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Abstract: Guadalupian organic-rich depositions within the eastern Paleo-Tethys Margin have
been attributed to coastal upwelling, but the idea has not been tested. Here, a suite of geochemical
proxies from the Gufeng Formation of the Lower Yangtze region (South China) are used to
investigate the formation mechanisms of organic matter accumulation. A high organic carbon
content and similar enrichments of bio/redox-sensitive trace metals show strong similarities to the
geochemical characteristics of modern upwelling sediments. The use of high Cd/Mo ratios and low
Co x Mn values characteristic of modern upwelling settings (Sweere et al. 2016) is replicated in the
Gufeng strata implying that Lower Yangtze area was dominated by persistent upwelling that
become less intense (seasonal?) later in the Guadalupian. Application of these new geochemical
proxies shows that the characteristics of modern upwelling systems, such as the formation of an
intense oxygen minimum zone (OMZ), can be confirmed in the ancient. Calculation estimates show
that primary productivity was sustained at moderate to high levels and was at comparable levels
to those of the modern Peru upwelling system. OMZ-related anoxic conditions (with transient

euxinic episodes) dominated permanently during the deposition of the Gufeng Formation and then
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became more intense conditions (euxinia) later in the Guadalupian. The radiolarian chert/siliceous

mudstone rhythms that coincide with fluctuations in major elements, organic carbon, total sulphur

and trace metal concentrations may reflect dilution by biogenic silica. Chert Zr/Al ratios are also

higher than in mudstone suggesting the cherts may record more winnowed deposition at the

margin of an ancient OMZ compared with a location within the OMZ for the mudstone. The organic

matter accumulation of the Middle Permian Gufeng Formation may be mainly controlled by the

upwelling-driven primary productivity and also influenced by the changes of anoxic/euxinic

conditions and the dilution of biogenic silica.

Keywords: geochemical proxies, high productivity, marine anoxia, trace metals, oxygen

minimum zone

1. Introduction

The Guadalupian interval saw the deposition of some exceptionally organic-rich sediments,

which have been associated with vigorous thermohaline circulation and upwelling of nutrient-rich

cold waters (Murchey and Jones, 1992; Beauchamp and Baud, 2002). In South China these

conditions are manifest as black chert-mudstone rhythms (i.e., Gufeng Formation, e.g., Feng et al,

1993; Kametaka et al, 2005; Yao et al., 2015; Wu et al., 2015), and they have been attributed to

multiple, interacting processes of upwelling and river runoff under the control of Milankovitch-

scale orbital forcings (Yao et al., 2015). One of the outstanding characteristics of the Gufeng

Formation is its extremely high total organic carbon (TOC) content, which is often greater than 20 %

(e.g., Liang et al., 2009; Saitoh et al., 2013; Du et al., 2015; Shi et al., 2016; Fig. 1b, c) making it one

of the most important Palaeozoic petroleum source rocks in China (e.g., Xu, 1990; Liang et al., 2009;

Du et al.,, 2015). However, there is little information available pertinent to the conditions



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

responsible for such organic-rich sediment deposition. An upwelling system has long been

considered a likely cause (Lv and Qu, 1989; Wang et al., 1997; Kametaka et al, 2005), but the

interpretation of the formation of these organic-rich sediment deposition is still unclear due to a

lack of diagnostic data to test such a scenario.

Generally, upwelling zones are not only areas of persistent high productivity in modern oceans

(e.g., the Peru Margin, Boning et al., 2004) but they are also considered important depositional

settings for ancient source rocks (Demaison and Moore, 1980; Parrish and Curtis, 1982; Parrish,

1982). Although it is easy to predict the location of ancient upwelling zones based on the their

palaeogeographic location (i.e., along the west coasts of continents; Parrish and Curtis, 1982;

Parrish, 1982) and lithologic characteristics (abundant phosphate, silica, and organic-rich

sediments; Lv and Qu, 1989; Wang et al.,, 1997; Kametaka et al, 2005), it is still difficult to

conclusively demonstrate that such sediments formed as upwelling deposits. Diagnostic

geochemical evidence is needed demonstrate the development of these ancient upwelling systems.

Different oceanographic and sedimentological factors, such as surface primary productivity

(e.g., Caplan and Bustin, 1999; Pedersen and Calvert, 1990; Tyson, 2005), bottom water redox

conditions (e.g., Canfield, 1989; Demaison and Moore, 1980) or dilution of terrestrial inputs (e.g.,

Ibach, 1982; Sageman et al., 2003), are generally considered the primary mechanisms for

contributing to the accumulation of organic-rich sediments. In addition, high productivity increases

the sinking flux of organic matter, thus favouring reducing conditions at depth, and intensified

anoxia results in greater P recycling, enhancing marine productivity in surface waters (Wignall,

1994; Algeo and Ingall, 2007). To better understand the effects of enhanced anoxia and increased

productivity on organic matter accumulation in the Gufeng Formation, a comprehensive
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geochemical study has been carried out.

In this study, we use a series of geochemical proxy data, including total organic carbon (TOC),
total sulfur (TS), and major and trace element concentrations of the Middle Permian strata of the
Hexian core from the Lower Yangtze area to analyse an ancient upwelling system, reconstruct
palaeoenvironments and improve our understanding of the controlling factors of organic matter
accumulation. Changes in this sedimentary environment, including upwelling-driven primary
productivity, OMZ-related anoxic conditions and controls on organic enrichment are further
discussed to evaluate their role in organic matter accumulation.

2. Geologic setting

The South China block was situated in the equatorial eastern margin of the Paleo-Tethys
Ocean and likely subject to prevailing northwest trade winds (Enkin et al., 1992; Wang and Jin,
2000; Fig. 1a). Intensive upwelling systems are thought to have stretched for hundreds of
kilometres along its margins during the Guadalupian (~272-262 Ma) based on the widespread
radiolarian chert and phosphate deposits on the northwest Yangtze Platform (Lv and Qu, 1989;
Wang et al., 1997; Kametaka et al, 2005). During this period, Gondwanan glaciation and cool
climates could have promoted a vigorous thermohaline circulation and intense upwelling
(Beauchamp and Baud, 2002). The widespread Gufeng Formation, a black, radiolarian chert-
mudstone succession characterized by extremely high TOC content (typically 4.3-16.8 %, with a
maximum of 27.6 %, Fig. 1b, c) was deposited along the northwest margin of the Yangtze Platform
(Fig. 1d). In the late Guadalupian, chert deposition was replaced by siliciclastic sedimentation
(Yinping Formation) possibly as a consequence of the cessation of the upwelling and/or global

regression (Bureau of Geology and Mineral Resources of Anhui Province, 1989; Yao et al., 2015).
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Fig. 1. (a) Late Guadalupian palaeogeography of the world. Base map from Ron Blakey

!http://cpgeosvstems.com1. (b-c) Stratigraphic distribution and TOC characteristic of the Guadalupian organic-

rich sediments in the Lower and Upper Yangtze area (modified from Liang et al., 2009; Saitoh et al., 2013; Shi et
al., 2016; Wu et al., 2015). (d) Late Guadalupian palaeogeographic reconstruction of South China (modified from
Yao et al., 2015).

Permian formations of the Lower Yangtze area are subdivided into the Qixia, Gufeng, Yinping,
Longtan, and Dalong Formations in ascending order (Fig. 2). The Middle Permian strata are mainly
composed of the Gufeng Formation and Yinping Formation (Fig. 2). In this study, we have
principally focussed on the Gufeng Formation of the Hexian area, which is composed of two
lithostratigraphic units (Fig. 2): a Lower chert-mudstone member (LCMM) and an Upper mudstone
member (UMM). The LCMM is characterized by alternating beds of chert and siliceous mudstone,
and the UMM consists only of black siliceous mudstone. The black chert contains microcrystalline
quartz and/or chalcedonic quartz, organic particles and abundant well-preserved radiolarians (Fig.

2 a, b), whereas the black siliceous mudstone is mostly homogenous and lacks coarse terrigenous
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98 clastic materials (Fig. 2c). Pyrite framboids are common accessory minerals in both units (Fig. 2d).
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Fig. 2. Permian stratigraphy in the Lower Yangtze region (Yao et al., 2015) and lithologic strata of the Upper
Gufeng Formation (LCMM and UMM) and the Lower Yinping Formation (LSM) in the Hexian area. (a) Black chert
(sample 1-28) including abundant spheroidal radiolarians filled with chalcedonic quartz. (b) Radiolarian with a
complete ring structure (sample 1-28). (c) Black siliceous mudstone with little radiolarians (sample 1-25). (d)

Closed, small pyrite framboids of the siliceous mudstone (sample 1-25).

99 3. Samples and methods

100 A total of 39 samples, including black chert (n = 15) and siliceous mudstone (n = 24), were
101 collected from the Upper Gufeng Formation of the Hexian core (Table 1, Fig 2) and pulverized to
102 200 mesh for geochemical analysis. Both TOC and TS content were measured by the Elementar®
103 Vario MACRO CHNS elemental analyser at the Key Laboratory of Surficial Geochemistry of the
104 Ministry of Education, Nanjing University. All samples were treated with 2 N HCl for 24 h to remove
105 inorganic carbon, washed to neutral and dried for the final tests on the machine. Analytical
106 precision was determined based on replicates of one reference material and two duplicate samples
107 during each run (n = 10), and was typically better than 1 % for TOC and 5 % for TS.

108 The major element concentrations were determined by wavelength-dispersive X-ray
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fluorescence spectrometry (XRF) technique on fused glass sheets. These were prepared by
thoroughly mixing 1 g of the powdered samples with 11 g of a co-solvent (Li2B407/LiBO,/LiBr:
49.75 %/49.75 %/0.50 %) before they were melted in the platinum crucible using a THEOXD fully
automatic electric melting furnace operating at 40 kV and 75 mA. Approximately 0.5 mg of the
sample powders were weighed to burn in a muffle furnace at 1050 °C for 2 h. Loss on ignition (LOI)
was calculated by the difference values of those burned samples. The sample analyses were carried
out using an ARL9900 XRF with the geological standard (GBW-07103 and GBW-07105), yielding an
analytical precision of £ 1 % for sample concentrations larger than 1 % and + 10 % for sample
concentrations less than 1 %.

The trace elements were measured using a Finnigan Element 2 mass spectrometer. Sample
preparation was performed in a 100 ultra-clean laboratory using a brief experimental process that
can be described as follows. @ Approximately 50 mg of each sample powder was weighed into
PTFE inner cans and then dissolved with 1.5 mL of Concentrated (Conc.) HF before being
evaporated to a nearly dry condition on a hotplate (130 °C); @ 1.5 mL of Conc. HF and 1 mL of
Conc. HNO; were added to the cans, which were then re-sealed into steel jackets before being
heated at 190 °Cin an oven for 72 h; @ after cooling, the jackets were opened and evaporated at
130 °C to a nearly dry condition on a hotplate, and the evaporation process was repeated twice
while adding 1 mL of Conc. HNO3; @ the resultant salt was re-dissolved with 1 mL of Conc. HNO3
and 2 mL of H,0 before it was again sealed and heated in the steel jacket in an oven at 190 °C for
12 h; and @ after cooling, the final solution was transferred to a polyethylene bottle and diluted
with 1 mL of a 500 ng/mL Rh internal standard solution to 50 mL for ICP-MS analysis. The analytical

precision, determined by analyses of two international rock standards and two duplicate samples
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during each run (n = 15), was typically better than 5%. Both major and trace elements were

analysed at the State Key Laboratory for Mineral Deposits Research, Nanjing University.

Generally, enrichment factors (EFs) calculated as Xee = (X/Al)sample/(X/Al)aucc (Brumsack, 2006;

Tribovillard et al., 2006) were used to exclude the dilution effects and assess the authigenic fraction,

in which X and Al are the weight concentrations of elements X and Al, respectively. The sample

concentrations were normalized to the value of average upper continental crust (AUCC; McLennan,

2001). Detrital fraction (TMgetr = Alsample X (TM/Al)aucc, Brumsack, 2006; Tribovillard et al., 2006),

biological fraction (TMpic = TOCsample X (TM/TOC)piankton, Little et al., 2015; Scott et al., 2017), and

aUthigeniC fraCtIOﬂ (TMauth = TMbuH(_ Alsamp|e(TM/A|)AUCC_ ToCsamp|e X (TM/TOC)plankton, SCOtt et al.,

2017) were used to identify the different fractions of trace metals (TMs) in sediments. The TM/TOC

ratios for phytoplankton are from Ho et al., 2003; Ho, 2006; Moore et al., 2013; Little et al., 2015.

It's noteworthy that the negative TMauh values were interpreted as no substantial authigenic

component in the trace elements and then were uniformly set to zero for convenient discussion.

4. Results

4.1 TOCand TS

The TOC and TS contents of the 39 samples are shown in Table S1. The residual TOC content

of the Gufeng Formation is, on average, 12.4 % and ranges from 2.4 to 19.0 %. Systematic variations

coincide with the lithological cycles (Fig. 3). Chert has a mean value of 8.5 %, whereas siliceous

mudstone has a higher mean value of 14.9 %. It is noteworthy that both chert and siliceous

mudstone in the Gufeng Formation have extremely high TOC enrichment values relative to that of

average shale (Fig. 5 a). The TS contents also varied systematically throughout the profile (Fig. 3).

Chert has a relatively low TS content (mean 1.3 %), whereas siliceous mudstone has a higher TS
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content (mean 3.0 %). Almost all chert samples contain <2 % TS and <12 % TOC, whereas most

siliceous mudstone samples contain >2 % TS and >12 % TOC. In addition, the UMM has relatively

higher TOC and TS contents (mean 16.5 % and 3.6 %, respectively) than the LCMM (mean 11 % and

2.1 %, respectively).
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Fig. 3. Stratigraphic distributions of Hexian core for SiO,, Al,03, Ka,0O, TiO,, Zr, Zr/Al, TOC, P, Ni, TS, Mo and U.

The red dotted lines indicate the values of average upper continental crust (AUCC, McLennan, 2001), and the
blue dotted line indicate the values of Peruvian sediments (Boning et al., 2004). Abbreviations: Ser. = Series, Stg.

= Stage, Form. = Formation, Litho. =Lithology.

4.2 Major elements

The major elemental compositions of the 39 samples are listed in Table S2. The Gufeng
Formation is enriched in SiO, (mean 65.6 %) relative to Al,O3 (mean 5.4 %) and CaO (mean 4.0 %),
which are considered the major components of clay-rich mudstone (e.g., Ross and Bustin, 2009).

The distinct enrichment in SiO, compared to Al;03 is due to the abundant radiolarian content
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(which is often converted into microcrystalline quartz and/or chalcedonic quartz during diagenesis).

Clear negative correlations (R?= 0.68) are observed between the abundance of SiO, and Al,Os for

individual chert and mudstone beds (Fig. 4a), indicating the dilution of radiolarian remains by

terrigenous detrital inputs (or vice versa). The Al;Os in the chert and siliceous mudstone of the

LCMM also exhibits a negative correlation with CaO (Fig. 4b), which suggest that Ca has a distinct

origin, such as a biogenic source. The Gufeng Formation samples have low (<1%) TiO, and K;O

contents that fluctuate considerably. The Al,Os shows a strong positive correlation with TiO; and

K,O (R%= 0.86 and 0.92, respectively), which suggests that Ti and K are associated with a detrital

source linked to clay minerals (Fig. 4c, d). The Fe,03 contents of the Gufeng Formation are relatively

high (mean 3.0 %), but they are lower in the bottom of the LCMM, and they have a good correlation

with TS (R? = 0.94, Fig. 4f). The chert and siliceous mudstones in the LCMM have relatively low P

contents (mean 200 ppm and 435 ppm, respectively, Fig. 3), whereas the siliceous mudstones of

the UMM have higher P contents (mean 528 ppm).

The enrichment factor is commonly used to estimate the enrichment degree of elements in

sediments compared average upper continental crust. The major element enrichment factors of

the Gufeng Formation are shown in Table S2 and Fig 5a. Both chert and siliceous mudstones have

relatively high EF values for Ca, Si, P and Mg but relatively low EF values for K and Ti (Fig. 5a). The

Fe content shows a slight enrichment in siliceous mudstone, but a slight depletion in chert (Fig. 5a).

The enrichment of Ca, Si and P can be attributed to the biogenic sources, while the depletion of K

and Ti suggest a low terrigenous input.
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the values of average upper continental crust (AUCC, McLennan, 2001).

4.3 Trace elements

The analytical results for the trace elements content and relevant parameters are given in
Table S3. Trace element concentrations in the Gufeng Formation fluctuate, with relatively low
contents in chert and higher values in siliceous mudstone. The enrichment factors of most, large
ion lithophile trace elements (e.g., Be, Ce, Cs, La, Pb and Rb) are relatively uniform in all lithotypes
(Fig. 5b) due to their terrigenous origin, whereas Ba, which is derived from both detrital and
biogenic origins and is recycled in a more reducing water columns, is relatively depleted in the

mudstone. The enrichment factors of most, high-field-strength elements (Zr, Hf, Nb, Ga and Th),
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sequence compared to AUCC (McLennan, 2001). A horizontal line represents EFaucc = 1 to emphasize element

enrichment or depletion.

191 also show relatively uniform values in all lithotypes, except for Ta (Fig. 5b). All lithologies of the

192 Gufeng Formation are enriched in redox-sensitive trace elements (RSTEs, e.g. Cu, Zn, Cr, U, V, Mo

193 and Cd; Fig. 5b), even when compared with other organic-rich sediments. The LCMM has high and

194 fluctuating Ni values, whereas the UMM has relatively stable and higher Ni values (Fig. 3). The Mo

195 and U have similar variations, with high contents in the Gufeng Formation and peaks in the lower

196  LCMM and UMM (Fig. 3).
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5. Discussion
5.1 Identifying sources and fractions of trace elements

Trace metals can be of detrital, biological and authigenic origin in the black shales (e.g., Scott
et al., 2017), and distinguishing these components is crucial when interpreting the
palaeoenvironmental setting. The dilution effect of detrital (e.g., aluminosilicates) and biological
(e.g., biogenic silica) materials, is also known as the closed-sum effects (Rollison, 1993; Van der
Weijden, 2002), and is a major factor when interpreting trace metal abundances. Accounting for
these effects can be achieved by normalization of element concentrations to Al (e.g., Calvert and
Pedersen, 1993; van der Weijden, 2002), a technique which assumes the Al is entirely of detrital
origin, which is not without its pitfalls (van der Weijden, 2002; Tribovillard et al., 2006). To make
results of the normalization procedure easier to interpret, here we calculated the detrital,
biological and authigenic fractions (e.g., Tribovillard et al., 2006, Scott et al., 2017) to identify the
main sources of trace elements in our samples.

The detrital contents of most TMs (e.g., Zn, Cr, U, V, Mo and Cd) in our samples are estimated
to account for the small part (<~10%, Table S4, Fig. 6 and 7a, b, c). And values of these trace metals
in phytoplankton (TM/TOC ratios, e.g., Ho et al., 2003; Moore et al., 2013; Little et al., 2015), which
can be used as a rough estimate of the potential biogenic component (Scott et al., 2017), indicates
that the biological fraction in sediments is small and can be ignored (Table S4, Fig. 6 and 7d, e, f).
As shown in figure 6 and Table S4, the main part of these trace elements, except Mn and Co, resided
in sediments is authigenic fraction, which may be mainly preserved as their sulphides (Fig. 7g, h, i)
and very valuable when trying to interpret geochemical data. Thus we will use bulk concentrations

of TMs for interpretation in the following discussion, due to the small detrital and biological
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Fig. 6. Comparison of detrital, biological and authigenic fractions of trace metals in the Gufeng Formation.
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lines indicate the values of average upper continental crust (McLennan, 2001), and the red lines indicate the
values of Modern oceanic phytoplankton (Little et al., 2015). The legend is the same as figure 4.
221 5.2 Geochemical evidence of coastal upwelling
222 Modern coastal upwelling settings (e.g., the Peru and Namibia margins) are characterized by
223 high primary production, high organic matter and trace metal accumulation and the formation of
224 an OMZ with intense sulfate reduction at its core (Boning et al., 2004, 2015; Brongersma-Sanders
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et al., 1980; Robinson et al., 2002; Scholz et al., 2011). A suite of geochemical proxies, from these

modern upwelling settings, can be used to identify ancient sediments formed under upwelling

from other marine environments and help reconstruct palaeoenvironments.

5.2.1 High TOC contents

The highest accumulation rate of OM, indicated by corresponding sediment TOC content, can

locally reach 27% on the Peru Margin and Namibian Shelf, is an important characteristic of modern

upwelling settings (Brongersma-Sanders et al., 1980; Robinson et al., 2002; Boning et al., 2004,

2015; Scholz et al., 2011). The black chert-mudstone rhythmic sequence of the Gufeng Formation

in the Hexian area has an extremely high TOC content, similar to those of the modern upwelling

settings (Boning et al., 2004; Brongersma-Sanders et al., 1980; Robinson et al., 2002; Scholz et al.,

2011). Values are higher than those found in modern euxinic environments (e.g., Black Sea and

Cariaco Basin, Lyons and Berner, 1992; Lyons et al., 2003). Thus, the especially high TOC values

(>20 %) along many sites on the northwest margin of South China (Fig. 1b, c), are considered

particularly indicative of high OM accumulation and primary productivity of an ancient upwelling

system, although the cherts are notably less enriched (Fig. 3, 5a). This is likely to reflect dilution of

the biogenic silica although it may also reflect oscillation of the palaeo-OMZ with more radiolarian-

rich sediments developed at the margins of the zone.

5.2.2 Bulk sedimentary composition

The chemistry of modern upwelling sediments is typically dominated by a mixture of

lithogenic material, biogenic opal and biogenic carbonate (e.g., Béning et al., 2004, 2005). The

similarity of the Gufeng Formation bulk sedimentary composition (except for P content) suggests

comparable sediment sources (e.g., the Peruvian sediments, Fig. 8). Thus, the high enrichments of
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Ca and Si suggest a biogenic origin due to high primary productivity, and the low enrichments of
other detrital proxies (e.g., Mg, K, Ti) indicate low inputs of terrigenous detritus in a deep water
setting far from shore. The lack of P enrichment in the Gufeng Formation may be the result of a
stronger remineralization in more reducing conditions than those eencountered on the modern
Peru margin (e.g., Ingall and Jahnke, 1997; Boning et al., 2004), which is further confirmed by the
higher TOC/TP ratios (mean 355) of the Gufeng Formation. Although some samples show major
excursions in SiO, due to higher amounts of radiolarian remains, most samples plot close to values

from modern upwelling settings (e.g., Gulf of California, Namibia, Peru), as shown in Figure 9.
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Fig. 8. (a) Enrichment factors (EFs) of TOC and major elements in Gufeng chert-mudstone sequence, in
comparison to Peruvian sediments (Boning et al., 2004, 2009). (b) Crossplots of Peruvian sediments and

Gufeng Formation with average values of their TOC, TS and major elements.
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Fig. 9. Components of the Gufeng Formation in the system SiO,-Al,03 x 5-CaCOs3 x 20 (relative weight ratios)
(modified from Boning et al., 2004). The square represents the data point for average shale (Wedepohl, 1991).
GoC = Gulf of California, N = Namibia, P = Peru (Brumsack, 1989; Boning et al., 2004; Borchers et al., 2005).

5.2.3 Bio/redox-sensitive trace metal (TM) accumulation

Many modern upwelling sediments (e.g., the Gulf of California, Brumsack, 1989; Namibia
Margin, Calvert and Price, 1983; Peru Margin, Boning et al., 2004; Chilean Margin, Boning et al.,
2005, 2009) are characterized by significant enrichments of many trace metals (e.g., Cd, Cu, Cr, Ni,
Mo, U, V, and Zn) due to high primary productivity and/or enhanced preservation under oxygen
deficiency (Boning et al., 2004, 2009). The Gufeng Formation shows extremely high Cd and Mo
contents, high Cu, Zn, Ni, Cr, U and V contents, slightly elevated Co and Pb, and depleted Mn (Fig.
5 and 10a). These bio/redox-sensitive TM enrichments are typical of those seen in upwelling
settings (e.g., BOning et al., 2004, 2009), as confirmed by the strong correlation of TM
concentrations of the Gufeng Formation with modern Peruvian upwelling sediments (Fig. 10b). The
co-occurrence of extremely high Cd and Mo enrichments, in contrast to other TM in both the
Gufeng Formation and modern upwelling sediments, is a further feature that distinguishes
upwelling systems from marine environments where restricted conditions lead to anoxia (Sweere

et al., 2016). Such enrichments are associated with the high primary productivity and reducing
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condition of OMZs (e.g., Boning et al., 2004). The slightly higher overall enrichment of TM contents

in the Gufeng Formation (Fig. 10a) may be due to factors such as the higher availability of metals

in Permian seawater or a difference of terrigenous input. However, the significantly depleted Mn

may be the result of its significant loss within the OMZ and/or the reducing sediments, and the

slightly elevated Co may result from its fixation as a sulfide when sulfidic conditions prevail (Heggie

and Lewis, 1984). Therefore, the significant bio/redox-sensitive TM enrichment in the Gufeng

Formation suggests an upwelling setting characterised by high productivity and strongly reducing

conditions.
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Fig. 10. (a) Enrichment factors of several bio/redox-sensitive TM for Gufeng samples in comparison to Peruvian
sediments (Boning et al., 2004, 2009). (b) Crossplots of Peruvian sediments and Gufeng Formation with average

values of these bio/redox-sensitive TM.

5.2.4 Cd/Mo ratio and Co x Mn value

Due to the significant depletion of Mn and Co and the exceptional enrichment of Cd and Mo
in modern upwelling sediments (e.g., Peruvian Margin, Boning et al., 2004), the combined use of
the Cd/Mo and Co x Mn proxy has been proposed as a valuable way to distinguish upwelling

environments from other marine environments, especially restricted settings such as the modern
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Black Sea (Sweere et al., 2016). High Cd/Mo ratios above 0.1 and low Co x Mn values below 0.4 or
low EF(Mn) x EF(Co) values below 0.5 are typical for sediments from coastal upwelling settings
(Sweere et al., 2016). Furthermore, those areas subject to persistent upwelling (e.g. Peruvian
Margin) having much higher Cd/Mo ratios and lower Co x Mn or low EF(Mn) x EF(Co) values than

those with only transient/seasonal upwelling (e.g. Gulf of California).
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Fig. 11. (a) Cd/Mo ratios versus TOC content (%). (b) Mo versus Cd plot showing characteristic of upwelling
setting. (c) Co x Mn versus Al. (d) Cogr x Mnge versus Al. (inferred conditions based on modern settings, after

Sweere et al., 2016).

The average Cd/Mo values of the Gufeng Formation is 0.79 suggests strong upwelling (Fig.
11a) as a result of a large flux of plankton-associated Cd to the sediment. This is confirmed by the
clear co-variation (R?=0.58) between the Cd/Mo ratio and TOC content of the LCMM (Fig. 11b). The
presence of free H,S resulting from sulfate reduction seems to be the key process for their

accumulation (Boning et al., 2004, 2009). In contrast, there is no correlation for both elements in
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the UMM where increased Mo, but unchanged Cd contents, suggests a euxinic environment but

one only subject to seasonal upwelling (Fig. 11b).

The low Co x Mn values (below 0.4) and low EF(Mn) x EF(Co) values of the Gufeng samples

(Fig., 11c,d) is also distinctive and typical for modern sediments from continental margin upwelling

settings where the Mn (and probably also the Co) is lost to a “conveyor belt” process (current

transport of soluble Mn) (Sweere et al., 2016). In such a scenario, where there is weak authigenic

enrichment of these TMs, the Co and Mn are associated with detrital input only. The relatively

good correlation between Al and Co x Mn values in the Gufeng Formation is consistent with this

detrital scenario (Fig., 11c).

5.2.5 P-Cd and Cd-Mo

The strong association of Cd and P in modern oceans (Boyle et al., 1976; Bruland, 1983), and

phosphatic deposits (e.g., Baturin and Oreshkin, 1985; Nathan et al., 1997), indicates a significant

relationship between them in biodetritus and sediments (Boning et al., 2004). However, the

Peruvian Margin sediment has a unique characteristic with significantly enriched Cd but rather low

P contents, which results from the preferential loss of P relative to Cd in the reducing water column

or sediments (Boning et al., 2004). Furthermore, sediments within the OMZ have more enriched

Cd and relatively increased P compared to samples from the upper edge of the OMZ (Boning et al.,

2004). Similarly, exceptionally enriched Cd and Mo in sediments from the centre of the OMZ

compared to moderate enrichments from the zone’s margins (Boning et al., 2004) could help

distinguish between different OMZ sites in the past.

The Gufeng Formation sediments are characterized by extremely enriched Cd and Mo with

rather low P contents, which are very similar to those of the Peruvian Margin. The strong



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

correlation of Cd and P (R?= 0.80) in the LCMM (Fig. 12a) suggests that this similar nutrient-like

distribution in these ancient sediments with a high productivity supported by sufficient Cd inputs

with efficient P cycling, whereas the good correlation for Mo and Cd (R = 0.58) in the LCMM

suggests similar mechanisms of preservation. With its increased P and Mo contents, and a stable

Cd content the UMM (Fig. 12), may have had a more limited supply of Cd due to less persistent

(seasonal?) upwelling. The distinct differences in the distribution and enrichment of these

elements between chert and siliceous mudstone in the LCMM suggest that they may have

developed in different OMZ sites resembling the modern Peruvian Margin. As shown in Figure 12,

the chert mainly deposited in the upper edge OMZ whereas the siliceous mudstone deposited

within OMZ. Alternatively, the dilution effect of radiolarian silica in the chert may be responsible

for the depletion of TM concentrations.
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Fig. 12. Scatter plots of (a) Pxs vs. Cd, (b) Mo vs. Cd. (modified from Boning et al., 2004)

5.3 Reconstruction of this ancient upwelling environment

5.3.

1 Upwelling-driven primary productivity

The metal Ni is used as a reliable indicator of organic sinking flux because it is only weakly

associated with sulfur and manganese cycling in the water column and sediments (Boning et al.,

2015), whilst other bio-sensitive elements (e.g., Cu, Cd and Zn) are rapidly removed during euxinia
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as sulfides (Haraldsson and Westerlund, 1988; Morse and Luther, 1999). In addition, the strong
correlation of Ni and original chlorophyll flux in modern oceans indicates a direct biochemical
association of Ni with productivity, which further supports the idea that Ni can serve as a more
robust indicator for productivity (Boning et al., 2015).

In this ancient upwelling setting, the significant linear relationship between Ni and TOC of the
Gufeng Formation (R% = 0.63) supports the use of Ni as an indicator of productivity (Fig. 13).
Peruvian OMZ sediments also record covariance of Ni and TOC indicating this is a distinct
characteristic of upwelling systems. The Ni concentrations in the Gufeng Formation follow the
stratal cyclicity with relatively low values in the chert but higher values in the siliceous mudstone
(Fig. 3) probably due to dilution effects of the radiolarian flux in the cherts. In contrast, values are
stable in the lithologically uniform UMM and closely comparable to values from Peru upwelling
sediments although with higher Ni/TOC ratios (Fig. 13). Thus these systematic variations suggest

that primary productivity was sustained at moderate to high levels.
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Fig. 13 Scatter plots of Ni vs TOC of Gufeng Formation (after Boning et al., 2015).

Both TOC and TP contents are commonly considered useful indicators of primary productivity

(e.g., Schoepfer et al., 2015; Shen et al., 2015), and they too vary with the alternation of chert and
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siliceous mudstone which again could be due to dilution effects (Fig. 3). Furthermore, primary

productivity can be estimated using the empirical formula PRODprim = (108> x TOC x LSR x p)°43,

where LSR represents the consistent linear sedimentation rate (m Myr?) and p represents the

sample bulk density (g cm™3) (Schoepfer et al. 2015). Owing to the close distance (~50 km) and

similar palaeogeographic environment (slope/basin) within the Chaohu area, we consider that the

Hexian area has a consistent LSR with the Chaohu area of 4.8 m/Myr (Yao et al., 2015). For

convenience, p was assumed to be 2.5 g cm™ for all samples. The calculation gives estimated

palaeo-productivity ranging from 2—4.9 x 10* mg cm? kyr* with an average of 4 x 10* mg cm2 kyr-

. These values are similar to those of modern upwelling environments (e.g., Chile-Peru coast,

California Current and Benguela Current, 3.2 — 4 x 10* mg cm kyr?, Longhurst et al., 1995).

5.3.2 OMZ-related anoxic conditions

Redox-sensitive trace element concetrations (e.g., Mo and U) are widely used to decipher and

reconstruct palaeoenvironmental conditions (Wignall, 1994; Tribovillard et al., 2006). The high Mo

values in the LCMM mostly fluctuate between 25 and 100 ppm (Fig. 3) suggesting an anoxic

environment with intermittently euxinic conditions (e.g., Scott and Lyons 2012). The subsequent

abrupt increase in Mo values (> 100 ppm) in the UMM indicate a permanently euxinic condition

with abundant dissolved Mo in the ocean, which suggests an unrestricted supply of Mo (Fig. 3).

This is further confirmed by similar changes of the U and TS contents (Fig. 3). Therefore,

permanently anoxic conditions (with transient euxinic episodes) dominated during deposition of

the LCMM, whereas more intense conditions (euxinia) dominated during the deposition of the

UMM.
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5.3.3 Sediment inputs

Elements such as Al, K, Ti and Zr are rarely influenced by biogenic or diagenetic processes and

have thus been widely used as detrital influx indicators (Tribovillard et al., 2006). The Gufeng

Formation is characterized by low contents of these detrital-element proxies relative to the average

upper continental crust (AUCC; McLennan, 2001) suggesting a distal environment and dilution with

biogenic material. The strong, positive correlations between Al;,03 and K,O, TiO,, Zr (R*=0.92, 0.86

and 0.54, respectively, Fig. 4c, d, e) supports their detrital origin and indicates a constant source

area (e.g., Ross and Bustin, 2009). Systematic variations of these detrital-element proxies in the

Gufeng Formation follows the chert-mudstone rhythms (Fig. 3), and reflects fluctuations of

biogenic silica production and/or terrigenous flux, likely under the control of Milankovitch-scale

orbital forcing (Yao et al., 2015).

5.3.4 Hydrodynamic conditions

The Zr/Al ratio can be used to indicate the intensity or persistence of bottom currents due to

the enrichment of Zr in heavy mineral fractions which can be concentrated during winnowing (e.g.,

Dellwig et al., 2000; Boning et al., 2004, 2005). Higher Zr/Al ratios result from enrichment of the

heavy, detrital mineral fraction at the expense of clay minerals (B6ning et al., 2005). The Zr/Al ratios

of the LCMM are variable, with high ratios in chert and low ratios in siliceous mudstone, whereas

the ratios of the UMM are more stable and lower (Fig. 3). The higher Zr/Al ratios in the chert

suggest more persistent bottom currents relative to the siliceous mudstone, thus we propose that

the lithological variations may record different locations relative to an expanding and contracting

OMZ (Fig. 14). Additionally, the extremely high Zr/Al values in the upper LCMM could include

volcanic input from the Emeishan Large Igneous province.
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5.3.5 The possible depositional model

During the Guadalupian, intense perennial upwelling developed with fluctuant primary

productivity and anoxic/euxinic conditions dominated in the eastern Paleo-Tethys Margin of

South China. During the deposition of the chert, transgression introduces abundant nutrients

supply and results in enhanced thermohaline circulation, which further stimulates marine

productivity and results in more ventilated OMZ (Fig. 14a). This high productivity resulted in a

sufficient silica supply and OM to the sediments. However, the stronger bottom current activities

and relatively weak reducing conditions could lead to the relatively poor preservation of organic

matter and, thus, the relatively low TOC content in the chert. During the deposition of siliceous

mudstone, regression associated with increased sediment inputs and intensified recycling of P

maintained this high productivity. Enhanced heterotrophic respiration and subsequently subdued

thermohaline circulation could have led to an expansion of the OMZ and, subsequently stronger

reducing conditions (Fig. 14b). Combined with these weakened bottom current activities, as

suggested by the less winnowed deposition within the ancient OMZ, both could have played a

role in the preservation of OM and thus led to the higher TOC contents in the siliceous mudstone.

During the late Guadalupian, with the subdued upwelling activity and great regression, a

rapid rise in the oceanic chemocline and diminished ocean circulation resulting from rapid global

warming, which was triggered by the eruption of the Emeishan flood-basalt plateau in South

China (e.g., Zhou et al., 2002; Wignall et al., 2009), may have led to a well-stratified water column

and subsequently decreased oxygen exchange between the different water masses. During the

deposition of the UMM, coupled with higher primary productivity (Fig. 14c), the intensified

euxinic condition caused by a decreased oxygen exchange between the different water masses
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further slowed down the decay of the labile organic-matter and favoured their enhanced

preservation in deeper water sediments and, thus, the highest TOC content.
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Fig. 14 A coastal upwelling model for the deposition of the Gufeng Formation along the eastern Paleo-Tethys
Margin showing locations, relative to the OMZ, for the three main lithotypes (modified from Schoepfer et al.,

2013).

5.4 Implications for the organic matter accumulation

Generally, coastal upwelling settings have high primary productivity resulting from the
enhanced nutrient supply from deep waters (Boning et al., 2004, 2015; Brongersma-Sanders et al.,
1980; Robinson et al., 2002; Scholz et al., 2011). The estimated palaeo-productivity of the Gufeng
Formation indicates similar primary productivity levels to those seen in modern upwelling setting,
which led to sufficient or even excess OM to transfer to the bottom water. The good correlation
between TOC and Ni also suggests that the OM influx increased with the enhanced primary
productivity (Fig. 13), which indicates that primary productivity could have direct controls on OM

accumulation. Although this high upwelling-driven primary productivity persisted, anoxic/euxinic
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conditions occurred in the upwelling OMZ could also contribute to the burial and preservation of

OM and thus the high TOC content (e.g., Boning et al., 2004, 2015; Brongersma-Sanders et al.,

1980; Robinson et al., 2002; Scholz et al., 2011). However, the use of the Sweere et al. (2016)

discrimination diagram for tracking the relative importance of productivity versus preservation

shows that the Gufeng OM-enriched sediments fall in the productivity-controlled upwelling sector

(Fig. 15). Therefore, this upwelling-driven high primary productivity plays a major role in organic

matter accumulation.
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Fig. 15 Scatter plots of Co x Mn vs. Cd/Mo showing samples from the Gufeng Formation plot in the modern

field for upwelling/high productivity (from Sweere et al., 2016).

Changes of sediment input have also been shown to influence organic matter accumulation

by dilution or adsorption (Sageman et al., 2003; Lash and Blood, 2014; Zeng et al., 2015). As

shown in figure 16, the relationship between the TOC and terrigenous elements is complex. The

positive correlations of detrital proxies (e.g., Al) and TOC (R?= 0.69, Fig. 16a) in the Gufeng

Formation suggests that both are controlled by dilution with biogenic silica (Fig. 4a, 16b). In

addition, clay minerals provided sites for organic matter adsorption on the aluminosilicates which

can aid preservation of OM (Kennedy et al., 2002).

Sediment transport and reworking by strong bottom currents must exert a major control on

OM preservation on the Peru Margin (Suess et al., 1987; Arthur, 1998). However, the weak
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correlation between Zr/Al and TOC (R?= 0.13, Fig. 16c) in the Gufeng Formation indicates that

bottom currents did not play a role in the preservation of OM. In addition, sediment bulk

accumulation rates (Algeo et al., 2013; Tyson, 2005) may play an important role in the OM

accumulation. However, the very weak correlation between TOC abundances and Ti/Al (RZ=0.08,

Fig. 16d), which has been used as an indicator of sedimentation rate (e.g. Caplan and Bustin,

1999; Murphy et al., 2000), shows no consistent relationship between the organic matter

concentrations and sedimentation rates.
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Fig. 16 Scatter plots of (a) Al,05 vs. TOC, (b) SiO; vs.

6. Conclusion

Ti/Al (x10°)

TOC, (c) Zr/Al vs. TOC, (d) Ti/Al vs. TOC.

Based on multiple geochemical indicators, we analysed the ancient upwelling system,

reconstructed its palaeo-environmental conditions, and further improved our understanding of the

controlling factors of organic matter accumulation. The following new results were obtained:

1. High organic carbon contents, similar enrichments of bio/redox-sensitive trace metals and

bulk sedimentary composition, high Cd/Mo ratios and low Co x Mn values, which all show strong
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similarities to the geochemical characteristics of modern upwelling sediments, implied that the
Lower Yangtze region was dominated by persistent upwelling that become less intense (seasonal?)
later in the Guadalupian.

2. This ancient coastal upwelling setting was characterized by moderate to high levels primary
productivity, permanently anoxic conditions (with transient euxinic episodes), systematic sediment
inputs and fluctuant bottom current activities.

3. The exceptional organic enrichment of the Middle Permian Gufeng Formation is attributed
to elevated primary productivity due to upwelling along the continental margin of South China,
and changes of anoxic/euxinic conditions and dilution of biogenic silica may also plays a role in
these organic matter accumulation.
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