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Limestone layers are extensively developed in the continental/ocean transitional Taiyuan Formation. This formation accu-
mulated on the southern North China Block. The precise environmental conditions of the Taiyuan Formation are still contro-
versial. More information about these topics is presented here on the basis of the analysis of trace elements (Mo, V, Cd, Cr,
U, Th), which can be used to determine characteristics of the depositional environment, and of carbon and oxygen isotopes
(8"*C and '®0) in limestone samples from the Huainan Coal Basin. Samples were taken for the purpose from cores of all 13
limestone levels, obtained from a coal-exploration borehole (code P2) in the Huainan Coal Basin. It was found that the 5'%0
values show a decreasing trend, suggesting a gradual rise of the sea level in a warm climate. Three negative shifts of 5"C
appear in a lower, a middle and an upper limestone layer, accompanied by relative enrichment of the redox-sensitive ele-
ments (Cd, Cr, Mo and V). These three layers are thus deduced to have been deposited in a warm climate with a high sea
level and with more terrigenous input than during deposition of the other limestone layers. The redox elements and elemental
ratios (V/Cr, Th/U) in the limestones suggest deposition in an oxygen-rich sea with high salinity.
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INTRODUCTION ferentiated due to the global changes in palaeoclimate
(Scheffler et al., 2003).
The North China Block (NCB) was during the Carboniferous

The Carboniferous-Permian transition is an important  situated at the eastern margin of the Palaeotethys Ocean, on

time-span because the Earth changed from a greenhouse to an
icehouse, and experienced intensive glacio-eustatic fluctua-
tions (e.g., Bruckschen et al., 1999; Golonka and Ford, 2000;
Sahney et al., 2010; Montanez and Cecil, 2013). Moreover, the
Pangea supercontinent was formed by collision of several
plates (Isbell et al., 2008). Coal-bearing successions developed
in the low-latitude areas (among which the North China Block)
on the continents, whereas the characteristics of the oceans
(e.g., Eh, salinity, detrital input and life forms) became more dif-
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both sides of the equator (Golonka and Ford, 2000; Zheng et
al., 2013). At the end of the Carboniferous, an epicontinental
sea existed on the NCB, in which the Taiyuan Formation accu-
mulated. This continued till in the Early Permian (Lv and Chen,
2014). Successive transgressions and regressions that oc-
curred while the formation was building up resulted in a succes-
sion with alternating limestones, coals and clastic sediments.
Marine sedimentary successions on the NCB preserved,
like such successions elsewhere in the world, changes in the
characteristics of the sea water, particularly its geochemistry.
This implies that analysis of these sediments can help recon-
structing the oceanic development if the right clues are found. Is
has become clear that particularly the isotope and element
compositions of marine carbonates tend to reflect the original
geochemical signature of the ocean, and that the isotope and
element compositions are controlled by factors such as the in-
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put of terrigenous material, the solubility of the elements, and
the Eh of the sea water (Wignall et al., 2007). Regarding the first
aspect, weathering of the continental crust is the main process
releasing elements that eventually reach the ocean, while the
second aspect, i.e. the solubility of elements in the sea water,
largely depends on the characteristics of the elements and the
redox potential of the water. Insoluble elements, such as Al, Sc,
Hf, Th and REE, tend to become incorporated in carbonates
along with particles, forming impure carbonates (Frimmel,
2009; Zhao et al., 2009). In contrast, easily dissolved elements
such as Na, Mg and U are incorporated as ions in the crystal lat-
tice of the carbonates, forming pure carbonates. Analysis of the
element composition of marine carbonates is consequently
widely applied for the reconstruction of the palaeoenvironments
of the ocean.

The carbon and oxygen isotope anomalies (denoted as
8'3C and §'®0) in carbonates also depend on the depositional
environment. The 8"°C and §'°0 values are important geo-
chemical tools for studying not only the depositional environ-
ment (Pufahl et al., 2006; Payne and Kump, 2007) but also the
palaeoclimate (Kaufman et al., 1993; Kump and Arthur, 1999;
Korte et al., 2005). They have also widely been used in unravel-
ing the global carbon cycle, glacial/interglacial cycles, biological
footprints, temperature and sea level fluctuations, and the evo-
lution of the sea water (Scheffler et al., 2003; Jaffrés et al.,
2007; Veizer and Prokoph, 2015). The positive and negative
excursions of 8"°C and "0 in carbonates are commonly linked
to important global events. For example, Bruckschen et al.
(1999) showed that the overall 3—4% increase of §'°C with §'°0
in Carboniferous brachiopods is related to the transition from
the Tournaisian greenhouse to the Gzhelian icehouse.

OBJECTIVES OF THE STUDY

Several studies have been devoted to the development in
present-day China of the Carboniferous and Permian develop-
ment in the Palaeotethys Ocean (e.g., Lee and Lee, 2003; Lv
and Chen, 2014), often with a focus on the palaeontology
(Tazawa, 2002), the provenance of the clastics (Li et al., 2010;
Zhang et al., 2014) and the stratigraphy (Han, 1990; Shao et al.,
2015) which is partly based on the presence of volcanic tuff lay-
ers (Schmitz et al., 2020), but the depositional environments of
the epicontinental sea in which the Taiyuan Formation accumu-
lated are still a matter of debate (Guo and Liu, 2000; Li and
Wang, 2006; Song et al., 2011), mainly because interpretations
of the fossils, which may partly have been washed in, are mutu-
ally inconsistent (Song et al., 2015; Mao et al., 2018; Wang et
al., 2019). The most important groups of fossils found in the
Taiyuan Formation are plants, brachiopods, gastropods, cor-
als, crinoids, fusulinids and ostracods (Ge et al., 1985; Gao,
1988; Fan et al., 1999; Wan et al., 2017; Zhang, 2017). The ori-
gin of the fossils (more or less in place or washed in from far
away) is also a point of discussion, because some studies state
that the limestones were formed in an oxidizing environment
(e.g., Guo and Liu, 2000), whereas other studies mention a re-
ducing environment (e.g., Song et al., 2011).

The objective of the present contribution is therefore to
shed more light on the depositional conditions. For the purpose,
the characteristics of the sea water were investigated by means
of analyses of the isotope anomalies (5'°C and §'®0) and the
trace elements in the sediments. Such a study has not been
carried out earlier for this formation.

GEOLOGICAL SETTING

During the Late Carboniferous, the North China Block had
reached a position at the eastern end of the Palaeotethys
Ocean, forming the border with Panthalassa at its eastern side
(Fig. 1A). It did not belong to the supercontinent Pangea
(Golonka and Ford, 2000; Shen et al., 2006). The NCB experi-
enced uplift during the Middle Ordovician Caledonian orogen-
esis, exposing the sediments of the NCB to long-lived denuda-
tion until the Late Carboniferous. As a result, the Middle Ordovi-
cian to Upper Carboniferous succession is no longer present,
and the boundary between the Middle Ordovician and the Up-
per Carboniferous is an unconformity.

From the Late Carboniferous to the Early Permian, numer-
ous layers of marine limestone were deposited (Wu et al., 1995)
(Fig. 1B). The present contribution focuses on a limestone suc-
cession in the Huainan Coal Basin (HCB; Fig. 1C), deposited
around the transition from the Carboniferous to the Permian;
the precise age is still a matter of debate. These sediments
were deposited in a cratonic basin, at the southeastern margin
of the NCB.

During the Late Carboniferous, the HCB started subsiding,
resulting in frequent large marine transgressions and regres-
sions (Han, 1990; Wu et al., 1995; Wang and Pfefferkorn, 2013;
Shao et al., 2015). A complete sedimentary succession (mostly
consisting of the Taiyuan Formation; the lower part of the Benxi
Formation is very thin or even lacking) that continued to the
Permian thus developed (Wu et al., 1995; Sun et al., 2010). The
depositional succession in the HCB formed at the Carbonifer-
ous-Permian transition was developed in marine-to-terrestrial
transitional environments. It consists of 11 to 13 limestone lay-
ers with intercalations of mudstone and sandstone intervals,
comprising thin coal seams (Fig. 2).

The limestones in the HCB reach a joint thickness of up to
60 m, which is more than elsewhere on the NCB (Fig. 3). The
limestones in the HCB are overlain by >1500 m of Permian, Me-
sozoic and Cenozoic sediments.

The fossils in the Taiyuan Formation reflect the position in
the continental/marine transition zone; alternation of transgres-
sions and regressions is indicated by vertical changes in the fre-
quency of species with preferred habitats at different depths.
Roughly speaking, the transgressions are reflected in the sedi-
ments by the presence of fauna, whereas the fossils in sedi-
ments accumulated during a regression are richer in (washed-
in) flora. These interpretations are supported by thin-section
analysis of the limestone samples which show various micro-
facies, which can be related to specific conditions of the deposi-
tional environment (Fltgel, 2010).

It is considered out of scope here to go into detail with re-
gard to the microfacies, as it is well-known that they tend to
change rapidly, both laterally and vertically, in successions de-
posited in an epeiric sea. Considering the size of the epeiric sea
(see Fig. 1B), itis not surprising that the Taiyuan Formation also
extends over hundreds of kilometres (Fig. 3), and that a large
variety of microfacies is present. We refer the interested reader
to the literature that focuses on this aspect (e.g., Li and Wang,
2006), though for other regions.

Fusulinids (Quasifusulina sp., Schwagerina sp., Rugoso-
fuoulina sp., Triricites sp.) are the most abundant fossils, to-
gether with corals (Cyathocarinia maoergouensis, Amplexo-
carinia sp., Neokoninckophyllum tortum, Caninophyllum dobro-
-lyubovae), conodonts (Streptognathodus elegantulus, Idio-
gnathodus hebeiensis, S. elongates, S. wabaunensis, S.
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Fig. 1. Location map

A — location of the study area in its plate-tectonic context (after Scotese et al., 2005); B — location of the study area
in the North China Block in present-day China (after Wang et al., 1985); C — Huainan Coal Basin with location
of the Pan’er Mine where the samples were collected

fuchengensis), crinoids, ammonites and brachiopod fragments
(Ge et al., 1985; Gao, 1988; Han, 1990; Fan et al., 1999; Wan
etal., 2017; Zhang, 2017). The plant remains (e.g., Neuropteris
pseudovata, Annularia cf. orientalis, Lepidodendron posthumii)
belong to the typical Cathaysian floral realm of China (Hilton et
al., 2001; Wang, 2010; Wang et al., 2012).

In spite of the numerous fossils, the exact depositional envi-
ronment of the Taiyuan Formation is still controversial, and
sedimentological structures and other features have not been
studied in any detail thus far, so that little is known yet about the
depositional setting. The fossils are useful, however, for dating,
although also in this respect some controversies exist. The for-
mation was previously considered — mainly on the basis of
macrofossils — as Upper Carboniferous (e.g., Han, 1990), but
more recently it was suggested — mainly on the basis of
microfossils — that the middle and upper parts of the formation
are Lower Permian (Asselian), while the lower part would be
Upper Carboniferous (Kasimovian to Gzhelian) (\Wang, 2010;
Wang and Pfefferkorn, 2013).

METHODS

Particularly for the investigation of samples regarding their
geochemistry and isotope anomalies, both the way of sampling
and the analytical methods are of prime importance. Both as-
pects are therefore dealt with in the following sections, but —in
order to avoid duplication of information — the reader is also re-
ferred to earlier literature about the use of trace elements and of
carbon an oxygen isotopes for establishing the depositional en-

vironment, particularly as far as a fresh-water or marine setting
is concerned (see, for a comparable case study, Yang et al.,
2017).

SAMPLING

The Taiyuan Formation contains limestone layers that all
have been sampled and analysed in order to determine the pre-
cise continental-to-marine transitional depositional environ-
ments of the epicontinental sea in which it was deposited. The
samples were collected in the Pan’er Coal Mine, which is lo-
cated in the northern part of the HCB. The limestone samples
were collected when borehole P2 was drilled for coal explora-
tion. The Taiyuan Formation in the drilled core has a length of
105 m, including 13 layers of limestone (Fig. 2); the individual
limestone layers are 0.44—3.58 m thick and they have a cumula-
tive thickness of ~50 m. The limestones were numbered, follow-
ing the practice during drilling, from top to bottom as L1 to L12;
limestone L3 was split up into an upper part (L3u) and a lower
part (L3I), because of a fairly abrupt change from few to many
fossil fragments and from moderate to abundant calcite infill-
ings.

It was found during drilling of borehole P2 that the Taiyuan
Formation is separated in this borehole by a clear unconformity
from the underlying Ordovician. A black mudstone layer of ~5 m
thick forms the top part of the Taiyuan Formation (Fig. 2); its na-
ture is still not clear. Considering the composition of the Taiyuan
Formation, it might be speculated that it represents a weather-
ing profile, related to exposure that, in turn, might be related to
the unconformity.
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Fig. 2. Schematic succession and characteristics of the Taiyuan Formation as found
in coal-exploration borehole P2 in the Huainan Coalfield (modified after Wu and Zhang, 2019)

Most of the limestones of the Taiyuan Formation are pale to
grey bioclastic micritic wacke- to packstones composed of
abundant invertebrate fossil fragments. Several limestone lay-
ers contain admixtures of clay (sometimes carbonaceous clay),
with some intraclasts and ooids.

From the 13 limestone levels, 41 samples were collected.
Samples with abundant admixtures of terrestrial debris or with
obvious post-depositional (diagenetic) features such as
recrystallized calcite crystals, calcite veins or framboidal pyrite
were excluded from the analyses. This left 13 samples (see Fig.
2) that have been investigated for their trace elements and car-
bon and oxygen isotopes; they are considered representative
for the entire succession.

ANALYTICAL METHODS

The samples collected from the 13 limestone levels were
fragmented into pieces; the outside parts were discarded, and
the fragments from the interior were cleaned ultrasonically in
purified water. Some representative fragments were polished,
and thin sections were prepared from other representative frag-
ments in order to investigate their morphological and structural
characteristics by optical microscopy (reflected light) and by
light-scattering scanning electron microscopy (SEM, XL-
30ESEM; Fig. 4). This sedimentology-oriented investigation is,
however, not the object of the present study (see the Objectives
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Fig. 3. Total thickness of the limestones in the Taiyuan Formation (modified from Wu et al., 1995)

The source areas represent elevated areas that underwent erosion and supplied clastics to the epeiric sea
in which the Taiyuan Formation accumulated

of the study) and is consequently dealt here with only by provid-
ing some representative photomicrographs (Fig. 4) which pro-
vide a general picture rather than sedimentological details. The
chemical analyses were carried out following the GB/T
14506.30-2010 standard (AQUSIC, 2010). The fresh and clean
limestone samples were crushed and sieved to obtain particles
of <200 um. Approximately 200 mg of the powdered samples
were dissolved in a mixture of the acids HNO3, HCl and HF (ra-
tio 3:1:1) in a microwave oven.

The resultant solutions were diluted and spiked following
the Chinese national standard GB/T14506.30-2010 (AQUSIC,
2010) for trace-element analyses by inductively coupled
plasma mass spectrometry (ICP-MS, X series Il) at the labora-
tory of the University of Science and Technology of China at
Hefei (prov. Anhui). The relative inaccuracies of these mea-
surements are <5% for most of the elements, as evaluated by
analysis of certified reference material.

The oxides of major elements (SiO,, Al,O;, CaO, K0,
Na;0, Fe;03, MnO, MgO, TiO,, and P,0s) were analysed by

X-ray fluorescence spectrometry (XRF) using the method pro-
posed by Kimura (1998). The results are shown in Table 1.

For 8'°C and 880 measurements, sample powders were
mixed with pure phosphoric acid in vacuum at 25°C. The CO,
that was produced was measured with a Finnigan MAT-252
mass spectrometer. The isotopic results are denoted in the
present contribution in the form of delta notation (5'°C, §'®0 —in
%), relative to the Vienna Pee Dee Belemnite (VPDB) standard
(Coplen et al., 1983), which has a value of 0.011180. The un-
certainties of both 8"°C and §'0 are <0.1%s.

RESULTS

As indicated above, the main analytical methods were con-
centration measurements of some trace and major elements,
and determination of the carbon and oxygen isotopes. The re-
sults of these analyses are presented in the following sections.
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Fig. 4. Microphotographs of the Taiyuan Formation limestones

A — unidentifiable foraminifers (optical microscope, reflected light), sample L5 (= from limestone layer L5); B — unidentifiable foraminifers
(probably fusulinids) (optical microscopy, reflected light), sample L8; C — recrystallized calcite (optical microscope, reflected light), sample
L7; note the microfossils in the centre; D — recrystallized calcite (optical microscope, reflected light), sample L12; note the microfossils in the
centre; E — framboidal pyrite inclusions (SEM, backscatter light), sample L6; F — framboidal pyrite inclusions (SEM, backscatter light), sam-

ple L9
MAJOR AND TRACE ELEMENTS

The most common oxide is CaCOj3; (52-95%); the other ox-
ides are commonly <5%, except for MgO in several layers (Ta-
ble 2). The XRD spectra indicate that calcite is the major min-
eral, accompanied by relatively large amounts of quartz in the

sample from limestone L7 (7.2% SiO;) and dolomite in L12
(20% MgO).

The variations of redox-sensitive elements such as Cd, Cr,
Mo, and V in the limestones are positively coupled with each
other, but show a negative correlation with §'>C (Fig. 5). Except
for Sc (0.41 £0.11 pg/g, 10), the other elements that are not sol-
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Table 1

Geochemical compositions [in wt.%] of the limestone samples collected from the Taiyuan Formation

Sample MgO CaO SiO, P,0s5 FeO Al,O5 Na,O CO, Total
L1 1.3 50.4 0.1 0.1 1.1 0.4 0.2 46.4 100
L2 10.5 36.3 0.1 0.2 7.2 1.1 0.1 445 100
L3u 2.1 49.7 0.2 0.1 14 0.8 0.3 454 100
L3d 10.6 35.1 0.1 0.2 5.6 1.4 0.1 46.9 100
L4 1.6 50.8 0.3 0.3 1.2 0.6 0.6 44.6 100
L5 0.8 53.1 0.1 0.1 0.5 0.5 0.1 44.8 100
L6 9.4 374 0.4 0.2 6.4 1.9 0.1 44.2 100
L7 1.8 47.2 7.2 0.2 1.6 1.2 0.5 40.3 100
L8 2.3 49.6 0.4 0.3 1.2 0.7 0.4 45.1 100
L9 1.8 49.8 0.3 0.1 1.7 1.1 0.3 449 100
L10 2.6 49.4 0.2 0.4 1.3 0.8 0.1 45.2 100
L11 1.8 51.1 0.1 0.2 1.2 0.9 0.3 44 .4 100
L12 20.2 29.1 0.4 0.4 4.6 1.5 0.1 43.7 100

Table 2

Trace-elements (ug/g) data and anomalies of the carbon and oxygen isotopes in the limestone samples from the Taiyuan Formation

gl"gm‘ Ba | Cd|Co| Cr | Mn |Mo| Ni |sc| sr v | u | Th | MV I vicr | sBa 5[,1,25 5[:25 z
L1 | 68.13 |0.07|0.48| 26.64 |390.02|0.13| 3.63 | 0.49|751.89| 13.43 [1.12|2.91 | 0.52 | 2.59 | 0.50 | 11.04 | 0.81 | -10.43 | 123.8
L2 |12484|0.76|1.15| 62.86 | 340.05|2.73 | 25.31 | 1.61|788.72| 34.90 |1.01 |2.34 | 0.43 | 2.32|0.56 | 6.32 | -0.81 | -10.33 | 120.5
L3u | 26.81 |0.14|0.21| 25.09 | 278.03|0.21| 3.45 |0.12|537.96| 8.93 |0.85|2.11| 0.52 | 2.48 | 0.36 | 20.06 | 0.35 | -10.30 | 122.9
L3d | 21.41 |0.08]0.21| 17.86 | 283.70 | 0.14 | 2.27 |0.34 | 366.19| 5.71 |0.87|2.14| 0.77 | 2.45|0.32| 17.11 | 2.98 | -11.13 | 127.9
L4 | 1832 |0.09]|0.15| 14.36 | 246.25 | 0.24 | 2.14 |0.22|367.37| 4.33 |0.31|2.47| 0.67 | 7.93]0.30 | 20.05 | 2.30 | -11.60 | 126.2
L5 | 12.65 |0.16|0.08| 11.29 | 337.56 | 0.27 | 2.42 | 0.05|585.34 | 3.38 |0.73|3.02| 0.58 | 4.14 | 0.30 | 46.29 | 1.48 | -11.87 | 124.4
L6 | 79.98 |0.23]0.59 | 16.54 | 190.62 | 0.52 | 6.59 | 0.23 |495.24| 7.45 |0.54 |1.82| 0.38 |3.37 |0.45| 6.19 | 0.27 | -8.89 | 123.4
L7 | 36.05 |0.53|0.19 | 44.84 | 197.46 | 1.22| 2.99 | 0.15|600.14 | 13.40 | 0.71 | 2.42 | 0.33 | 3.41 | 0.30 | 16.65 | -1.06 | -10.30 | 119.8
L8 | 23.66 |0.14|0.28| 21.30 | 742.85 | 0.71 | 5.08 | 0.57 |397.98| 5.85 |1.24|2.85| 1.87 |2.30|0.27 | 16.82 | 0.75 | -10.07 | 123.8
L9 | 18.36 |0.21|0.24 | 18.60 | 253.66 | 0.36 | 4.37 | 0.37 | 246.97 | 7.13 |1.08|4.23| 1.03 |3.92|0.38 | 13.45 | 0.58 | -9.30 | 123.9
L10 | 570 |0.18]0.09| 13.89 | 93.31 |0.68| 2.16 |0.14|248.76 | 4.11 |1.31|3.19| 0.38 | 2.43|0.30 | 43.67 | 1.08 | -8.00 | 1255
L11 | 13.85 |0.14|0.48| 18.12 | 87.35 | 0.81| 6.29 | 0.72|212.87| 8.81 |1.64|3.31| 0.41 |2.02|0.49 | 15.37 | 0.84 | -6.80 | 125.6
L12 | 8.73 |0.67|0.91|127.44 | 188.57 | 1.63| 7.46 | 0.80 | 54.29 | 52.92 |1.26 | 4.05 | 3.47 |3.22 |0.42 | 6.22 | -1.52 | -4.97 | 121.7

uble in sea water, such as Al (0.5 +0.06%, 1c), Th (1.05
+0.04 ug/g, 10), and Zr (2.07 £0.24 ug/g, 10), have higher con-
centrations than in present-day carbonates.

CARBON AND OXYGEN ISOTOPES

The studied section of cores from the Huainan Coal Basin
shows that §"°C values vary between —1.52 to +2.98%o, thus
covering a range of 4.5%0. The range of §'°0 values is from
—11.87 to —4.97%o, thus covering a range of 6.9%o (Table 1).
Significant negative excursions in 8°C values (—1.5%o for sam-
ple L12, —1.1%o for L7 and —0.8%. for L2) have been found for
several limestone layers, with decreasing anomalies from bot-
tom to top. Uncommonly high positive excursions have been
found only in layers L4 to L3d (2.3-2.98%). The 8'°C values in
the remaining layers vary only slightly (0.27—-1.48%o).

In contrast to §"C, the 8'®0 values show a decreasing trend
from layer L12 (—4.97%o) to L7 (—10.30%o), then slightly drops to
—8.89%o in layer L6, before finally stabilizing within a narrow
range (—11.87 to —10.30%. for layers L5 to L1).

ANALYSIS OF THE RESULTS

If the conditions of the depositional environment are to be
reconstructed on the basis of properties of the sediment, itis a
prerequisite that changes of these properties due to diagenesis
are eliminated first. Although the studied low-Mg calcite (Mg
<6.4 ugl/g, except in L12) is resistant to alteration during and af-
ter deposition (Jacobsen and Kaufman, 1999), we checked
whether the samples showed evidence of diagenetic alteration
by optical microscopy and SEM; we did so also on the basis of
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Note that sample L12 was probably altered by diagenetic processes

previously established geochemical criteria (Frimmel, 2009),
particularly the Mn/Sr ratio. Also the §'°C and §'®0 values were
measured and analysed. These aspects will therefore be dis-
cussed in the following sections.

DIAGENETIC CHANGES OF THE LIMESTONES

The examination of thin-sections of all 13 limestone levels
verified by SEM scanning confirmed that most samples contain
clean calcite prisms with smooth boundaries, despite minor al-
terations in several specimens (Fig. 6); it must thus be deduced
that the diagenetic alternations of the limestones were minimal.
The original sedimentary lamination found by Han (1990) ap-
peared to be well-preserved, which also indicates that alteration
or recrystallization was minimal or even absent.

Mn/Sr RATIO

The Mn/Sr ratio is a commonly used proxy because it re-
flects diagenetic processes. Strontium is sensitive to meteoric
diagenesis and is easily expelled from marine carbonate
(Veizer, 2013). After sedimentation, carbonate rocks will suffer
Sr and Na losses, while becoming enriched in Fe and Mn, par-
ticularly under the influence of percolating atmospheric water
(Frimmel, 2009). The Mn/Sr ratio is, consequently, a sensitive
indicator to judge the diagenesis and alteration degree of ma-
rine carbonate rocks. An Mn/Sr ratio of <10 is commonly con-
sidered (e.g., Gao, 1988; Neuhuber et al., 2007; Ganai et al.,
2018) as evidence that the carbonate rocks have not been
strongly altered, and that their isotopic composition still records
the original sedimentary composition. An Mn/Sr ratio of <2-3

even indicates that a sample has well maintained the isotopic
composition of the original sea water (Grossman et al., 2002).

The Mn/Sr ratios measured for our samples are all <2, ex-
cept for the lowest limestone layer (L12), for which Mn/Sr =
3.47. This exceptionally high value is due to an extremely low Sr
content (54 versus 213-789 ug/g in the other limestone sam-
ples, Table 1). This suggests diagenetic alteration of the L12
limestone. This exceptional character of sample L12 is sup-
ported by the Mg (12.1%), Th (4.05 pg/g), Al (0.79%) and §'°0
(—4.97%o) values of this sample, which are significantly higher
than in the other limestone samples (Table 1).

It must consequently be deduced that the Mn/Sr ratios of
the limestones indicate that the composition of the original sea
water is still reflected by all limestone samples, except L12 (Fig.
5). Apart from the latter sample, diagenetic alteration thus did
not play a role of any importance.

CORRELATION BETWEEN §®0 AND §'°C

The primary §'®0 and §"°C values of carbonates inherited
from sea water usually decrease after burial as a result of the
percolation of meteoric water and/or hydrothermal fluids, and
thus can indicate the degree of diagenesis. A positive correla-
tion between §'°C and §'°0 makes alteration of carbonates
likely. The limestone samples under study show a correlation
between §"C and §'°0, indeed (r = 0.52, Fig. 6), although they
have lower §'0 values (—11.9 to —5.0%o) than representative
Carboniferous marine carbonates elsewhere in the world, which
are ~—3%o (Brand, 1982; Algeo and Maynard, 2004; Kuleshov
et al., 2018), and also lower than Carboniferous marine lime-
stones present on the South China Block, which have values in
the range of —6.5 to —4.5%. (Zhao and Zheng, 2014).
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The limestones L2, L7 and L12, which have anomalous values, are individually indicated

It can thus be deduced that the §'°0 and §"C values of the
Taiyuan limestone samples do not show a clear positive corre-
lation, indicating that the limestones preserved the carbon- and
oxygen-isotope compositions of the sea water in which they ac-
cumulated.

IMPLICATIONS OF THE §'®0 VALUES

The oxygen-isotope composition of carbonate rocks is sen-
sitive to alteration. The initial '°0 value of calcareous sedi-
ments will, however, be distinctly reduced during diagenesis
because of interaction between the sediment and percolating
water. Quantitative research is, however, inconclusive. A value
of 80 <—5.0% in carbonate rock indicates, as a rule, that the
carbonates were affected by alteration; of 5'%0 <=10.0%o, the
carbonates have undergone strong alteration, and the oxygen-
and carbon-isotope data of the sample can consequently not be
used (Han, 1990).

Kaufman et al. (1993) came to the conclusion that §'°0
<-11.0%o should be taken as the boundary value. Consequently,
the limestone samples L3d, L4 and L5 would, following these au-
thors, have undergone diagenetic alteration. This would imply
that the carbon- and oxygen-isotope data of these three samples
are no reliable indicators for the sedimentary environment.

Because samples L3d, L4, L5, and L12 may well have been
altered by diagenesis, they are not included in the other consid-
erations that lead to the conclusions of the present study.

5'®0 AND §'°C CHEMOSTRATIGRAPHY

The limestones of the Taiyuan Formation were deposited in
an epicontinental sea, and they should record geochemical in-
formation reflecting the nature of the terrigenous input and the
composition of the sea water. Compared to contemporary car-
bonate samples from other regions, for instance in the form of
brachiopod shells from the Palaeotethys Ocean and Pantha-
lassa (Bruckschen et al., 1999; Mii et al., 2001) and limestones

from the South China Block (Zhao and Zheng, 2014), the 5'%0
values of the limestone samples under study here (—11.87 to
—4.97%o) are lower. This might be ascribed to differences in
their palaeogeographical zonation, depositional conditions, and
the calcareous species that were analysed.

The oxygen-isotope composition in marine carbonates is
controlled by several interrelated factors such as glacial/inter-
glacial cycles, fluctuations of the sea level, and the sea water
temperature (Ross and Ross, 1988). The decrease in 3'%0 from
bottom to top in the succession of the Taiyuan limestone layers
indicates a contemporarily lowered sea water §'%0, probably
caused by gradual climate warming and the consequent sea
level rise.

The 8"°C of an ocean system is influenced by the presence
of organic matter, dissolved carbonic acids, nutrient supply,
pCO,, buried organic carbon, and sea level fluctuations
(McConnaughey, 1989; McConnaughey et al., 1997). The bu-
rial of organic carbon and stronger photosynthesis will com-
monly cause an increase of the §"°C in both sea water and car-
bonate sediments. The §'°C in the limestone under study
shows three negative anomalies in the lower (L2), middle (L7)
and upper (L12) parts of the succession; the values for these
three layers are —1.1, —0.8 and —1.5%., respectively. These
negative excursions in 8'°C are possibly related to short-lived
enhanced terrigenous weathering in a warm climate.

The three just-mentioned limestone layers (L2, L7 and L12)
also have the highest concentrations of redox-sensitive ele-
ments, viz. Cd, Cr, Mo and V. These elements tend to be en-
riched in sediments that accumulated in an oxygen-depleted
environment. It is consequently reasonable to assume that
these three limestone layers were deposited in an epi-
continental ocean with a relatively high sea level. Thin-sections
from these three limestone layers shows less fossil fragments
than the thin-sections from other layers. This low amount of
biogenic fragments in the limestones also suggests worsening
conditions for the biotope that was previously used to clear wa-
ter and a low sediment supply, but that now became confronted
with an enhanced terrigenous input.
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In contrast, the samples from layers L3d and L4 show posi-
tive anomalies of 8'°C, with peak values of 3.0 and 2.3%o, re-
spectively. These two limestone layers contain more shell frag-
ments than the other layers, suggesting less terrigenous input
and thus enhanced organic carbon burial. It is important in this
context that 8"°C in limestone is more sensitive to climate
changes than §'°0.

INTERPRETATION OF THE DEPOSITIONAL
ENVIRONMENT

Carbon- and oxygen-isotope compositions provide indica-
tions about the salinity of the aqueous depositional environ-
ment. The redox conditions of the environment influence the
solubility of redox-sensitive elements in the sea water, and can
enrich or impoverish these elements in the sediment. Hence,
concentrations or ratios of specific redox-sensitive trace ele-
ments are commonly used to reconstruct the redox conditions
in ancient sedimentary systems (e.g., Dean et al., 1999;
Yarincik et al., 2000; Morford et al., 2001; Pailler et al., 2002).

Several of these proxies are therefore presented and dis-
cussed below in order to reconstruct the environment in which
the Taiyuan Formation was deposited.

SALINITY OF THE DEPOSITIONAL ENVIRONMENT

Two proxies are commonly used to interpret the salinity if an
ancient aqueous depositional environment. These concern the
8'°C and §'®0 values, and the Sr/Ba ratio.

SALINITY AS DEDUCED
FROM THE §"C AND §'®0 VALUES

The benchmark study by Keith and Weber (1964 ) proposed
correctly, as confirmed in later studies (see also Latal et al,,
2004; Guo etal., 2019), an empirical equation for estimating the
salinity of aqueous depositional environments by using §'°0
(with respect to SMOW — Standard Mean Ocean Water, in %o)
and 3'°C (with respect to PDB — Pee Dee Belemnite, in %o):

Z =2.048 x (8"C + 50) + 0.498 x (8'0 + 50)
where: Z — palaeosalinity.

If Z >120, the carbonate was probably deposited in a
high-salinity marine environment; if Z <120, deposition took
place in a low-salinity marine or a non-marine (lacustrine) envi-
ronment. The Z values have been calculated for all Taiyuan
limestone layers and were found to vary from 119.8 to 128.0,
suggesting that they were predominantly deposited in a high-
salinity marine environment. The L7 limestone layer, which con-
tains abundant quartz particles, has the lowest Z value (119.8),
suggesting that it was possibly deposited in a transitional (conti-
nental-to-marine) environment (Fig. 6).

SALINITY AS DEDUCED FROM THE Sr/Ba RATIO

Sr and Ba represent a unique group of coherent elements
with similar geochemical properties. Their distributions vary
closely with salinity, and are more easily concentrated in sea

water than fresh water (Schmitz et al., 1997). Several sedimen-
tary environments can affect the Sr/Ba ratio, due to the differ-
ences in chemical behaviour of these two elements.

The solubility of Ba compounds is distinctly lower than that
of Srcompounds, so that Ba commonly precipitates as BaSOy if
sulphate is present in the water (\Van Os et al., 1991). The Sr/Ba
ratio can consequently be used as an indicator to estimate the
marine or continental (mostly lacustrine) nature of the
depositional environment (Van Beek et al., 2003).

An Sr/Ba ratio of 1 is considered as the boundary between
fresh (Sr/Ba <1) and marine (Sr/Ba >1). The Sr/Ba ratio
throughout the limestone succession remains within the range
between 6.2 and 46.2, which is clear evidence of a marine
depositional environment.

REDOX CONDITIONS AS DEDUCED
FROM GEOCHEMICAL PROXIES

The concentrations of several chemical elements are, as well
as the ratios between some elements, proxies for the redox con-
ditions during (and directly after) sedimentation, as discussed
above. The most informative proxies are the combination of Cd
and Mo concentrations, the V/Cr ratio, and the Th/U ratio.

REDOX CONDITIONS AS DEDUCED FROM
THE Cd AND Mo CONCENTRATIONS

Cd and Mo are both redox-sensitive trace metals, and their
solubility under oxidizing conditions is higher than under reduc-
ing conditions, consequently resulting in their relative enrich-
ment in oxygen-depleted sedimentary facies (Rosenthal et al.,
1997; Adelson et al., 2001). It is commonly agreed upon that
carbonates are deposited in an oxygen-depleted environment if
the contents of Cd and Mo are higher than 1 ug/g and 8 ug/g, re-
spectively (e.g., Chaillou et al., 2002; Sundby et al., 2004).

In most of our samples, Cd and Mo are present in concen-
trations lower than 0.2 and 1.0 ug/g, respectively (Fig. 7). This
indicates that almost all limestones were deposited in an oxidiz-
ing environment.

REDOX CONDITIONS AS DEDUCED
FROM THE V/Cr RATIO

Cris commonly present as CrQ? " in oxidizing environments,
and as the reduced form (+3 valence) in reducing environ-
ments. V behaves similarly: it is well-soluble in an oxidizing en-
vironment (+6 valence, mainly as H,VO*") and less soluble un-
der reducing conditions (Hastings et al., 1996).

Jones and Manning (1994) suggested that Cr is often in-
corporated in clastic particles, for example, as a substitute for
aluminum in clay minerals, but it can also be absorbed or pres-
ent as chromite. Vanadium is constrained by organic matter,
and is concentrated in reducing environments (Jones and
Manning, 1994; Tribovillard et al., 2006). Jones and Manning
(1994) detailed that V/Cr <2 indicates an oxidizing
depositional environment, that 2< V/Cr <4.25 indicates some-
what oxidizing conditions, and that V/Cr >4.25 is evidence of
reducing conditions.

The V/Cr ratios of the Taiyuan limestone samples hardly
vary, showing distinctly low values, commonly <0.6 (Fig. 7).
This indicates pronounced oxidizing conditions of the sea water
when the limestones were deposited.
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REDOX CONDITIONS AS DEDUCED
FROM THE Th/U RATIO

Uranium ions maintain a high redox state (U*®) under oxidiz-
ing conditions, forming soluble uranyl carbonates in sea water.
Under reducing conditions, however, U is present in a lower re-
dox state (U™), forming insoluble uranous fluoride, and is
trapped into marine carbonates (McManus et al., 2005). Th is
less sensitive than U to fluctuations in the redox conditions and
remains permanently in its insoluble Th* state. This implies
that sediments deposited in reducing environments are rela-
tively rich in U and thus have lower Th/U values than those in
oxidizing environments (Sarin et al., 1990). It was suggested
(Pailler et al., 2002) that Th/U <2, 2< Th/U <7 and Th/U> 7 in
sediments indicate reducing, oxidizing and strongly oxidizing
sedimentary environments, respectively.

The Th/U ratios in the Taiyuan limestones vary between 2
and 5, except for a peak in L5 (Th/U = 7.9). This indicates over-
all oxidizing conditions (Fig. 8).

DISCUSSION

The Upper Carboniferous to Lower Permian Taiyuan For-
mation has for a long time raised hot debates about its
depositional environment and numerous arguments have been
put forward, both in favour and against marine and continental
settings (e.g., Han, 1990; Guo and Liu, 2000; Li and Wang,
2006; Song et al., 2011, 2016; Mao et al., 2018; Wang et al.,
2019). Part of the controversy is based on different views re-
garding the fossil content. Terrestrial plant remains have been
found, together with species representing a full-marine fauna
such as ammonites and crinoids; numerous microfossils have
been found as well, many of which indicate a transitional conti-
nental-to-marine environment. This might, in principle, be ex-
plained by facies shifts in a near-coast environment, but field
data do not provide any indication for such facies shifts.

Geochemical and isotope analyses of several chemical ele-
ments have therefore been carried out because they have been
found in the past decades to be fairly reliable proxies that can
help interpret the depositional environment.

The most important analyses carried out for the purpose are
the analyses of the §'°C and §'®0 values, and the Sr/Ba ratio,
because they provide insight into the salinity of the depositional
environment. Both proxies indicate a full-marine environment
(apart from, possibly, one limestone that may have been depos-
ited in a transitional environment). The common outcome for
both proxies supports this finding.

Equally consistent findings were obtained regarding the re-
dox conditions of the depositional environment. The three prox-
ies that were determined (Cd and Mo concentrations, the V/Cr
ratio, and the Th/U ratio) all yield the same outcome: an oxidiz-
ing environment. This is consistent with the full-marine setting
obtained through the proxies for the salinity.

The consistency between all outcomes must be considered
as strong evidence that the findings are correct, even though
the accuracies of the various proxies in themselves may be
questioned.

Obviously, this unavoidable conclusion raises the question
how the terrestrial fossils in the Taiyuan Formation can be ex-
plained. There are several possible explanations. One might be
that terrestrial plants have been eroded from a coast or, more
likely, have been supplied by rivers that discharged in the sea. It
is well-known that plants may drift away from their source over
long distances in oceans. It seems unlikely, however, that the
fairly frequent remains of terrestrial plants in the marine sedi-
ments of the Taiyuan Formation have such an origin. A second
possibility is that the plants were brought along by sediment
gravity flows. Although it has been found that such mass flows
can occur even in the mostly fairly shallow environment of
epicontinental seas (e.g., Chen et al., 2009; Van Loon et al.,
2012; Su et al., 2016; Wang et al., 2020), this seems also un-
likely, as no clear indications of mass transport have been de-
scribed from this formation.
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A solution for the “problem” of the terrestrial fossils may be
found in the explanation presented for another Chinese forma-
tion that was hotly debated for its marine or continental nature
for a long time: the Cretaceous Lingshandao Formation on
Lingshan Island in the Yellow Sea, 37 km south of Qingdao.
This formation was recently also investigated for its geochemis-
try (Yang et al., 2017), and it turned out that the geochemical
proxies indicate clearly that the setting was marine. Yet there
were, like in the Taiyuan Formation, terrestrial (carbonized)
plant remains and samples of which the geochemistry indicated
brackish, low-salinity conditions.

Analysis of the sedimentary facies of the Lingshandao For-
mation indicated that not only sediment gravity flows left turbi-
dites and debrites (Yang and Van Loon, 2016; Yang et al.,
2016) that brought terrestrial fossils to the deep-marine realm,
but that also sudden influxes of fresh water during high-dis-
charge phases of a river lowered the salinity of the ambient sea
water temporarily. This anomalous low salinity of the sea water
was preserved in the pores of the then deposited hyper-
pycnites, which are well-recognizable because of their numer-
ous couplets of mm-sized levels of fining-upward and coarsen-
ing-upward successions, caused by fluctuations in the dis-
charge of water and/or sediment by the river debouching into
the basin. Such high-discharge phases of fresh river water may
also explain the apparent low salinity when limestone L7 of the
Taiyuan Formation was accumulating. Hyperpycnites and tur-
bidity currents thus can well-explain the temporary relatively
low-salinity conditions of the Taiyuan Formation, although the
formation was deposited in a full-marine setting.

CONCLUSIONS

Petrological analyses and geochemical indices (8'°C ver-
sus 8'®0 versus Sr/Mn) of limestone samples from the
Taiyuan Formation in the Huainan Coal Basin (North China
Block) indicate that almost all limestones have been affected
by weak or negligible diagenetic alteration. Three limestone
layers are also associated with the high concentrations of re-
dox-sensitive elements (Mo, V, and Cd). These three layers
are interpreted to have been deposited in a sea during a high
sea level phase thanks to a temporary warmer climate and
with more terrigenous input than the other limestone layers.
Two layers with positive 8C anomalies suggest less
terrigenous input and a higher concentration of organic matter
in the sediment. The trace elements and 3'0 versus §'°C indi-
cate a full-marine oxidizing setting. The presence of terrestrial
plant fragments and the low-salinity of some limestone sam-
ples must be attributed to high-discharge phases of fresh river
water that resulted in hyperpycnal flows bringing the terrestrial
plant material to the full-marine realm and also temporarily
lowering the salinity locally.
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