contents, with Ba/Al values of most black shale samples lower than
the values of the siltstone (silty mudstone) samples (Fig. 4). Com-
bined with the characteristics of the abundant reduced sulfur and
pyritic sulfur isotopes in the black shales, these data indicate that
the intense BSR possibly led to barite dissolution in the sediments
and transformed the original Ba content in shales. Thus, the Ba/Al in
this profile cannot reflect the true paleoproductivity.
4.4. Clastic influx

Clastic influx is indicative of the fact that the diluents and ab-
sorbents of organic matter may directly affect the content of
organic matter in the sediments (Ibach, 1982; Rimmer, 2004), and
thus indirectly affect the burial rate and bacteria degradation effi-
ciency of the organic matter (Canfield, 1994). Al in sediments is all
from clay, feldspar and other aluminum silicate minerals, while Ti is
partly from clay minerals, and partly from silt-sized gains of heavy
minerals (such as ilmenite, sphene, and augite) (Rimmer, 2004).
Thus, the Ti/Al can be used as a reliable indicator of the siliciclastic
grain size (Bertrand et al., 1996). As the grains of sediment increase
with the sedimentation rates, higher Ti/Al represent the larger
grains and faster sedimentation rates (Murphy et al., 2000).

The Ti/Al of the TICBS in the profile show a relatively steady
trend (Fig. 3). The Ti/Al of the siltstones and silty mudstones are
slightly higher than those of the black shales, but all of them are
lower than the anoxic marine sediments (e.g., Longmaxi Formation
in South China in which the Ti/Al is 0.058; Yan et al., 2015).
Meanwhile, based on the age model which was constructed using
the zircon U-Pb age of tuff and strata thickness (Yang and Deng,
2013), and Milankovitch cycle (Earth orbital cycle) (Yuan et al.,
2016a), the average sedimentation rate of the Chang7 shales is
1.5 cm/kyr (5 cm/kyr by taking into account the compaction rate of
the mudstone (70%, Chen and Wan, 1984)) and 1.35 cm/kyr,
respectively, which are between the open marine settings (<1 cm/
kyr, Loutit et al., 1988; Katz, 2005) and the strongly limited marine
basins (eg. Black sea Unit II, 7.8e21.4 cm/kyr, Arthur and Dean,
1998), so the information deduced by Ti/Al is nearly consistent
with the sedimentation rate here, namely, the sedimentation rate
may have been lower when the TICBS were deposited. In addition,
the Ti/Al and TOC data show a very weak negative correlation
(R2 ¼ 0.02) (Fig. 10E) suggesting that the enrichment of the organic
matter possibly has no relationship with the detrital input/sedi-
mentation rate. Therefore, the burial of organic matter in the TICBS
was not simply a function of clastic starvation or the increased
surface area for organic matter adsorption associated with finer
grains.

4.5. The mechanism of organic matter accumulation

The factors controlling organic matter enrichment include sur-
ficial primary productivity (Pedersen and Calvert, 1990; Caplan and
Bustin, 1999), sedimentation rate (clastic influx) (Murphy et al.,
2000; Sageman et al., 2003) and redox conditions (Demaison and
Moore, 1980; Mort et al., 2007). The clastic influx indicator (Ti/Al)
of the TICBS has a relatively steady trend (Fig. 3) and has no cor-
relation with the TOC contents (R2 ¼ 0.02) (Fig. 10 E) suggesting
that the change of clastic influx was not the main factor controlling
the enrichment of the organic matter in the TICBS. The redox (U/Th)
and productivity (Cu/Al, Ni/Al, and P/Al) indicators and TOC con-
tents showa similar trend (Fig. 4), as well as the U/Th, Cu/Al, and Ni/
Al with TOC have good positive correlations (R2 ¼ 0.59, 0.62 and
0.56, respectively) (Fig. 10). This indicates that the anoxic condi-
tions and high productivity joined together to enhance preserva-
tion and accumulation of sedimentary organic matter, resulting in
the deposition of the TICBS.

However, which factor on Earth is more important? Schoepfer
et al. (2015) proposed that the covariant relations of TOC vs. P and
TOC vs. Ba can be used to distinguish the relative importance
between the redox conditions and productivity levels in the pro-
cess of organic matter enrichment. When the redox conditions are
more critical, in reducing conditions, TOC tends to save, while P
and Ba prefer to activate and are lost as their adsorption carriers
(ferromanganese hydroxide) are reduced and dissolved. In
oxidizing conditions, the TOC is easily consumed by oxygen, while
P and Ba tend to be buried and deposited. Therefore, either in
oxidizing or reducing conditions, the TOC vs. P and TOC vs. Ba
always show an anti-covariant relationship (Tyson, 2005). When
primary productivity is more important, the output of organic
matter in surface water is the main factor controlling for the TOC,
P, and Ba in sediments. The redox conditions will generally not
affect the strong positive correlation of TOC vs. P and TOC vs. Ba
(Tyson, 2005); however, the correlation of TOC vs. Ba may possibly
be lost as a result of the intense sulfate reduction (Reichart et al.,



C. Wang et al. / Marine and Petroleum Geology 86 (2017) 52e6562
1997; Mu~noz et al., 2012).
The P/Al and TOC of the TICBS show a good positive correlation

(Fig. 10A solid line a, R2 ¼ 0.71, excluding the sample A-24), and the
black shales (excluding siltstones and silty mudstones) exhibits a
better positive correlation (R2 ¼ 0.81, Fig. 10A solid line b), sug-
gesting that the organic matter enrichment in the TICBS may have
been predominantly derived by primary productivity. However, the
Ba/Al and TOC do not show any correlation (R2 ¼ 0.02, Fig. 10B),
which may have been related to the intense sulfate reduction,
possibly resulting in by high productivity (see section 4.3). There-
fore, we suggest that the primary productivity was more important
in organic matter enrichment in the TICBS, and the anoxic to sul-
fidic conditions in the lake may have been the result of the intense
degradation of organic matter.

The level of primary productivity is largely controlled by
nutrient availability in any sedimentary basins (Katz, 1995). For one
thing, as the marine incursion events possibly occurred when the
TICBS were deposited, so the nutrients were possible seawater-
sourced and entered the basin through lateral advection when
the shales deposited. That is to say, surface waters flow oceanward
and deep waters cratonward while nutrients are brought in with
the laterally advected deep waters. Then, they recycled between
the surface and deep layers of the basin, such as the Permian
Phosphoria Formation on the western margin of North America
(Stephens and Carroll, 1999), as well as the Late Pennsylvanian
Midcontinent Sea of North America (Algeo et al., 2008a; Algeo and
Heckel, 2008). For another thing, experimental research shows that
Fig. 10. The relationship of TOC to P/Al ( � 10�4), Ba/Al ( � 10�4),
the volcanic ashes can release large amounts of major and trace
nutrients such as P, Si, Fe, Zn, Mn, Ni, Co, and Cu, etc. in 1e2 h, thus
creating favorable conditions for a large-scale phytoplankton
blooms (Frogner et al., 2001). Field observations have also
confirmed the rapid blooms of phytoplankton in lakes and oceans
after deposition of ash and aerosols. For example, the eruption of
Mount St. Helens inWashington onMay 18,1980, was followed by a
proliferation of phytoplankton in its nearby lakes (Smith and
White, 1985); In August 2008, when the Kasatochi volcano of the
Aleutian Islands erupted, volcanic ashes were deposited over a
large area, with satellite observations showing a massive increase
in the biological chlorophyll within the Northeast Pacific region
(Hamme et al., 2010). It is noteworthy that there are abundant
volcanic ash layers in the TICBS and overlying those volcanic layers,
phosphate nodules were also found (Fig. 2B and D), which could be
possibly related to high productivity. Furthermore, the P/Al and
TOC also show a strong positive correlation. All these data suggest
that the increase of paleoproductivity in the Chang7 period was
likely driven by lateral advection of seawater-freshwater or the
deposition of volcanic ash supplying abundant nutrients.

5. Conclusions

Sedimentary petrographic and geochemical data in conjunction
with the published paleontological and sedimentation rate data
were used to reveal the depositional environments and processes
of organic matter accumulation in the black shales from the
Ni/Al ( � 10�4), Cu/Al ( � 10�4), Ti/Al, and U/Th of the TICBS.
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Yanchang Formation of the Ordos Basin. Our findings are summa-
rized as follows:

(1) The typical intervals of the Chang7 black shales were
deposited in a lacustrine environment possibly intruded by
seawater.

(2) The typical intervals of the Chang7 black shales are mainly
composed of black shale intercalated with thin siltstone
(silty mudstone) caused by the turbidity currents and lami-
nated tuff from volcanism.

(3) The typical intervals of the Chang7 black shales were mainly
deposited under anoxic to sulfidic bottom water conditions,
which were interrupted by the oxygen-containing turbidity
currents.

(4) Organic matter enrichment was controlled by primary pro-
ductivity, which was possibly increased in unison with an
influx of nutrients from seawater or volcanic eruptions. This
along with the anoxic to sulfidic water mass, which was
possibly caused by the intense degradation of the organic
matter during early diagenesis of the accumulated organic
matter, results in enhanced organic matter accumulation and
preservation in the typical intervals of the Chang7 black
shales.
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