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Marine primary productivity is a key control on the stability of marine ecosystems. Decreasing marine
primary productivity might have led to the end-Permian mass extinction, although this is debated.
However, the changes in primary productivity at different seawater depths during the end-Permian
mass extinction remain poorly constrained. We investigated the Cd isotopic systematics of shallow-water
(Dajiang) and deep-water (Shangsi) sedimentary sections in South China. Combined with previously
published data from an intermediate-deep-water section (Meishan), we were able to reconstruct the
depth changes in marine primary productivity. In the Dajiang section, prior to the mass extinction, the
Cd isotopic compositions of seawater (8114/110Cdsy) varied from +0.73%o to +0.92%o, with an average
of +0.83%0 & 0.13%0 (2SD; n = 11). During and after the mass extinction, §114/119Cdgy varied from
+0.73%0 to +0.91%o, with an average of +0.81%¢ & 0.12%0¢ (2SD; n = 12). In the Shangsi and Meishan
sections, prior to the mass extinction, §114/110Cdsy varied from 40.47%o to +0.85%0, with an average
of +0.66%0 & 0.16%0 (2SD; n = 35). During and after the mass extinction, §'14/110Cdsy varied from
—0.19%0 to +0.36%0, with an average of —0.02%o &+ 0.27%0¢ (2SD; n = 27). During the end-Permian
mass extinction, the marine primary productivity recorded by Cd isotopes in the relatively deep-water
sections was considerably reduced, which may have caused the destruction of relatively deep-water
marine ecosystems. We suggest that upward expansion of sulfidic and anoxic deep water, possibly due to
the volcanic eruption of the Siberian Traps large igneous province, was one of the causes of the decrease
in marine primary productivity. However, the marine primary productivity did not change in the shallow-
water section during the end-Permian mass extinction, although changes in the types of marine primary
producers are evident from the fossil record. This change in the types of primary producers may have
contributed to the mass extinction in shallow-water platform environments. Vertical variations in the
changes in primary productivity indicate that the environmental factors leading to the extinction event
mainly began in deep waters during the end-Permian mass extinction.

© 2023 Elsevier B.V. All rights reserved.

Keywords:

Cd isotopes

primary productivity
end-Permian mass extinction
South China

1. Introduction cation (e.g., Garbelli et al., 2017; Jurikova et al., 2020), but its
cause remains controversial. The productivity of primary produc-
ers at the bottom of the food chain is a fundamental factor in

maintaining the stability of marine ecosystems (e.g., Field et al.,

The end-Permian mass extinction was the most severe biotic
crisis in the Phanerozoic. Over 81% of marine species became

extinct, resulting in the destruction of marine ecosystems (Fan
et al, 2020). Previous studies have proposed several hypothe-
ses to explain this mass extinction, including volcanic eruptions
(e.g., Burgess et al, 2017; Liu et al., 2017; Shen et al, 2019;
Zhang et al., 2021), anoxic events (e.g., Grice et al., 2005; Shen
et al, 2011; EF. Zhang, Shen et al, 2020), and ocean acidifi-
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1998) and plays a key role in regulating local and global C cy-
cles (e.g., Farmer et al, 2021; Horner et al, 2021). Changes in
primary productivity may link continental weathering to marine
redox changes (e.g., Ge and Bond, 2022). Therefore, reconstruction
of the marine primary productivity during the Permian-Triassic
(P-T) transition may be a useful approach for investigating this
extinction event. However, previous studies of the marine pri-
mary productivity during the P-T transition have resulted in two
diametrically opposed hypotheses. One is that the primary produc-
tivity of the oceans decreased during the mass extinction period
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(e.g., Grasby et al., 2016; Zhang et al., 2018; Ge and Bond, 2022),
whereas the other is that the marine primary productivity in-
creased (e.g., Meyer et al, 2011; Shen et al, 2015; Qiu et al,,
2019). In addition, during the P-T transition, microbialites were
extensively deposited in several shallow-water platform settings
worldwide, but no microbialite deposits are known to have formed
in relatively deep-water settings at this time. Microbialite deposi-
tion almost coincided with the mass extinction event (e.g., Wang
et al., 2005; Wu et al,, 2016; X.Y. Zhang, Zheng et al., 2020), and
abundant infaunal metazoan fossils occur in the microbialites (e.g.,
Forel, 2013; Yang et al., 2015; Martindale et al., 2019). This implies
that changes in primary productivity at different water depths
were variable before/after the mass extinction. Unfortunately, the
vertical changes in the primary productivity are unclear.

Nutrient elements (e.g., N, P, Si, Fe, Mn, and Zn) in ancient
seawater were necessary for the survival of primary producer or-
ganisms at the base of the food chain, and have played a key role
in the evolution of life throughout geological history (e.g., Tyrrell,
1999; Paytan and Mclaughlin, 2007; Farmer et al., 2021). The dis-
tribution and changes in nutrient element concentrations in the
ocean can constrain nutrient utilization and primary productiv-
ity. Cadmium is also a micronutrient for microorganisms and is
involved in some critical enzymes in marine phytoplankton (e.g.,
Lane et al., 2005; Abouchami et al., 2014). In the modern ocean,
the dissolved Cd and phosphate have a similar distribution along a
depth gradient, with low concentrations in surface waters, increas-
ing concentrations with depth, and fairly constant concentrations
in deep waters (> 1000 m). This is due to the removal of both ele-
ments by phytoplankton from surface waters and re-mineralization
of sinking organic debris at depth (e.g., Boyle et al., 1976; de Baar
et al., 1994; Ripperger et al., 2007). Culturing experiments have
demonstrated that phytoplankton preferentially uptake light Cd
isotopes, resulting in residual seawater being relatively enriched in
heavy Cd isotopes (Lacan et al., 2006). The Cd isotopic composition
of modern seawater exhibits significant variability, with a nearly
uniform deep-ocean (> 1000 m) §'14/110Cd value of ~ 0.2%o, and
s114/110¢q values of 0.6%0-1.0%o in surface waters, which is at-
tributed to kinetic isotopic effects resulting from the preferential
uptake of lighter Cd isotopes by phytoplankton (e.g., Lacan et al.,
2006; Ripperger et al.,, 2007; Abouchami et al., 2011, 2014; Xue
et al, 2013; Conway and John, 2015; George et al., 2019; Sieber
et al., 2019). Therefore, seawater Cd isotopic compositions can be
used to trace changes in nutrient utilization, and a high §114/110¢d
value indicates a relatively high nutrient utilization (e.g., Georgiev
et al, 2015; Horner et al, 2021). If the Cd supply can be ade-
quately constrained, the seawater §'14/119Cd values can be used to
trace marine primary productivity (e.g., Horner et al., 2021).

Both Cd and P are estimated to have similar oceanic resi-
dence times of 10-100 kyr (Bewers and Yeats, 1977; Ripperger and
Rehkdmper, 2007). Cadmium in seawater can replace Ca in marine
carbonate rocks and be well preserved in such lithologies (e.g.,
Tesoriero and Pankow, 1996; Horner et al., 2011). Experiments
have shown that the Cd isotopic fractionation factor (¢caco3-cd(aq))
during calcite precipitation in seawater is 0.99955 + 0.00012, and
that it is not affected by temperature or the CaCO3 precipitation
rate (Horner et al., 2011). Based on estimates of the Cd flux in
the modern ocean, and given the amount of Cd entering CaCO3
is low, the incorporation of Cd into CaCO3 has almost no effect
on the Cd isotopic composition of seawater as compared with the
Cd uptake by phytoplankton (Horner et al., 2011). Therefore, ma-
rine carbonates can record the Cd isotopic composition of seawater
and be used to study changes in nutrient utilization and marine
primary productivity. Several studies have confirmed that the Cd
isotopic composition of paleo-seawater is recorded by both old and
young carbonate strata (e.g., Ediacaran-Cambrian, upper Permian,
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and Holocene strata) (John et al., 2017; Zhang et al., 2018; Druce
et al., 2022; Frederiksen et al., 2022).

To constrain the nutrient utilization and primary productivity at
different seawater depths during the end-Permian mass extinction,
we investigated the Cd isotopic systematics of shallow- and deep-
water sections in South China. These include the Dajiang section
(water depths < 20 — 30 m; Lehrmann et al., 1998) and Shangsi
section (water depths = 150 — 200 m; Godbold et al., 2017; Zheng
et al.,, 2022). Combined with previously published data from the
intermediate-deep-water Meishan section (water depths = 50 —
100 m; Yin et al, 2001; Lei et al., 2019), we reconstructed the
marine primary productivity at different seawater depths in the
Paleo-Tethys Ocean.

2. Geological setting

In the Permian, the South China Block was an independent is-
land located in the Paleo-Tethys Ocean (Fig. 1a). During the P-T
transition, the South China Block had a paleogeography consisting
of the Yangtze carbonate platform in its central, western, and east-
ern (in the present-day orientation) regions that transitioned from
continental to marine-continental transitional facies, and southern
and northern margins that were deep-water basin facies (Yin et al.,
2014) (Fig. 1b). The Nanpanjiang Basin was located at the southern
margin of the Yangtze Platform, and the isolated carbonate plat-
form in the northern Nanpanjiang Basin is called the Great Bank
of Guizhou (Lehrmann et al.,, 1998). The Dajiang section is located
in the Great Bank of Guizhou and contains shallow-water plat-
form sediments (water depths < 20 —30 m; Lehrmann et al., 1998)
(Fig. 1b). Both the Shangsi and Meishan sections are located along
the northern margin of the Yangtze Platform. The Shangsi section
was deposited in the lower slope environment of a deep platform
margin (water depths = 150 — 200 m; Godbold et al., 2017; Zheng
et al.,, 2022), while the Meishan section was deposited in the upper
slope environment of a platform margin (water depths =50 — 100
m; Yin et al.,, 2001; Lei et al., 2019) (Fig. 1b). The Meishan section
has been defined as a Global Stratotype Section and Point of the
Permian-Triassic Boundary (Yin et al., 2001).

3. Samples and methods

Samples were collected from the three P-T sections, including
23 samples from the Dajiang section, 21 samples from the Shangsi
section, and 42 samples from the Meishan section. All samples
were freshly exposed. Prior to geochemical analysis, each sample
was cleaned with deionized water and dried, and then crushed to
< 200 mesh (0.074 mm). All the acids used in this study were pu-
rified by sub-boiling distillation, and the water used was 18.2 MQ
grade obtained from a Millipore system.

Major and trace elements were analyzed with an inductively
coupled plasma-optical emission spectrometer (ICP-OES; Varian
Vista MPX) and ICP-mass spectrometer (ICP-MS; PE ELAN DRC-e),
respectively, at the State Key Laboratory of Ore Deposit Geochem-
istry (SKLODG), Institute of Geochemistry, Chinese Academy of Sci-
ences, Guiyang, China. The analytical uncertainty of the elemental
concentrations is generally less than +10%. Sequential extraction
using acetic acid was employed to separate the carbonate-phase
Cd from the samples, and the analytical methodology is described
in detail in the Supplementary Material.

The §'%/110Cd values of the Meishan section samples were
taken from Zhang et al. (2018). For the Dajiang and Shangsi sec-
tions, after determining the Cd contents, powdered sub-samples
containing ~ 0.10 pg of Cd were placed in a glass funnel and then
cleaned with deionized water and 1 M ammonium acetate to elute
exchangeable Cd. Samples were transferred to 100 mL beakers, and
40 mL of 1 M acetic acid was slowly added to digest the samples.
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Fig. 1. (a) Paleogeography of the Paleo-Tethys Ocean and location of the South China Block during the Permian-Triassic transition (modified after Ziegler, 1988). (b) Simplified
paleogeographic map of South China during the Permian-Triassic transition (modified after Yin et al., 2014).

Once the strong reaction between the carbonate and acetic acid
had subsided and stabilized, the solution and residue were trans-
ferred to a 100 mL centrifuge tube, and a further 30 mL of 1.5
M acetic acid was added. The centrifuge tubes were closed and
shaken with an oscillator for 24 h. Each mixture was then cen-
trifuged to separate the supernatant from the residue. The super-
natant was transferred to a 100 mL PTFE beaker and a 119cd-111cd
double-spike solution (11°Cd/!'Cd ~ 0.5; Zhang et al., 2018) was
added to each sample to obtain a Cd spike to sample ratio of
~ 2. The samples were then placed in an oscillator for 24 h to
allow them to reach isotopic equilibrium. The samples were subse-
quently evaporated to dryness on a hot plate at 120°C, and 5-10
mL of 2 M HCI was added to dissolve the residues. Anion exchange
resin (AG-MP-1M) chromatography, as described by Zhang et al.
(2018), was used to separate the Cd from the matrix. To more thor-
oughly remove the potential interfering elements and matrix, we
re-evaporated the sample after the first purification step, dissolved
the residue in 2 mL of 2 M HCl, and then undertook a second
anion exchange resin (AG-MP-1M) separation step. For each batch
of samples, two procedural blanks were processed to monitor the
sample digestion and chemical separation techniques. In addition,
two Cd secondary reference standards (Miinster Cd and JMC Cd)
and two geological reference materials (NOD-A-1 and NOD-P-1;
Fe-Mn nodules) were processed to monitor the chemical separa-
tion and mass spectrometric techniques. The Cd contents of the

procedural blanks ranged from 55 to 75 pg, which are negligible
as compared with the Cd contents (> 0.10 pg) of the samples.
The total Cd recovery of the chemical separation method was up
to 90% for all samples. The Cd isotope ratio measurements were
performed with a Neptune Plus multiple-collector (MC)-ICP-MS
(Thermo Fisher Scientific; Germany) at the SKLODG. The purified
Cd obtained from the samples was dissolved in 0.15 M HNOj for
analysis by MC-ICP-MS at low resolution with Pt “Jet” sampler
and Ni “x-type” skimmer cones. A Teflon nebulizer with an uptake
rate of 50 uL/min was used for sample introduction. The samples
were found to have Cd concentrations of ~ 0.1 pg/mL, generally
yielding a total Cd signal of 6-7 V. Each isotopic analysis consisted
of two measurement sequences (i.e., runs) that were achieved by
adding sub-configurations to the method. In the main run, the ion
currents of 119¢d, 11 cd, 112¢d, '4Cd, and ''7Sn were measured si-
multaneously using the Faraday cups, whereas a sub-configuration
(i.e., the Pd interference run) was used to determine the ion cur-
rent of 1°°Pd. The 19°Pd and ''7Sn ion beams were monitored to
correct for the isobaric interferences from '°Pd and 1'2Sn-114Sn,
respectively. The data acquisition was carried out in 3 blocks of 20
cycles with 4.194 s integration periods during the main run, and 3
blocks of 20 cycles with 2.097 s integration periods during the Pd
interference run. After each run, the sample introduction system
was rinsed with 0.6 M HNOs3; until the signal intensity reached
the original background level (~ 0.05 mV of ''1Cd; generally af-
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Table 1
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Cadmium isotopic compositions and Cd contents of the samples from the Dajiang and Shangsi sections.

Dajiang section

Shangsi section

samples  Position  Lithology cd §114/110¢cd  2sd 5114/110¢dg,,  samples  Position  Lithology cd s114/110¢cd  2sd §114/110¢ gy
(cm) (ng/g)  (%o) (n=3) (%) (cm) (nglg)  (%o) (n=3) (%)

TDJ-10 472 microbialite  0.14 +0.64 0.08 +0.77 SS-33-1 881 limestone 0.02 —0.05 0.12 +0.06
TDJ-9 312 0.15 +0.66 0.06 +0.86 S$S-32-2 821 0.03 —0.20 0.10 —-0.11
TDJ-8 192 0.24 +0.61 0.07 +0.77 S$S-32-1 751 0.07 —-0.23 0.07 —0.14
TDJ-7 142 0.31 +0.61 0.03 +0.74 SS-31-1 616 0.05 —0.07 0.06 +0.02
TDJ-6 102 0.21 +0.57 0.04 +0.76 SS-30-1 403 0.06 —0.06 0.10 +0.03
TDJ-5 62 0.34 +0.50 0.06 +0.73 S§S-29-2 243 muddy limestone 0.09 —0.07 0.10 +0.06
TDJ-4 52 0.20 +0.51 0.02 +0.77 SS-28-7 147 0.05 —0.06 0.07 +0.07
TDJ-3 32 0.68 +0.77 0.03 +0.91 SS-28-6 130 0.06 —0.11 0.09 —0.01
TDJ-2 22 0.36 +0.73 0.09 +0.90 S§S-28-1 25 calcareous mudstone  0.19 +0.24 0.02 +0.36
TDJ-1-3 12 0.30 +0.68 0.06 +0.84 S§§-26-5 —15 limestone 0.67 +0.48 0.06 +0.68
TDJ-1-2 8 0.18 +0.61 0.06 +0.79 SS-26-4  —4.5 0.17 +0.63 0.06 +0.85
TDJ-1-1 4 0.15 +0.63 0.07 +0.82 S$S-26-3 —75 017 +0.57 0.04 +0.78
PDJ-0 25 packstone 0.35 +0.66 0.08 +0.81 S$S-26-2 —10.5 0.25 +0.64 0.02 +0.83
PDJ-1 -5 0.32 +0.57 0.04 +0.73 SS-24-5 —38.5 siliceous limestone 0.27 +0.45 0.08 +0.58
PDJ-2 —15 0.49 +0.55 0.07 +0.73 SS-24-3  —65 0.15 +0.55 0.09 +0.68
PDJ-3 —-25 0.82 +0.65 0.02 +0.82 SS-22-1 —108 limestone 0.15 +0.51 0.10 +0.61
PDJ-4 -35 0.51 +0.66 0.03 +0.89 S§S§-22-3  —198 siliceous limestone 0.19 +0.55 0.07 +0.69
PDJ-5 —80 0.42 +0.65 0.07 +0.91 SS-21-1 —279 limestone 0.48 +0.50 0.10 +0.63
PDJ-6 —130 0.31 +0.56 0.06 +0.82 SS-21-3 —596 0.29 +0.57 0.02 +0.69
PDJ-7 —180 0.24 +0.56 0.09 +0.75 SS-21-4 —666 0.50 +0.44 0.09 +0.56
PDJ-8 —230 0.13 +0.58 0.07 +0.88 S$S§-21-5 —751 0.44 +0.54 0.05 +0.67
PDJ-9 —350 0.40 +0.67 0.03 +0.92

PDJ-10 —550 0.26 +0.64 0.10 +0.83

§114/110¢dg,y: The corrected Cd isotopic composition of paleo-seawater.

ter 4 min). The double-spike data reduction was performed offline
using a MATLAB-based script described by Ripperger and Rehkdm-
per (2007). The Cd isotopic compositions are reported in § notation
relative to the NIST SRM 3108 Cd solution (Abouchami et al., 2012),
which is defined as follows:

S1M4/110¢d (%) = [(M1Cd/M10Cd) sampte/(M14Cd /M 10Cd)nisT — 1]
x 1000.

The §'14/110Cd values of the four Cd reference standards used in
this study, which were prepared to monitor the chemical separa-
tion and mass spectrometry measurements, are listed in Table S1.

We used the Y/Ho ratio as a proxy of paleo-salinity to esti-
mate the §'14/110Cd values of paleo-seawater. Experiments have
shown that the isotopic fractionation factor for Cd between calcite
(0tcaco3-cd(aq)) and seawater is 0.99955 4 0.00012, but that there is
no or minor Cd isotopic fractionation in freshwater (Horner et al.,
2011). It is thus reasonable to assume that the isotopic fractiona-
tion of Cd into carbonate phases was controlled by the water salin-
ity. In modern estuarine mixing environments, shale-normalized
Y/Ho ratios vary from 0.97 for river water to 2.96 for seawater
(Lawrence and Kamber, 2006). Based on the Y/Ho ratios of the ma-
rine carbonate samples, we estimated the Cd isotopic compositions
of paleo-seawater (§114/119Cdgy) during carbonate deposition as
follows (Hohl et al., 2016):

sa/mocy 5”4/“0Cdsample

+0.45 x [(YN/HON)sample — 0.97]/(2.96 — 0.97).
4. Results

The major and trace element, and Cd isotopic compositions of
the Meishan section samples are from Zhang et al. (2018) (Tables
S§2-S3). The results for the Dajiang and Shangsi sections are de-
scribed below.

4.1. Major and trace elements

The major and trace element data for the Dajiang and Shangsi
sections are listed in Tables 1 and S4-S5. For the Dajiang section,
the Cd, Al, CaCOs, S, and total organic carbon (TOC) concentrations
are 0.13-0.82 pg/g, 0.01-0.16 wt.%, 80.5-92.3 wt.%, 0.01-0.09 wt.%,
and 0.10-0.31 wt.%, respectively. The Y/Ho (shale-normalized),
Mn/Sr, and Cd/P (x10%) ratios of the samples are 1.56-2.32,
0.11-0.48, and 2.2-17.5, respectively. For the Shangsi section, the
Cd, Al, CaCOs, S, and TOC concentrations are 0.02-0.67 pg/g,
0.28-3.93 wt.%, 38.4-83.8 wt.%, 0.03-0.98 wt.%, and 0.11-0.98
wt.%, respectively. The Y/Ho (shale-normalized), Mn/Sr, and Cd/P
(x10%) ratios are 1.36-1.94, 0.12-1.97, and 0.16-1.92, respectively.

4.2. Cadmium isotopic compositions

The Cd isotopic compositions of the Dajiang and Shangsi sec-
tions are listed in Table 1. In the three sections, the trends of the
s114/110¢d values (i.e., measured values) obtained from the car-
bonate samples are consistent with those of the paleo-seawater
s114/10¢dgy, values (i.e., corrected values) (Fig. 2). In the follow-
ing, §114/110Cdg,y values are discussed.

Cadmium isotopic compositions of the shallow-water section:
The Cd isotopic compositions of seawater (§114/119Cdsy) obtained
from the Dajiang section vary from +0.73%¢ to +0.92%¢, with an
average of +0.82%. §114/110Cdgyy, values before the mass extinc-
tion range from +0.73%o to +0.92%o, with an average of +0.83%.
§114/110¢dgy, values during and after the mass extinction vary from
+0.73%0 to +0.91%0, with an average of 4+0.81%o. There was no
significant variation in §'14/119Cdsy values before/after the mass
extinction in the shallow-water Dajiang section (Fig. 2c).

Cadmium isotopic compositions of the deep-water sections:
s114/110¢ gy, values of the Shangsi section vary from —0.14%o to
+0.85%0. §114/110Cdsy, values before the mass extinction range
from +0.56%0 to +0.85%0, with an average of +0.69%c. After
the mass extinction, §'14/110Cdgy values vary from —0.14%o to
+0.07%o, with an average of 0.00%o. The variations in §114/110Cdgy,
values in the Shangsi section are consistent with those in the Meis-
han section, as reported by Zhang et al. (2018). In the relatively
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Fig. 2. Stratigraphic and §''4/110Cd variations in the Shangsi, Meishan, and Dajiang sections. The solid blue lines are the measured §''4/119Cd values of the carbonates, and
the dashed lines are the salinity-corrected §!'4/110Cd values of paleo-seawater. In (a) and (c), the lines marked ME indicate the starting horizon of the mass extinction event
(Jiang et al., 2014; Godbold et al., 2017). The Cd contents and §''4/110Cd of the Meishan section are from Zhang et al. (2018). The lines marked ME1 and ME2 indicate the

starting horizons of the two episodes of the mass extinction (Song et al., 2013).

deep-water Meishan and Shangsi sections, §114/110Cdgy, values
were high and stable before the mass extinction, and decreased
significantly during and after the extinction (Fig. 2a-b).

5. Discussion
5.1. Data evaluation and reliability

In the three sections, the strata before the mass extinction
consist mainly of limestone and, after the mass extinction, are
mainly limestone and calcareous mudstone. As such, it is impor-
tant to evaluate the Cd isotope variations between the different
lithologies. In the Dajiang section, all the samples are almost pure
limestone (Fig. 2c), and Cd isotopic fractionations between differ-
ent lithologies do not occur in this section. For the Meishan sec-
tion, the §114/110Cd values decrease abruptly in bed 24e despite
the similar lithologies from bed 22 to bed 24e (Fig. 2b), suggest-
ing that the lithology does not control the Cd isotopic variations
in this section. In the Shangsi section, some beds deposited af-
ter the mass extinction consist of almost pure limestone, such
as samples SS-30-1, SS-31-1, SS-32-1, SS-32-2, and SS-33-1, and
their lithology is the same as those deposited before the mass
extinction. However, the §1'4/110Cd values of these five samples
(—0.05%0 to —0.23%0; average = —0.12%0) are lower than those
deposited before the mass extinction (40.44%o to +0.64%0; aver-
age = +0.54%o) (Table 1). In addition, the Cd contents (r = 0.02, p
<0.01) and §'14/110Cd values (r = 0.08, p <0.01) display poor cor-
relation with CaCO3 contents in this section (Fig. 3). Therefore, we
suggest that lithological differences are not responsible for the de-
crease in §114/110Cd values after the mass extinction in the Shangsi
section.

We now evaluate the effects of terrigenous detrital material on
the §114/110Cd values. Some trace metals (e.g., Mo, Cd, Cu, Co, Ni,
Ba, U, and Zn) in sediments may be hosted in terrigenous detritus

(Tribovillard et al., 2006). Therefore, the Cd in the marine carbon-
ate sediments may also have been partly derived from terrigenous
detrital components. Common detrital elements include Al, Ti, Zr,
Th, and Sc, which are mainly of detrital origin and typically immo-
bile during diagenesis (Tribovillard et al., 2006). A simple method
to assess whether the content of a given element is dominantly
controlled by the detrital flux is to plot the trace element content
versus the detrital element content. For the Dajiang and Shangsi
sections, the Al contents of samples display a poor correlation with
Cd contents (for the Dajiang section, r = 0.2 and p <0.01; for the
Shangsi section, r = —0.15 and p <0.01) (Fig. 4). This indicates that
Cd was not sourced from a terrigenous detrital component.

We now evaluate the effects of biologically sourced Cd on the
§114/110¢d values. A small amount of Cd can be incorporated di-
rectly into carbonate rocks in organic matter, and this Cd is isotopi-
cally lighter than seawater (Lacan et al., 2006; Horner et al., 2013).
The effect of the organic matter in the samples can be assessed
using the TOC contents (Georgiev et al., 2015). For the samples
from the Dajiang section, the Cd contents (r = 0.17, p <0.01) and
s114/110¢d values (r = 0.12, p <0.01) display a poor correlation with
the TOC contents and, for the samples from the Shangsi section,
the Cd contents exhibit a poor correlation (r = —0.11, p <0.01) with
the TOC contents (Fig. 5a-b and d). Although all 21 samples from
the Shangsi section exhibit a weak negative correlation (r = —0.46,
p = 0.02) between §114/119Cd values and TOC contents, we note the
following observations: (1) irrespective of whether the TOC con-
tents are high or low, the §'14/119Cd values of the samples before
the mass extinction are high; (2) the 13 samples with similar TOC
contents, including 5 samples before the mass extinction and 8
samples after the mass extinction, exhibit a decrease in §114/110¢d
values after the mass extinction; and (3) the main factor associated
with lower §114/110Cd values is deposition after the mass extinc-
tion (Fig. 5¢). Therefore, we suggest that Cd derived from organic
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Shangsi section samples.

matter has no effect on the Cd isotopic composition of the studied
marine carbonate rocks.

Finally, we assess the effects of CdS precipitation on the
s114/110¢q values. Janssen et al. (2014) suggested that Cd (CdS)
in sulfidic micro-environments in oxygen-deficient waters (<75
umol/kg) is one of the primary mechanisms of Cd delivery to ma-
rine sediments. Evidence of CdS precipitation in oxygen-deficient
seawater includes: (1) an observed deficit in dissolved Cd relative
to dissolved PO43~; (2) high particulate Cd concentrations that are
not associated with high concentrations of particulate biological
PO43—; and (3) lighter particulate §'14/119Cd values than for dis-
solved Cd in the mixed layer (Janssen et al., 2014; Conway and
John, 2015). When this process occurs, the CdS precipitate has a
relatively high Cd/P ratio and a low §'1%/119Cd value (Zhang et
al., 2018). However, for samples from the Dajiang section, there
is a poor correlation (r = 0.11, p <0.01) between Cd/P ratios and
§114/110¢d values, and also a poor correlation (r = 0.02, p <0.01)
between Cd and S contents. For samples from the Shangsi sec-
tion, the Cd/P ratios and §'1%/110Cd values exhibit a moderate
positive correlation (r = 0.74, p <0.01), and the Cd and S con-
tents exhibit a weak negative correlation (r = —0.46, p = 0.03)
(Fig. 6). These correlations are opposite to those expected if Cd in
seawater precipitated mainly as CdS. Therefore, we suggest that
CdS removal did not affect the data from the Dajiang and Shangsi
sections.

In addition, some samples from the Dajiang and Shangsi
sections before and after the mass extinction show that the
carbonate-phase Cd contents account for 78%-95% (average = 87%)
of the total Cd in the samples (Fig. 7; Table S6). This also supports
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the conclusion that the Cd in the samples is mainly derived from
paleo-seawater, and the amount of Cd from detrital, biological, and
sulfidic sources is negligible.

In a previous study of the Meishan section (Zhang et al., 2018),
the low Cd contents (0.013-0.028 pg/g) meant it was not possible
to determine whether the Cd in these samples (B-29-1 to B-34-5)
was mainly derived from paleo-seawater. In the present study, we
analyzed the carbonate-phase Cd contents and §114/110Cd values of
the carbonate-phase Cd from samples B-29-1 to B-34-5. The results
show that the carbonate-phase Cd contents account for 77%-96%
(average = 84%) of the total Cd contents of the samples, and that
the §114/110Cd values of the carbonate-phase Cd are within error
of those of the bulk samples reported by Zhang et al. (2018) (Table
S7). Therefore, the Cd in these samples was mainly derived from
paleo-seawater, and the §114/110Cd values of these samples repre-
sent those of paleo-seawater.

Changes in seawater redox conditions may cause variations in
the §114/110Cd values of sediments. Given that Cd occurs only as
Cd(Il) in the natural environment, §'14/110Cd values are unlikely
to be affected by redox reactions. However, under euxinic condi-
tions, Cd readily forms insoluble complexes with S, during which
the lighter Cd isotopes are preferentially incorporated into sulfides
(CdS), resulting in the enrichment of heavier Cd isotopes in sea-
water (Janssen et al., 2014; Conway and John, 2015; Guinoiseau et
al., 2018). The negative §114/110Cd excursions in the pre- and post-
extinction samples in the three studied sections do not indicate
that the §114/110Cd variations were caused by the formation of Cd
sulfides. In addition, the lack of clear correlations (for the Dajiang
section, p = 0.49 [>0.05] and r = 0.52; for the Meishan section, p
<0.01and r = 0.16) between §''4/119Cd values and redox proxies
(e.g., 98/9°Mo) also precludes an effect from seawater redox con-
ditions (Fig. S1).

5.2. Cadmium isotopic tracing of nutrient utilization and primary
productivity

The nutrient concentrations and their isotope compositions of
a water mass are a function of two variables—demand and sup-
ply (Farmer et al, 2021; Horner et al., 2021). Cadmium is an
important nutrient element in organisms, and isotopically lighter
Cd is preferentially enriched in organisms relative to seawater. As
such, more Cd uptake by phytoplankton can produce seawater with
higher §1'4/110Cd values. Horner et al. (2021) proposed an Iso-
tope Reactor Model to explain the isotopic signatures of nutrient
elements (e.g., Cd), and found that if the Cd supply does not de-
crease, high §114/110¢Cd values reflect high nutrient utilization and
primary productivity, and if the Cd supply does not increase, low
§114/110¢d values reflect low nutrient utilization and primary pro-
ductivity.

In modern surface ocean, Cd is mainly sourced from the up-
welling of deep seawaters (e.g., Xue et al., 2013; Abouchami et al.,
2014; Georgiev et al., 2015; Sieber et al., 2019), terrestrial Cd only
accounts for ~10% of the amount of Cd sourced from the upwelled
deep water (Martin and Thomas, 1994), and a variation of terres-
trial Cd inputs is unlikely to cause an obvious change in Cd supply
to marine phytoplankton. Variations in upwelling can be traced
using the N isotopic composition (§'°N) of marine sediments. Sed-
iments formed in an area of weak upwelling and water-column
denitrification have low §'°N values (e.g., Georgiev et al., 2015; Ge
and Bond, 2022; Du et al., 2023). According to previous studies,
815N values of samples from deep-water sections (Meishan and
Shangsi; Cao et al., 2009; Xiang et al., 2016) and shallow-water
sections (Taiping and Zuodeng; Luo et al., 2011) decreased during
and after the extinction (Fig. 8b), indicative of weakened upwelling
in South China. In addition, the Cd contents of the carbonate sam-
ples formed during and after the extinction also decreased com-
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pared with those formed before the extinction (Fig. 8b), suggesting
upwelling was an important factor that resulted in variations in
Cd supply during deposition of the Meishan and Shangsi sections.
Some nutrient element contents in carbonate samples from the
Dajiang section exhibit no significant variations, such as for Cd,
P, Fe, Zn, Cu, Co, Mn, and Sr (Fig. 8a), suggesting that the supply
of these elements in shallow waters did not change before and af-
ter the extinction. In deep waters (i.e., the Meishan and Shangsi
sections), the decreased upwelling resulted in a lower Cd supply.
However, the nutrient utilization in the Meishan and Shangsi sec-
tions also decreased, based on the decreasing §'14/110Cdgyy values.
The mass balance between Cd supply and demand in the relatively
deep waters resulted in no variations in Cd supply in the shallow
waters (i.e., the Dajiang section).

In the Meishan and Shangsi sections, samples formed during
and after the extinction have low §114/110Cdgy, values and Cd sup-
ply, which reflect low nutrient utilization and low primary produc-
tivity compared with before the extinction. In the Dajiang section,
no significant variations in §114/119Cdsw values and Cd supply oc-
curred before and after the extinction, suggesting there were no or
little variations in nutrient utilization and primary productivity in
shallow waters.

5.3. High nutrient utilization prior to the mass extinction in the
Paleo-Tethys Ocean

In the modern surface ocean, biological uptake of lighter Cd
isotopes results in higher §1'4/110Cd values in surface seawater

(typically 0.6%o — 1.0%o; e.g., Xue et al., 2013; Abouchami et al.,
2014; Conway and John, 2015; George et al, 2019; Sieber et
al,, 2019). Prior to the mass extinction, the §114/110Cd values of
seawater recorded by the three studied sections were constant
and high (excluding sample B-24-7 from the Meishan section, the
other samples have values from +0.47% to +0.92%c; i.e., simi-
lar to that of modern shallow seawater), suggesting high nutrient
utilization occurred prior to the mass extinction (Fig. 2). In addi-
tion, small differences were observed between the three sections.
The highest §114/119Cdsy values occur in the shallow-water Da-
jiang section (water depths < 20-30 m), whereas slightly lower
§114/110¢dgy, values characterize the relatively deep-water sections
(water depths = 50-200 m). This suggests that the nutrient uti-
lization before the extinction was generally high, and that the
utilization in the shallow-water environment was slightly higher
than that in the relatively deep-water environment. The vertical
distribution of nutrient utilization in the Paleo-Tethys Ocean before
the end-Permian mass extinction, as indicated by the Cd isotopic
data, was similar to that of the modern ocean (e.g., Ripperger et
al., 2007; Abouchami et al., 2014; Conway and John, 2015; Sieber
et al,, 2019), suggesting the oceanic ecosystem was relatively sta-
ble before the mass extinction. The three studied sections were
deposited in platform, upper slope, and lower slope environments,
with seawater depths of 20-30 to 150-200 m, which suggests the
nutrient utilization at >150 m depth was high before the mass
extinction in the Paleo-Tethys Ocean.
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5.4. Vertical differences in primary productivity during the mass
extinction

During the mass extinction event, the §114/110Cdsy values in
the relatively deep-water Meishan and Shangsi sections decreased
significantly, suggesting there was an abrupt decrease in the ma-
rine primary productivity. However, the changes in the primary
productivities of the two sections are not completely consistent.
The Meishan section exhibited fluctuations involving a decrease
— increase — decrease (interval 2 in Fig. 2b), while the Shangsi
section exhibited a gradual decrease (interval 2 in Fig. 2a). In the
Meishan section, the decrease in primary productivity occurred be-
fore the mass extinction of macro-organisms (Zhang et al., 2018),
implying that the decrease in primary productivity was one of the
direct causes of the extinction of macro-organisms (i.e., a food
shortage led to the mass extinction).

After the mass extinction, the §114/110Cdsy values of the Meis-
han and Shangsi sections remain low (4+0.07%o to —0.19%c) for a
long time (interval 3 in Fig. 2a-b), implying that the deep-water
primary productivity, as compared with the shallow-water setting,
did not recover for a long time. In detail, the observed value of
—0.19%o is considerably lighter than any Cd isotopic composition
measured in the modern ocean. However, samples from the Xi-
aofenghe section (Ediacaran) also have negative §'14/110Cdgy val-
ues as low as —0.40%o (Hohl et al., 2016). These values suggest
that the Cd isotopic compositions of modern and paleo-ocean sea-
water are different, and further studies are needed to investigate
this.

The §'14/110Cdsy values of the Dajiang section only exhibit
small fluctuations during the mass extinction, which are negli-
gible as compared with the analytical error (Fig. 2c). Compared
with the relatively deep-water Meishan and Shangsi sections, the
§114/110¢dgy values of the shallow-water Dajiang section were al-
most constant (Fig. 2), suggesting that the decrease in marine
primary productivity during the extinction event occurred mainly
in deep-water settings. This is consistent with the extensive de-

position of P-T boundary microbialites in shallow-water platform
environments (e.g., Wang et al., 2005; Wu et al,, 2016) and the
occurrence of metazoan fossils in these microbialites (e.g., Forel,
2013; Yang et al., 2015; Martindale et al., 2019). In addition, in the
Dajiang section, the bioclastic limestone below the extinction hori-
zon is rich in calcareous algal fossils, which are not found in the
microbialites above the extinction horizon (Song, 2012). Cyanobac-
teria fossils are widely distributed in the microbialites deposited
above the extinction horizon (e.g., Wang et al.,, 2005; Wu et al,,
2016). This implies that, in the shallowest platform environments,
the main primary producers remaining after the extinction event
were different from those present before the extinction event. It
is possible that these different primary producers had slight dif-
ferences in their Cd uptake capacities, but no significant Cd iso-
topic fractionation has been found between Chlamydomonas and
Chlorella during Cd uptake in phytoplankton culturing experiments
(Lacan et al., 2006). Therefore, the significant differences between
the §114/110Cdgy, values in the Dajiang section (average = +0.81%o)
and Meishan and Shangsi sections (average = —0.02%o) above the
extinction horizon cannot have resulted from changes in the pri-
mary producers. We suggest that the high §114/110Cdgy values in
the Dajiang section during and after the mass extinction event are
indicative of a high primary productivity.

5.5. Implications for the mass extinction

During the P-T transition, the marine environment was changed
by several geological events (e.g., volcanic eruptions, oceanic
anoxia, and ocean acidification), which resulted in >81% of ma-
rine species being eliminated and destruction of marine ecosys-
tems (e.g., Fan et al., 2020). Our Cd isotope data indicate that the
primary productivity at different seawater depths had a variable
response to the changes in the marine environment. In general,
the primary productivity in shallow-water settings experienced
minor or no changes during the P-T transition, but this may have
only been in a few extremely shallow-water areas, whereas the
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primary productivity over much of the relatively deep-water en-
vironments decreased significantly (Fig. 9). The vertical variations
in the primary productivity indicate that the main factor responsi-
ble for the decrease in primary productivity was the change in
the deep-water environment. Shen et al. (2011) suggested that
episodic upwelling of sulfidic and anoxic deep seawater caused
the end-Permian mass extinction, and the vertical variations in
the primary productivity in the studied sections support this hy-
pothesis. The Siberian Traps volcanism is considered to be one of
the main drivers of the end-Permian mass extinction (e.g., Burgess
et al, 2017; Liu et al, 2017; Shen et al, 2019; Jurikova et al.,
2020), but the driving mechanisms are not well constrained. In the
Meishan section, Zn isotopes indicate there was a volcanic or hy-
drothermal Zn source during the mass extinction (Liu et al., 2017),
but Hg isotope data do not reveal the atmospheric-derived signa-
ture of volcanic Hg (Grasby et al,, 2017; Wang et al., 2018). We
speculate that volcanic eruptions from the Siberian Traps changed
the marine environment as follows: (1) the volcanic eruptions led
to a large amount of S-containing materials entering the ocean;
(2) these S-containing materials were carried by ocean currents to
regions far from Siberia, which resulted in the seawater in these
regions gradually becoming sulfidic and anoxic; and (3) the anoxic
areas gradually expanded to the surface seawater. However, undis-
covered submarine volcanoes or hydrothermal fluids could have

also been involved. We suggest that the anoxic and sulfidic envi-
ronment was a key factor in the decline in primary productivity in
relatively deep waters.

In the shallow-water platform areas, the bioclastic limestone
below the extinction horizon is rich in calcareous algal fossils, but
such fossils have not been found in the microbialites, which in-
stead contain a large amount of cyanobacteria fossils (e.g., Wang
et al, 2005; Song, 2012; Wu et al, 2016). This indicates that
cyanobacteria may have become the main primary producer during
the mass extinction. In addition, although the biological content
of the microbialites is relatively high, the species are not diverse
(e.g., Wang et al., 2005). Although the primary productivity of the
shallow-water areas did not decrease during the extinction event,
the surface seawater ecosystem was also affected by environmental
stress, which may have been mainly due to the gradual expansion
of deep anoxic seawater to the surface. Given that there was oxy-
gen exchange between the surface seawater and atmosphere, the
degree of anoxia was not as severe as in the deep waters. The en-
vironment in the extremely shallow-water areas was slightly more
suitable for survival than in the deep-water settings. Some primary
producers that were more able to adapt to extreme environments
migrated to surface waters and survived, and/or some primary pro-
ducers prospered that originally lived in surface waters that had

10
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the ability to adapt to extreme environments due to a lack of com-
petitors.

6. Conclusions

In the late Permian, before the end-Permian mass extinction,
the nutrient utilization in the Paleo-Tethys Ocean was relatively
high and stable in both shallow- and deep-water settings. During
the mass extinction event and Early Triassic, with the exception
of extremely shallow-water platform environments, the primary
productivity in relatively deep-water environments decreased sig-
nificantly. The decrease in primary productivity may have been one
of the causes of the destruction of deep-water marine ecosystems.
In the shallow-water platform environments, although Cd isotopes
indicate that there was no significant change in primary productiv-
ity before/after the extinction, the types of primary producers may
have changed, and this may have contributed to the mass extinc-
tion in the shallow-water platform environments.

The vertical variations in the primary productivity in the Paleo-
Tethys Ocean during the end-Permian mass extinction suggest that
the environmental factors leading to extinction events mainly be-
gan in deep waters, and the upward expansion of sulfidic and
anoxic deep waters is one of the causes of mass extinctions. The
Siberian Traps may have been a trigger for the end-Permian mass
extinction. The volcanic eruptions provided a large amount of
sulfur-containing materials into the ocean, and then these sulfur-
containing substances were carried to regions far from Siberia by
ocean currents, resulting in sulfidic and anoxic conditions in deep
waters that expanded to the surface.
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