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Abstract To investigate the paleoenvironmental controls
on organic matter accumulation of Upper Paleozoic shales
in the eastern Ordos Basin, China, 26 shale samples were
collected from two wells drilled into the Shanxi and
Taiyuan Formations. The total organic carbon (TOC)
content, mineral compositions and elemental geochemistry
of the samples were analyzed. Quartz (35.42%) and clay
minerals (48.34%) are the dominant minerals and trace
elements (Li, Cs, Cu, V, Co, and Cr) are commonly
enriched in the shale samples compared to the Upper
Continental Crust. C-values (ranging from 0.2 to 4.5),
chemical indices of weathering (CIW) values (48.82 to
99.11), and Sr/Cu ratios (1.00 to 11.05) suggest that the
paleoclimate was humid in the study area during the Late
Paleozoic. Elemental redox indices (e.g., Al,O3/(Al,O3+
Fe,03), V/Cr, Ni/Co, V/(V 4+ Ni) and U/Th) indicate a
dysoxic to oxic paleoenvironment characterized by transi-
tional sedimentary deposits in a continental margin setting.
In addition, chemical index of alteration (CIA, ranging
from 77.92% to 98.36%) and CIW (89.19% to 99.11%)
values suggest that there was intense chemical weathering
in the study area, while the Al,03-CaO"+ Na,0-K,0 (A-
CN-K) ternary diagram demonstrates that the shales were
not subjected to potassium metasomatism during diagen-
esis. AlLO3/TiO, and TiO,/Zr ratios, as well as REE
characteristics suggest a felsic source rocks and discount
seawater as an REE source. Ce anomalies indicate an oxic
environment with terrigenous input during black shale
deposition, and LREE enrichment with negative Eu
anomalies suggests that both shale formations were
affected by detrital input rather than hydrothermal fluids.
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The correlation of TOC (ranging from 1.10% to 6.39%,
with an average of 2.77%) with trace elemental redox
indices (St/Cu, Sr/Ba, V/Cr, and U/Th) indicates that a
warm-humid, dysoxic to oxic environment preserved
much of the organic matter.

Keywords Late Paleozoic, shale, geochemistry, paleoen-
vironment, eastern Ordos Basin

1 Introduction

With increasing global demand for energy, shale gas has
received increasing attention and the remarkable success of
shale gas production in the United States has stimulated
shale gas exploration worldwide (Bezard et al., 2011;
Chermak and Schreiber, 2014; Newport et al., 2016; Han
et al., 2018; Li et al., 2019a). China has encouraged the
development of shale gas, and marine shales from the
Lower Silurian Longmaxi and Lower Cambrian Niutitang
formations are the key targets (Wang et al., 2012; Wang
et al., 2015; Gao et al., 2016). A number of studies have
focused on pore structure, geochemical characteristics, and
paleoenvironment of South China shale (Kasanzu et al.,
2008; Hu et al., 2016; Wang et al., 2016; Zhang et al.,
2016), while the transitional and terrestrial shale forma-
tions in North China have also garnered some attention
(Michard and Albaréde, 1986; Fu et al., 2011a; Tribovil-
lard et al., 2006). Most studies of terrestrial shale have
focused on reservoir quality and organic geochemistry
(Algeo and Maynard, 2004; Yang et al., 2008). The
chemical composition of shale provides important infor-
mation about paleoenvironmental conditions and paleo-
tectonic setting, while the geochemical behavior of major
and trace elements can reveal information about the
paleoclimate during shale deposition. Trace elements are
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thought to reflect specific depositional environments and
paleoclimates (Hofmann et al., 2016; Vosoughi Moradi
et al., 2016a, 2016b). In recent years, element geochem-
istry has been widely applied to analyze the origins of
sedimentary rocks (Stepanova et al., 2015; Udchachon
et al., 2017). In addition, because the paleoenvironment
appears to play an important role in the development of
shale porosity (Li et al., 2016; Bai et al., 2017), there may
be a relationship between trace element compositions and
porosity.

The Ordos Basin, a large carton basin in China, has
numerous fossil fuel deposits that have attracted consider-
able attention (Xiao et al., 2005; Yang et al., 2008). Coal-
bearing deposits in the basin consist of Pennsylvanian,
Permian, Triassic, and Jurassic strata, including coal beds,
tight sandstone and coal-bearing shale. The petrology and
stratigraphy of Late Paleozoic shale in the Ordos Basin
have been subject of numerous studies, and much attention
has been paid to coal (Yang et al., 2015; Sun et al., 2016),
coalbed methane (CBM) (Zhang et al., 2010; Xu et al.,
2015; Lietal., 2020a, 2020b; Zhao et al., 2016a), and shale
deposited as terrestrial facies of this region (Xu et al., 2012;
Qiuetal., 2014, 2015). However, there has been less focus
on transitional shale in the Ordos Basin and its elemental
geochemical characteristics.

This study aims to provide new insights for future
development of transitional shale based on an integrated
elemental geochemical study of Late Paleozoic shale in the
eastern Ordos Basin. We utilized scanning electron
microscopy (SEM), X-ray diffraction (XRD), X-ray
fluorescence (XRF), and inductively coupled plasma
mass spectrometry (ICP-MS), to determine the geochem-
ical characteristics of transitional shale. We describe the
paleoclimate and paleoenvironment in the study area
during the Late Paleozoic and investigate their relation-
ships with total organic carbon (TOC) and trace element
indicators in shales, which provide an important basis for
future research on Late Paleozoic shale gas potential.
Furthermore, this study provides valuable insights for a
comprehensive evaluation of transitional shale.

2 Geological setting

The Ordos Basin is the second-largest sedimentary basin in
China, located to the west of the North China Platform (Dai
etal., 2006; Yang et al., 2008). It covers an area of 25 x 10*
km? and contains sediments with a total thickness of 4000—
6000 m. The basement tectonic configuration is used to
divide the basin into six major subdivisions: the Yimeng
Uplift, the Weibei Uplift, the Jinxi Fold Belt, the Shanbei
Slope, the Tianhuan Depression and the Western Edge
Thrust Belt (Fig. 1). The structural framework of the basin
is a very large asymmetric syncline with a gentle slope of
0.5°-1.0° toward the east and north, and a slightly steeper
slope of 2°-3° toward the west and south. The structure of

the basin is simple; large faults occur at the western edges
of the basin, separating the Western Edge Thrust Belt from
the Tianhuan Depression. With the exception of a few
small-scale paleofaults, no major faults have been found
within the basin (Xiao et al., 2005). The eastern margin of
the Ordos Basin is a large westward-sloping monocline
with a slope of 3°-10° characterized by relatively simple
and stable structures. There are some slight northeast and
north—northeast trending folds as well as a few small-scale
faults (Zhao et al., 2016b).

Late Paleozoic (Taiyuan and Shanxi Formations)
organic-rich shale is widely distributed in the Jinxi Fold
Belt, along the eastern margin of the Ordos Basin. Wells
number XY1 and LY4 are located in Xixian County and
Liulin County, respectively, within the Jinxi Fold Belt (Fig.
1). The Shanxi and the Taiyuan Formations around well
LY4 range in depth from 1371.0 m to 1487.0 m, while
depths at well XY1 range from 1431.0 m to 1550.0 m (Fig.
2). Lithologically, the Shanxi and Taiyuan Formations are
composed of coal, shale (clay, sandy and silty shale),
sandstone, and limestone (Fig. 2).

3 Sampling and methods

A total of 14 samples from well XY1 and 12 samples from
well LY2 were analyzed for total organic carbon (TOC),
mineral composition, and major and trace elements
(including rare earth elements (REEs)). All black shale
samples were sealed in polyethylene bags to prevent
oxidation. A portion of each sample was ground to pass
through a 200 mesh sieve, and stored in brown glass bottles
for chemical analysis.

Total organic carbon was determined at the Beijing
Research Institute of Uranium Geology, using a chemical
method according to the Chinese National Standard GB/
T19145-2003. Mineral composition was determined using
powder X-ray diffraction spectrometry (XRD). The XRD
measurements were carried out with a Panalytical X’ Pert
PRO MPD equipped with a Cu-target tube and a curved
graphite monochromator, operating at 40 kV and 40 mA.
Samples were step-scanned from 5° to 70° with a step size
of 0.02° (20). These procedures followed the method
described by Chinese Oil and Gas Industry Standards SY/T
6201-2010 and SY/T 5163-2010.

Major elements were analyzed using an X-ray fluores-
cence spectrometer (AB-104L), with better than 0.01%
analytical precision. For trace elements, the powdered
samples were first leached with 2 N HCI to remove
carbonate and calcium phosphate minerals. Next, 75 mg of
powder were dissolved in 6 mL of 6 N HF/6 N HNO; (1:2)
at about 180°C for 12-24 h, and dried. Dry samples were
diluted with HNO; and further diluted with ultrapure H,O
to a volume of 100 mL. These solutions were analyzed
using inductively coupled plasma mass spectrometry (ICP-
MS) (ELAN DRC-e). Analytical precision and accuracy
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Fig. 1 Simplified geological map of the Ordos Basin. Wells XY 1 and LY4 in the study area are shown.

were evaluated by duplicate analyses of samples and two
international standard reference samples, BHVO-1 and
AGV-1. Analytical precision for trace element concentra-
tions is better than 5% (Zhang et al., 2016). All chemical
analyses were conducted at the CNNC Beijing Research
Institute of Uranium Geology, China.

4 Results
4.1 TOC content and thermal maturity

For well LY4, TOC for samples from the Shanxi Formation
(LY401-LY405) ranges from 1.10% to 6.39%, with an
average of 3.03%. For samples from the Taiyuan
Formation (LY406-LY412), TOC varies between 1.10%
and 3.82%, with an average of 2.16%. At well XY1, TOC
for samples from the Shanxi Formation (XY101-XY106)
ranges from 1.51% to 4.65%, with an average of 2.75%.
For samples from the Taiyuan Formation (XY107-

XY114), TOC varies between 2.25% and 4.15% with an
average of 3.16%. The shale samples are enriched in TOC
and their vitrinite reflectance (R,,) values range from 1.87%
to 3.65% with an average of 2.85%, indicating an over-
mature thermal maturity of organic matter.

4.2 Mineral compositions

Mineral phase percentages were calculated based on X-ray
diffraction spectrometry (XRD) results which show that
minerals in shale samples from the eastern margin of the
Ordos Basin consist of quartz (average of 35.4%), clay
minerals (48.3%), calcite (11.3%), siderite (5.7%), pyrite
(4.9%), ankerite (4.0%) and feldspar (3.3%) (Fig. 3).
Quartz is a common mineral in shale (Fu et al., 2011b;
Chermak and Schreiber, 2014). In samples from the Ordos
Basin, quartz content ranges from 9.9% to 51.2%, with an
average of 35.4%. Most samples have quartz contents
between 30% and 50%. Compared to the Lower Silurian
Longmaxi shale from South China (with an average quartz
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Fig. 2 Stratigraphic columns for wells XY1 and Well LY4.

content of 53.3%) (Hu et al., 2016), Carboniferous and
Permian shales from North China are relatively low in
quartz.

Another dominant mineral in shale is clay (Chermak and
Schreiber, 2014; He et al., 2016). Clay minerals were
identified using scanning electron microscopy (SEM) (Fig.
3(a)). Clay content varies between 11.3% and 81.3%
(average of 48.3%), with most samples ranging from 40%
to 60%. Clay minerals consist of kaolinite (average of
38.2%), illite (14.7%) (Fig. 3(b)), illite-smectite mixed
layer minerals (39.9%), and chlorite (9.1%).

Carbonate minerals, including calcite, siderite, and
ankerite, were also detected in the Late Paleozoic shales.
Calcite was detected in most of the Taiyuan Formation

samples and in a few samples from the Shanxi Formation,
varying in content from 0.6% to 5.8%, except for samples
LY408 (30.6%) and XY 107 (69.8%). Pyrite is present in
most samples at concentrations up to 10.3%, occurring
mainly as fine particles (Fig. 3(c)) and framboidal pyrite
(Fig. 3(d)). Feldspar concentrations range from 1.3% to
6.2%, with plagioclase content (average of 2.4%) higher
than that of K-feldspar (1.7%).

Shale samples from different formations show differ-
ences in mineral composition (Fig. 4). Samples from the
Shanxi Formation contain fewer carbonate minerals than
those from the Taiyuan Formation, while clay mineral
concentrations in shale samples from the Shanxi Formation
are higher than in samples from the Taiyuan Formation.
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Fig. 3 SEM photomicrographs showing mineral characteristics of the shales ((a) clay minerals; (b) illite; (c) and (d) pyrite).
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Fig. 4 Mineral characteristics of samples from Shanxi and Taiyuan Formations.
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4.3 Major and trace elements

4.3.1 Major elements

The results for major element analyses are listed in Table 1.
Major elements in Late Paleozoic shales are dominated by
Si0O, and Al,O3. Abundances of major elements in the two
formations differ from each other. SiO, concentrations in
the Shanxi Formation range from 52.99% to 63.8%, while
they range from 42.21% to 60.23% in the Taiyuan
Formation. Most samples from Late Paleozoic shales are
in the range of 50.0% to 60.0%. In addition, the average
SiO, concentration in shale from the Shanxi Formation
(58.76%) is higher than that of the Taiyuan Formation
(51.62%). However, variations in Al,O; content are
different from SiO,, ranging from 17.39% to 23.98% in
the Shanxi Formation and from 15.50% to 36.67% in the
Taiyuan Formation, with respective average concentrations
0f21.11% and 23.17%. Except for sample XY 108 from the
Taiyuan Formation, shale samples from the two formations

Front. Earth Sci. 2021, 15(4): 737-753

show a negative correlation between SiO, and Al,Os
(Fig. 5(a)). Among the other major elements, Fe,Os
(averaging 6.23%), CaO (0.35%), and Na,O (0.34%)
concentrations are considerably lower than those of SiO,
and Al,O3, and are not correlated with Al,O3 (Figs. 5(b), 5
(d) and 5(e)). Average concentrations of MgO, K,O and
P,05 are 0.79%, 2.13% and 0.08%, respectively, and are
negatively correlated with Al,O5 (Figs. 5(c), 5(f) and 5(h)).
TiO, contents range between 0.56% and 1.36% and are
moderately correlated with Al,O; (Fig. 5(g)) in shale
samples from the eastern Ordos Basin.

4.3.2 Trace elements

Trace elements concentrations in Late Paleozoic shale
samples from wells LY4 and XY, are listed in Table 2.
The concentration coefficient (CC) (Dai et al., 2015b; Yang
etal., 2016) is calculated as the ratio of the concentration of
an element in a sample to that of the Upper Continental
Crust (UCC) according to a study by McLennan (2001),

Table 1 TOC and major elements concentrations for the late Paleozoic shale (in wt.%)

Samples Depth/m TOC LOI SiO, TiO, Al O3 Fe,03 Na,O K,O0 CaO MgO P,05
LY401 1377.5 1.10 8.78 60.31 0.85 23.98 2.94 0.50 3.02 0.16 0.67 0.04
LY402 1384 1.63 14.09 58.23 0.33 17.39 7.63 0.45 2.28 1.66 1.39 0.06
LY403 1387 1.86 9.75 63.80 0.71 19.41 3.42 0.40 3.01 0.15 0.72 0.05
LY404 1389 6.39 9.07 60.27 0.97 20.55 8.98 0.30 2.41 0.24 1.15 0.13
LY405 1391.5 4.18 11.49 62.19 0.96 20.90 2.71 0.21 1.73 0.11 0.31 0.04
LY406 1430 1.72 20.25 52.10 0.89 22.36 2.97 0.20 1.59 0.15 0.53 0.06
LY407 1433.3 1.99 2242 50.93 0.84 21.14 3.04 0.18 1.59 0.13 0.49 0.07
LY408 1456 1.27 14.92 51.58 0.84 27.12 4.70 0.18 1.09 0.11 0.28 0.06
LY409 1459 3.34 16.35 46.48 0.80 26.74 10.38 0.20 1.23 0.30 0.59 0.07
LY410 1461.8 3.82 16.33 48.43 0.99 28.81 6.57 0.19 1.16 0.11 0.29 0.06
LY411 1463 1.86 22.34 47.69 1.29 25.04 2.47 0.19 1.08 0.14 0.30 0.04
LY412 1465 1.10 25.46 51.01 1.36 19.04 1.90 0.16 1.53 0.08 0.27 0.03
XY101 1453 3.32 9.15 58.45 0.83 21.72 8.56 0.72 2.96 0.25 1.07 0.11
XY102 1455 2.89 12.88 53.47 0.68 21.62 10.53 0.65 3.39 0.23 0.92 0.11
XY103 1458 1.51 10.01 58.30 0.85 2231 7.10 0.62 2.47 0.21 1.16 0.08
XY 104 1461 1.99 13.61 52.99 0.75 19.43 14.82 0.54 1.90 0.54 1.56 0.10
XY105 1472 2.15 11.79 55.69 0.81 23.24 5.89 0.52 2.69 0.14 0.98 0.07
XY106 1477 4.65 9.22 62.65 1.11 21.62 2.98 0.31 225 0.27 0.60 0.05
XY107 1493 4.05 10.61 59.37 0.86 19.46 434 0.53 3.72 1.26 0.93 0.12
XY108 1498 4.15 20.19 42.21 0.56 15.50 3.17 0.33 1.97 15.92 1.00 0.06
XY109 1523 225 11.54 60.23 0.80 16.75 7.57 0.41 2.06 0.56 0.72 0.19
XY110 1529 3.10 17.70 50.69 1.21 24.90 3.75 0.20 1.78 0.10 0.58 0.05
XY111 1534 2.45 14.75 45.07 1.48 36.67 1.72 0.18 0.28 0.15 0.34 0.07
XY112 1538 2.37 9.61 60.13 1.49 25.19 1.89 0.20 1.64 0.17 0.47 0.04
XY113 1540 293 11.88 55.80 0.84 19.52 12.40 0.19 2.60 0.55 1.37 0.15
XY114 1543 4.01 13.90 52.62 0.80 19.36 15.07 0.21 2.28 0.77 1.47 0.16
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Fig. 5 Major elements plotted against Al,O5 for shale samples from the Taiyuan and Shanxi Formations.

and is shown in Fig. 6. Bi and Li are much more abundant
with a CC > 2.0, while concentrations of other elements
vary across different shale samples from the two wells.
Different lithofacies in the Shanxi and Taiyuan Formations
show similar trace elements concentrations. Black shale
from the Shanxi Formation at well LY4 is characterized by
CC values of Cs>Li>Cu>Ba>Rb>V>Sr>Cr>
Co > Ni, except for LY404 and LY405 (Fig. 6(a)). For
samples from well XY1 in the Shanxi Formation, CCs are
Li>Cs>Cu>V>Ba>Rb>Co>Cr>Ni>Sr (Fig. 6

(b)). Organic-rich shale from the Taiyuan Formation shows
CCs of Li>Cu>Cs>V>Co>Cr>Ni>Ba>Rb>Sr
in well LY4 (Fig. 6(c)), and Li>Cs>V >Cu>Cr>
Co>Rb > Sr>Ni > Ba at well XY1 (Fig. 6(d)).

4.3.3 Rare earth elements

The concentrations of rare earth elements (REEs) in
Late Paleozoic shale samples from wells LY4 and XY'1
are shown in Table 3. REE concentrations range from
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Table 2 Trace elements concentrations (x 107°) for shale from the eastern Ordos Basin, China

Samples Li Be Sc A% Ctr Co Ni Cu Zn GQGa St Zr Nb Cs Ba Hf Ta TI Pb Bi Th U
LY401 50.0 3.30 13.7 73.0 533 3.53 11.6 22.8 71.5 34.1 150.0 166.0 310 29.7 174 687 921 2.03 097 19.8 049 18.4 3.77
LY402 31.8 2.12 88 494 237 6.58 155 79.3 83.5 22.0 84.6 226.0 184 16.0 5.85 573 596 1.21 0.61 33.0 0.44 13.2 3.08
LY403 36.1 2.84 17.0 109.0 61.9 14.0 185 35.0 98.0 28.4 147.0174.0 283 23.0 12.5 704 7.96 1.51 0.92 28.8 0.43 18.7 4.64
LY404 43.0 1.46 17.8 945 89.2 14.8 28.1 40.8 158.0 33.6 125.0189.0 361 32.7 8.19 573 11.0 2.18 0.83 352 048 242 5.71
LY405 59.5 239 159 845 649 514 109 24.7 115.0 26.7 80.8 82.2 274 28.0 6.22 354 8.52 1.74 0.55 339 0.31 20.2 4.35
LY406 89.2 2.05 164 851 549 9.78 242 313 76.0 26.7 69.4 102.0 186 20.5 6.77 255 5.54 1.36 0.65 239 0.34 17.1 4.04
LY407 81.1 245 17.1 111.0 56.9 123 23.7 32.6 111.0 27.2 69.9 125.0 209 20.3 6.30 263 6.53 1.38 0.72 26.5 0.39 18.0 4.58
LY408 111.0 1.77 19.2 106.0 59.2 17.7 219 243 594 313 422 99.6 259 20.8 294 132 8.89 134 0.60 43.8 0.44 20.1 6.54
LY409 100.0 2.33 20.5 128.0 60.6 16.5 20.0 16.8 25.0 30.9 45.7 144.0 229 189 3.07 149 7.89 1.21 0.39 18.1 0.44 19.6 5.96
LY410 112.0 290 199 959 61.6 20.5 31.3 753 48.0 33.3 44.1 128.0 270 209 4.51 181 9.10 1.61 0.61 30.1 0.45 21.1 3.98
LY411 184.0 3.39 17.0 69.3 543 391 129 70.0 46.5 39.7 37.7 70.5 322 319 4.16 152 8.94 2.09 0.30 26.7 0.68 23.5 4.57
LY412 83.6 3.85 122 682 57.1 922 155 632 49.2 32.6 544 635 226 31.6 6.68 188 6.73 1.98 0.28 20.6 0.19 189 -
XY101 433 3.75 17.2 103.0 56.4 10.5 22.5 33.7 128.0 33.0 132.0 181.0 283 28.0 7.47 643 8.02 1.73 0.64 33.4 047 21.6 4.79
XY102  38.0 3.89 17.4 141.0 54.7 37.0 54.8 443 169.0 30.3 156.0 190.0 320 22.4 12.1 748 7.84 1.40 1.29 43.7 0.66 21.4 5.48
XY103  59.0 3.86 17.4 116.0 649 18.5 33.6 35.0 143.0 29.5 118.0 189.0 325 25.7 852 639 8.61 1.55 0.70 34.1 0.46 19.7 5.46
XY104 542 3.86 189 173.0 87.0 9.88 45.0 27.4 168.0 249 98.9 243.0 285 204 897 664 7.75 1.19 0.77 21.8 0.58 18.6 10.9
XY105 679 3.70 19.0 151.0 73.2 15.1 409 28.6 180.0 31.6 117.0 193.0 311 255 6.70 469 9.19 1.52 0.74 24.4 0.68 21.0 6.09
XY106 699 3.02 16.2 101.0 70.2 5.62 14.1 16.1 52.6 29.1 909 111.0 216 253 5.78 380 6.43 1.54 0.51 27.0 0.20 16.6 4.91
XY107 36.8 2.54 150 91.6 59.8 184 263 229 90.5 26.8 120.0253.0 156 18.0 4.57 391 4.67 1.20 0.67 31.4 0.28 15.6 3.55
XY108 395 1.69 10.0 69.6 435 9.60 31.0 15.1 899 16.1 60.9 113.0 133 152 3.42 252 393 091 026 25.1 0.19 12.3 3.98
XY109 43.8 2.33 122 100.0 59.0 8.11 14.2 24.0 104.0 23.8 79.0 132.0 175 15.5 4.68 217 4.19 092 0.87 23.7 0.29 11.1 2.67
XY110 145.0 3.14 22.6 190.0 144.0 163 41.2 352 119.0 27.6 77.8 85.6 162 20.0 10.6 328 4.68 0.15 0.46 285 0.55 17.5 4.82
XY111  514.0 1.98 19.1 147.0 168.0 14.2 63.7 47.4 67.1 47.0 129 86.5 288 425 1.83 108 829 2.80 0.10 19.5 0.99 28.1 7.03
XY112 925 2.76 209 174.0 112.0 2.25 11.7 129 37.5 34.1 753 85.0 249 26.1 825 225 7.59 1.57 042 10.6 0.34 179 5.11
XY113 774 3.80 18.7 132.0 80.2 11.9 25.1 38.5 128.0 27.9 122.0125.0 179 17.5 9.53 292 488 1.19 0.55 19.2 0.52 15.6 3.61
XY114 947 331 17.7 1240 80.0 27.2 38.8 31.5 173.0 26.3 110.0 120.0 177 17.1 9.48 276 498 1.16 0.46 23.3 0.53 15.0 3.86

232.7 x10°°to 427.4 x10°% at well LY4, and from 150.3
x107° to 434.1 x10°° at well XY1. Based on the Post
Archean Australian Sedimentary Rocks (PAAS)-normal-
ized REE patterns (PAAS-normalized REE value = REE
contents in samples/REE contents in PAAS), most samples
from the Shanxi Formation have flat REE patterns (LaN/
YbN: 0.93-1.19, average of 1.08) with very weak negative
Ce anomalies (Ce/Ce*: 0.89-0.85, except for 1.30 in
sample LY403) and significantly negative Eu anomalies
(Ew/Eu*: 0.67-0.91) (Fig. 7(a)). The Taiyuan Formation
samples from well LY4 are characterized by strongly
negative Ce anomalies (Ce/Ce*: 0.84-1.40, average of
1.21) and light REE (LREE) enrichment (LaN/YbN: 0.90—
1.50, average of 1.17) (Fig. 7(b)). With a slight LREE
enrichment (LaN/YbN: 1.10-1.43, average of 1.20), the
REE distribution patterns in the Shanxi Formation at well
XY1 are anomalously depleted in Eu with Eu/Eu*:
0.69 —0.84, except for a value of 1.03 in sample XY 104
(Fig. 7(c)). The REE patterns of shale samples from the

Taiyuan Formation exhibit the same characteristics as
those from the Shanxi Formation at well XY1 (Fig. 7(d)).

5 Discussion

Variations in paleoenvironments and paleoclimate are
responsible for different redox conditions, which in turn
influence element concentrations in shale (Li et al., 2019b).
In addition, because shale TOC is affected by paleoclimate
and paleoenvironment, there may be a relationship
between trace elements indicators and TOC. Based on
prior studies (Hakimi et al., 2013; Dai et al., 2014; Dai
et al., 2015a; Sarki Yandoka et al., 2015; Zhang et al.,
2016) and geochemical data, including mineralogy, major
elements, trace elements, and REEs, we describe origin of
the shales, as well as the paleoenvironment, paleoclimate
and sedimentary conditions that prevailed during shale
formation. In addition, we investigate the relationships
between TOC and trace elements.
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Fig. 6 Concentration coefficients of trace elements relative to Upper Continental Crust (from McLennan (2001)) for Taiyuan and Shanxi
Formation shales from wells LY4 and XY1, eastern Ordos Basin, China.

5.1 Provenance of the transitional shales

Identifying the provenance of sedimentary rock samples
typically involves studying the geochemistry of clastic
sediments, such as Al,O3/TiO, and TiO,/Zr ratios. Al,Os/
TiO, ratios for mafic, intermediate, and felsic igneous
rocks commonly range between 3 and 8§, 8 and 21, and 21
and 70, respectively (Hayashi et al., 1997). The Al,O5/
TiO, ratios for shale samples in this study range from 14 to
52.07, with an average of 24.87 (Fig. 8), suggesting felsic
igneous rock was dominant in the source area. TiO,/Zr
ratios decrease from > 200 for mafic rocks to 199 to 55 for
intermediate rocks, and to less than 55 for felsic igneous
rocks (Hayashi et al., 1997). TiO,/Zr ratios of our samples
vary from 18.15 to 59.84 (average of 39.46) (Fig. 9),
suggesting a felsic source, which is in agreement with
observed Al,O3/TiO; ratios.

Among the known weathering/alteration indices, the
Chemical Index of Alteration (CIA) is a well-established
method for quantifying the degree of source weathering
(Nesbitt and Young, 1982). Source weathering and
elemental redistribution during diagenesis can also be
assessed using the Chemical Index of Weathering (CIW).
High CIA and CIW values often indicate strong weath-
ering in the source region. The CIA values range from
73.78 to 98.14 with an average of 86.95, which, together
with CIW values, indicates intense chemical weathering in
the source area. The mobility of elements was evaluated

using a Al,03-CaO"+ Na,0-K,0 (A-CN-K) ternary dia-
gram (where CaO" indicates the CaO in silicate phase)
(Nesbitt and Young, 1984), in which the shale samples plot
above the plagioclase-potash feldspar joint (Fig. 10),
suggesting the shale samples were not subjected to
potassium metasomatism during diagenesis.

5.2 Paleoclimate

The C-value (C-value= (Fe + Mn+ Cr+ Ni+ V + Co)/
(Ca+ Mg+ K+ Na+ Sr+ Ba), measured in x10°) of
shale was used to identify climate conditions. C-values
varied from 0.2 x10° to 4.5 x10°, with most samples in
the range of 0.4 x107°to 2.2 x10°° In a CIW- C-value
diagram (Fig. 11), most of the data indicate a humid
climate, except for a few samples in that fall in the semi-
arid, and semi-arid to semi-humid range.

The St/Cu ratio is typically used to reflect paleoclimate
conditions. A warm-humid climate is indicated by Sr/Cu
ratios between 1.3 and 5.0, whereas Sr/Cu ratios higher
than 5.0 indicate a dry-hot climate (Tao et al., 2016). The
St/Cu values for shale samples range between 1.00 and
11.05, with an average of 4.85, indicating a warm-humid
climate.

The Sr/Ba ratio is a good indicator of depositional water
conditions (Meng et al., 2012). Sr/Ba ratios of the shale
samples vary from 0.23 to 0.97, falling within the fresh
water and mixed water ranges (Figs. 12 and 13) that
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Table 3 Rare earth elements concentrations (x 10°%) and relative ratios for shale from the eastern Ordos Basin, China
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Well Samples La Ce Pr Nd Sm Eu Gd T Dy Ho Er Tm Yb Lu Y LREE HREE REE Iﬁﬁ%
LY4 Lvy401 59.1 111 13.5 51.0 8.65 121 649 1.13 6.01 122 353 0.61 425 0551 333 2445 238 2683 10.3
LY402 51.5 99 11.5 414 753 099 624 1.14 586 123 339 0.65 4.10 0607 329 2115 232 2347 9.1
LY403 75.5 136 15.0 50.1 739 1.00 6.07 1.11 622 129 3.66 0.74 4.66 0.676 334 2850 244 3094 117
LY404 963 177 20.8 780 144 250 11.3 194 996 199 511 098 629 0.792 51.9 389.0 384 4274 10.1
LY405 54.0 101 11.9 44.1 816 126 635 1.13 6.13 1.15 295 050 3.49 0412 29.8 2204 221 2425 10.0
LY406 69.3 132 144 51.7 828 1.52 647 1.06 571 123 3.15 055 392 0540 309 2772 226 299.8 123
LY407 78.1 153 168 61.8 10.1 1.95 7.67 129 687 129 389 0.67 471 0615 366 3218 270 3488 11.9
LY408 90.5 162 17.8 60.4 7.94 123 697 129 7.88 170 474 089 585 0818 424 3399 30.1 370.0 11.3
LY409 88.8 165 19.6 754 13.8 3.74 11.5 1.79 938 183 520 083 672 0991 527 3663 382 404.6 9.6
LY410 834 154 175 62.1 883 1.15 629 121 7.07 151 416 074 546 0.687 39.1 327.0 271 354.1 12.1
LY411 604 101 10.5 32.0 490 0.69 4.62 1.11 648 127 339 071 497 0704 347 2095 233 2327 9.0
LY412 65.0 109 11.8 39.0 6.02 076 473 0.89 452 089 256 045 3.19 0478 227 231.6 17.7 2493 13.1
XYl XY101 834 155 17.4 629 105 1.60 892 1.52 819 161 4.69 084 534 0711 47.1 3308 31.8 3626 10.4
XY102 85.3 154 165 569 9.01 1.26 815 140 7.92 1.63 472 0.86 535 0.721 44.6 3229 308 3537 10.5
XY103 84.6 167 19.4 767 147 228 1130 1.92 9.64 1.82 5.19 090 549 073 529 3647 370 401.7 9.9
XY104 92.4 181 20.8 80.7 150 3.02 1240 2.15 10.8 2.03 574 099 621 0829 63.7 3929 412 4341 9.6
XY105 87.1 164 184 688 12.0 199 10.10 1.78 9.40 1.78 505 0.86 5.17 0.679 49.8 3523 348 3871 10.1
XY106 53.9 101 10.8 386 622 1.06 555 092 482 096 272 0.46 278 0394 252 211.6 18.6 2302 114
XY107 63.7 118 13.0 475 7.77 138 6.18 095 486 097 3.03 050 3.05 0409 265 2514 200 2713 12.6
XY108 403 68 7.8 278 439 0.68 3.79 0.63 348 0.71 2.14 038 232 0314 218 1487 138 1625 10.8
XY109 47.6 92 10.0 372 634 121 548 0.89 474 092 282 050 3.11 0437 273 1941 189 2130 103
XY110 50.5 107 11.6 45.0 857 1.62 6.47 105 531 101 296 053 334 0458 273 2243 211 2454 10.6
XY111 320 59 69 261 535 1.14 450 086 520 105 3.08 059 374 0510 307 1308 195 1503 6.7
XY112 334 60 7.1 265 506 1.07 451 087 478 090 256 044 281 0378 253 1334 173 1507 7.7
XY113 55.1 108 12 456 812 149 721 122 643 126 3.69 0.647 399 0533 359 2303 250 2553 9.2
XY114 489 98.7 10.7 409 7.63 157 698 1.16 6.08 1.19 345 0.599 3.62 0482 34.6 2084 23.6 2320 8.9

indicate terrestrial and transitional depositional environ-
ments.

The CIA can also reflect paleoclimatic conditions: when
the CIA is in the range of 50-65, it is indicative of a cold
and dry climate with little chemical weathering. When the
CIA ranges between 65 and 85, it indicates a warm and
humid climate with moderate chemical weathering.
Finally, a CIA between 85 and 100 indicates a hot and
humid climate with strong chemical weathering (Nesbitt
and Young, 1982; McLennan, 1993). The CIA values of
the shale samples indicate deposition in a hot-humid
climate. In addition, clay minerals are mainly composed of
kaolinite and I/S mixed layers, suggesting that the
paleoclimate was humid during the late Paleozoic period.

In summary, different indicators (C-value, St/Cu, CIA)
suggest that the shales of the Shanxi and Taiyuan
Formations from the eastern Ordos Basin were deposited
in a hot-humid climate in terrestrial and transitional
environments during the Late Paleozoic period.

5.3 Redox conditions constrained from trace elements

The sedimentary accumulation of trace elements may
occur during deposition of various mineral phases such as
metal sulfides insoluble oxides and oxyhydroxides,
phosphate and sulfate minerals, organometallic complexes,
or adsorbed onto organic or mineral surfaces. Following
deposition, the behavior of different trace elements is
highly variable during diagenesis, depending on conditions
in the subsurface environment. Uranium (U), vanadium
(V) and molybdenum (Mo) are redox proxies with minimal
detrital influence, whereas chromium (Cr) and cobalt (Co)
are strongly influenced by detrital material (Fu et al.,
2011a; Li et al., 2015; Ma et al., 2015). As a result, trace
elements such as U, V, Ni, Co, and Th, are generally
considered to be redox-sensitive and exhibit similar
geochemical behavior (Algeo and Maynard, 2004; Tribo-
villard et al., 2006). Therefore, the ratios of these elements,
(V/Cr, Ni/Co, V/(V+Ni) and U/Th) can be used to
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Fig. 7 PAAS-normalized REE patterns of shale samples from the Shanxi and Taiyuan Formations from wells LY4 and XY1, eastern
Ordos Basin, China.

investigate redox conditions within sediments (Table 4).

High

Al content is typically thought to be caused by

greater terrestrial influx, while increased Fe concentrations
generally indicate influence of hydrothermal processes
(Udchachon et al., 2017). The AlLO3/(Al,Os+ Fe,05)
ratios for the samples in this study range from 0.56 to 0.93,
indicating that shale was deposited in a continental margin

setting (Murray, 1994).
The V/Cr relationship reflects the degree of oxidation—
reduction and is a proxy for sea level variability. A V/Cr
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Fig. 9 Plot of TiO, vs. Zr for Late Paleozoic shales from the
eastern Ordos Basin.

ratio greater than 4.25 indicates an anoxic environment,
while ratios between 2.00 to 4.25 indicate a suboxic to
dysoxic depositional environment, and ratios less than 2.00
indicate an oxic environment (Jones and Manning, 1994).
The V/Cr ratios of the shale samples range from 0.88 to
2.58 with an average of 1.63, suggesting deposition in an
oxic to suboxic environment. The different formations
present in the two wells show small differences in V/Cr
values. In well LY4, V/Cr ratios for the Shanxi Formation
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Fig. 10 A-CN-K ternary diagram for shale samples from the
eastern Ordos Basin. Mineral compositions: Pl, plagioclase; Ksp,
K-feldspar; UCC, Upper Continental Crust; A, Al,O3; CN, CaO"+
Na,0; K, K,O0.

are slightly higher than those for the Taiyuan Formation,
while the same ratios were slightly lower in the Shanxi
Formation in well XY1. These small differences between
two formations and wells likely indicate sea level
fluctuation during shale deposition.

A Ni/Co ratio below 5.0 indicates oxic depositional
conditions, suboxic to dysoxic conditions between 5.0 and
7.0, and anoxic conditions above 7.0 (Jones and Manning,
1994). Except for sample XY 112, the Ni/Co ratios of the
shale samples range from 1.21 to 5.20, with an average of
2.37, suggesting that Late Paleozoic shale in the study area
was deposited in an oxic environment with very little
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Fig. 11 CIW- C-value diagram for Taiyuan and Shanxi
Formations shale samples. CIW, chemical indices of weathering;
C-value, (Fe + Mn + Cr + Ni+ V 4 Co)/(Ca + Mg + K+ Na +
Sr+ Ba), x10°°.

fluctuation in redox conditions.

High values for V/(V 4 Ni) ratios suggest strongly
euxinic depositional conditions (Arthur and Sageman,
1994). Ratios below 0.6 indicate oxic conditions, values
between 0.6 and 0.85 represent dysoxic conditions, and
values greater than 0.85 represent suboxic (anoxic)
conditions. The V/(V + Ni) ratios for shale samples in
this study range from 0.69 to 0.94 with an average of 0.81,
indicating that the majority of samples were deposited
under dysoxic conditions.

Th is one of the detrital components that is unaffected by
changes in redox conditions, while organic-bound U is
considered to be sensitive to changing redox conditions. U/
Th ratios greater than 1.25 indicate anoxic conditions,
ratios between 0.75 and 1.25 indicate suboxic to dysoxic
conditions, and ratios below 0.75 represent oxic condi-
tions. U/Th ratios for shale samples from wells LY4 and
XY1 are between 0.19 and 0.33, with an average of 0.27,
indicating oxic conditions. Most samples from the Taiyuan
Formation fall within the dysoxic range, while samples
from the Shanxi Formation are in the oxic range,
suggesting a shift from a humid depositional environment
to a terrestrial, arid environment.

In general, V/Cr, Ni/Co, V/(V + Ni) and U/Th ratios
decrease with increasing oxygenation levels in a water
column (Wang et al., 2015). Overall, based on redox
sensitive enrichment factors and ratios, we conclude that
redox conditions during Late Paleozoic shale deposition in
the Shanxi and Taiyuan Formations were mainly dysoxic
to oxic with small-scale variations due to fluctuations in
climate and water level within a transitional sedimentary
environment.

5.4 Rare earth element variations of different formations

Rare Earth Elements (REEs) have special geochemical
characteristics such as extremely similar chemical proper-
ties and low solubility (Bai et al., 2015), as well as
geochemical stability during weathering, erosion, trans-
portation and deposition (Fu et al., 2011a). REEs, which
typically originate from plants, seawater, and terrigenous
substances are often used to trace sediment source in a
depositional basin. Ce anomalies can be used as a signature
for the presence of seawater, as seawater is enriched both
LREEs and HREEs (Birk and White, 1991). Shale samples
in this study show small Ce anomalies and low LREE and
HREE enrichment (Table 3), indicating that seawater was
not a source of REEs in the study area.

REE patterns can also indicate the source of sedimentary
rocks (McLennan, 1993). Generally, mafic rocks have
lower LREE/HREE ratios and no Eu anomalies, while
felsic rocks have higher LREE/HREE ratios and negative
Eu anomalies. The PAAS-normalized REE patterns
indicate that all shale samples are characterized by LREE
enrichment, HREE deficiencies and Eu anomalies. Ratios
of (La/Yb)y (Table 3, Fig. 13), which can be used in place



Jianwei LV et al. Paleoenvironment controls on organic matter accumulation in transitional shales

of LREE/HREE ratios, suggest that Late Paleozoic shale in
the study area was sourced from felsic rock.

Ce and Eu anomalies are considered to be effective
redox indicators for shale sedimentary environments
(Tribovillard et al., 2006). Ce anomalies in ancient
sediments are effective tracers of secular variations in
redox conditions and are determined from the mixing ratio
of authigenic minerals, detrital terrigenous minerals, and
biogenic silica. Positive and negative Ce anomalies are
indicative of terrigenous input and an oxic environment,
respectively (Han et al., 2015). The weak negative Ce
anomalies found in this study and the vertical variability of
Ce/Ce* (Fig. 13) indicate an oxic depositional environ-
ment with terrigenous input.

Positive Eu anomalies are commonly found in extremely
reducing hydrothermal fluids that favor reduction of Eu®*
to Eu*™ and are very common in marine hydrothermal
sediments (Olivarez and Owen, 1991; Douville et al.,
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1999; Xiong et al., 2019; Yang et al., 2019). Previous
research has shown that Eu anomalies in marine shale from
south China provide some evidence of hydrothermal
inputs. In this study, shale samples exhibite LREE
enrichment with negative Eu anomalies (Fig. 6, Tables 3
and 4), suggesting that the Shanxi and Taiyuan Formations
were affected by detrital inputs rather than hydrothermal
activity.

5.5 Relationship between TOC and trace elements

The geochemical composition of shale is clearly affected
by the abundance of organic matter (He et al., 2018; Tang
et al., 2019; He et al., 2020). The TOC variability in the
samples is consistent with Sr/Ba and Sr/Cu ratios,
especially in samples from well LY4 (Fig. 12), which
suggests that the abundance of organic matter is influenced
by climate and water conditions. From bottom to top,
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Table 4 Selected geochemical indicators for shale from the eastern Ordos Basin, China (%)

Samples CIA* CIW*  C-value Sr/Ba  St/Cu  ALO3/TiO, V/Cr Ni/Co V/(V+Ni) U/Th Ce/Ce* Eu/Eu* Lan/Yby
LY401 84.84 97.32 0.67 0.24 7.28 28.28 1.37  3.29 0.86 0.20 0.95 0.75 1.02
LY402 74.08 89.19 1.31 0.39 2.85 52.07 2.08 236 0.76 0.23 0.92 0.67 0.93
LY403 82.64 97.24 0.79 0.25 4.97 27.38 1.76 1.32 0.85 0.25 1.30 0.70 1.19
LY404 86.45 97.44 2.17 0.33 4.63 21.25 1.06 1.90 0.77 0.24 0.89 091 1.13
LY405 89.98 98.51 1.14 0.23 3.33 21.84 130 2.12 0.89 0.22 0.90 0.82 1.14
LY406 91.05 98.42 1.20 0.40 3.26 25.21 1.55 247 0.78 0.24 1.16 0.97 1.30
LY407 91.03 98.54 1.27 0.48 3.83 25.32 1.95 1.93 0.82 0.25 1.11 1.03 1.22
LY408 94.62 98.95 2.81 0.75 4.10 32.13 1.79 1.24 0.83 0.33 1.40 0.77 1.14
LY409 92.88 98.14 4.50 0.97 8.57 33.55 2.11 1.21 0.86 0.30 0.84 1.38 0.97
LY410 94.65 98.97 3.72 0.71 1.70 29.19 1.56 1.53 0.75 0.19 1.32 0.72 1.13
LY411 93.91 98.72 1.44 0.46 1.01 19.41 1.28  3.30 0.84 0.19 1.36 0.67 0.90
LY412 90.55 98.76 0.93 0.34 1.00 14.00 1.19 1.68 0.81 - 1.31 0.67 1.50
XY101 82.65 95.76 0.79 0.28 5.37 26.17 1.83 214 0.82 0.22 1.03 0.77 1.15
XY102 81.54 96.10 0.90 0.25 4.29 31.75 2.58 1.48 0.72 0.26 1.15 0.69 1.17
XY103 84.93 96.26 0.72 0.30 5.40 26.31 1.79 1.82 0.78 0.28 0.83 0.82 1.14
XY 104 84.06 94.77 1.40 0.37 8.87 25.98 1.99 455 0.79 0.58 0.85 1.03 1.10
XY105 85.79 97.26 0.43 0.41 6.75 28.62 206 271 0.79 0.29 0.96 0.84 1.24
XY106 86.72 97.39 0.40 0.29 6.89 19.48 1.44 251 0.88 0.30 1.10 0.84 1.43
XY107 73.78 91.56 0.20 0.65 11.05 22.68 1.53 1.43 0.78 0.23 1.09 0.93 1.54
XY108 83.00 48.82 0.06 0.44 7.48 27.53 1.60  3.23 0.69 0.32 1.07 0.78 1.28
XY109 82.89 94.57 0.23 0.61 5.50 20.99 1.69 1.75 0.88 0.24 1.00 0.96 1.13
XY110 91.50 98.82 0.44 0.26 243 20.58 132 253 0.82 0.28 0.92 1.01 1.11
XY111 98.14 99.11 0.86 0.80 1.82 24.78 0.88  4.49 0.70 0.25 0.78 1.08 0.63
XY112 91.55 98.54 0.37 0.38 6.59 16.91 .55  5.20 0.94 0.29 0.81 1.04 0.88
XY113 83.82 96.38 1.21 0.43 3.25 23.13 1.e5 211 0.84 0.23 0.90 091 1.02
XY114 83.55 95.22 1.52 0.43 3.81 24.08 1.55 1.43 0.76 0.26 0.87 1.00 1.00

Notes: CIA*, chemical index of alteration, CIA* = [A1,O3/(Al,O3+ CaO* + Na,O + K,0)]x 100 (Nesbitt and Young, 1982); CIW, chemical indices of weathering,
CIW = [AL,O3/( Al,05+ CaO* + Na,0)]x 100. CaO*, CaO in silicate phase (to calculate CaO*, the assumption proposed by McLennan (1993) was followed).

under regressive conditions, the paleoenvironment shifted
from dysoxic to oxic, and aqueous conditions changed
from mixed water to fresh water. At depths between 1450
m and 1470 m, mixed water conditions and a warm-humid
environment (indicated by St/Ba, Sr/Cu, V/Cr and U/Th
ratios in Fig. 12) resulted in increasing TOC abundance. At
depths between 1375 m and 1390 m, oxic fresh water
conditions with abundant TOC deposition prevailed as the
ratios of Sr/Ba and U/Th decreased. At well XY1, at depths
between 1450 m and 1480 m, TOC abundance and Sr/Cu
ratios show a similar vertical variability (Fig. 13).
Therefore, it can be concluded that a warm-humid and
mixed water environment was present during the deposi-
tion of abundant organic matter in the shales, while oxic
conditions did not favor the preservation of organic matter.

6 Conclusions

Based on the analysis of TOC abundance, as well as

mineral, and elemental compositions, a detailed study of
Late Paleozoic shale from the Ordos Basin was conducted.

Dominant minerals in the studied samples are quartz and
clay, while major and trace elements show differences in
distribution between the Shanxi and Taiyuan Formations
across the two wells. Total organic carbon values of the
samples range from 1.10% to 4.65%, with high thermal
maturity (average R, value of 2.85). Vertical variability is
consistent with Sr/Cu, Sr/Ba, V/Cr and U/Th ratios,
suggesting that humid-warm, dysoxic-oxic environments
preserved more organic matter.

C-values, together with St/Cu ratios, suggest that the
paleoclimate in the study area was relatively humid during
the Late Paleozoic period. High Al contents and Al,O5/
(Al,05+ Fe,03) ratios indicate that the shales were
deposited in a continental margin setting, while trace
element redox indices, such as V/Cr, Ni/Co, V/(V + Ni)
and U/Th, suggest that shale was deposited in a transitional
sedimentary environment under dysoxic to oxic conditions
during the Late Paleozoic period.
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Al,03/TiO, and TiO,/Zr ratios of the shale samples
indicate that felsic igneous rocks were dominant in the
source area. Values of CIA and CIW for the shale samples
suggest intense chemical weathering in the source area and
the A-CN-K diagram indicates that the shale was not
subjected to potassium metasomatism during diagenesis.
Observed LREE enrichment, HREE depletion, negative Ce
anomalies and positive Eu anomalies, all rule out seawater
as the source of REEs and point toward felsic source rocks
as the sediment source, which is supported by Al,O5/TiO,
and TiO,/Zr ratios. An LREE enrichment with negative Eu
anomalies suggests that the Shanxi and Taiyuan Forma-
tions were more strongly affected by detrital input rather
than by hydrothermal fluids.
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