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Paleozoic biological changes. However, the mechanisms responsible for this transition remain poorly
understood. Here, we reconstructed the paleoenvironmental changes based on a model that integrated
the atmospheric-oceanic-biological inputs and provided the first detailed assessment of the Cambro-
Ordovician biological turnover. The results show depositional environments evolved into extremely
sulfidic conditions with lower nutrient inputs and more restricted water circulation from the Miaolingian
to early Furongian, leading to the Steptoean Positive Carbon Isotope Excursion event. The intense volcanic
activity in the early Jiangshanian appears to be responsible for the recurrent bio-calamity. Later in the
mid-late Furongian (mid-Jiangshanian to Stage 10), enhanced terrestrial weathering contributed to the
Earth’s cooling and higher inputs of terrestrial nutrients, beneficial to the subsequent biological recovery.
In the Early Ordovician and despite reduced terrestrial nutrient input, massive oceanic water upwelling
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alleviated sulfidic conditions and brought nutrients, laying the foundation for the Great Ordovician
Biodiversification Event.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The late Cambrian-Early Ordovician interval (500 - 480 Ma) is
a significant period in Earth’s history connecting the late Cam-
brian extinction and the onset of the Ordovician biodiversification
(Fan et al.,, 2020). During the late Cambrian, major environmental
changes occurred, such as atmospheric oxygenation, global oceanic
anoxia, volcanic activity, and polar wander events (Gill et al., 2011;
Saltzman et al., 2011, 2015; Jiao et al., 2018; Krause et al., 2018;
Bian et al., 2022a). These environmental changes were concomitant
with important biological alterations. A major extinction of approx-
imately half of global species took place during the late Cambrian
(Fan et al., 2020). In addition, the global marine metazoan generic
diversity shows a decline in the Paibian and an increase during the
mid-late Jiangshanian (Rasmussen et al., 2019; Zhao et al.,, 2022).
The following Ordovician biodiversification event is one of the
greatest radiations of life in Earth’s history and exhibits approxi-
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mately a threefold growth in species diversity (Harper and Servais,
2018; Fan et al, 2020). Previous studies suggested that the on-
set of the Great Ordovician Biodiversification Event (GOBE) clearly
started as early as during Early Ordovician (if not Furongian) time
(Harper et al., 2020). Several causes to explain this life explosion
were proposed such as ocean cooling (Trotter et al., 2008), intensi-
fied water circulation (Kréger, 2018), and increased plankton pro-
duction (Trubovitz and Stigall, 2016). However, the environmental
conditions that encompassed the transition from the late Cambrian
extinction to the Early Ordovician biodiversification remain largely
unknown.

Biological proliferation and extinction events were controlled
by complex processes such as variations in nutrient supply and
oxygen content (Lyons et al, 2021; Chen et al, 2022; Evans et
al., 2022). Within modern oceans, major inputs of nutrients in-
crease biological productivity resulting in higher oxygen demand
(Reinhard et al., 2016; Breitburg et al., 2018; Schobben et al.,
2020). Oxygen-depleted conditions (hypoxia, anoxia and euxinia)
in the water column are the consequence of this well-known phe-
nomenon (Lu et al.,, 2016; Oschlies et al., 2018). Global warming
can accelerate oceanic anoxia through reducing oxygen solubility
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(Zhang et al., 2018; Slater et al., 2019). Changes in water circula-
tion patterns (open vs. restricted basins) also contribute to anoxia
by diminishing exchange rate of oxygenated water (Meyer and
Kump, 2008; Nishioka et al., 2020; Pohl et al., 2021). Investigating
the controls on the development of anoxia, nutrient availability,
water circulation, and surface temperature, is necessary if we hope
to have a full grasp of the processes that led to the shift between
biological extinction and recovery (Laakso and Schrag, 2014; Rein-
hard et al., 2017).

The Baltoscandian Basin has been widely examined because it
is a representative site for studying the late Cambrian atmospheric,
oceanic, and biological turnover due to the well-known paleo-
oceanography and consistent water connection with the lapetus
Ocean (Fig. 1; Sturesson et al., 2005; Gill et al., 2011, 2021; Nielsen
and Schovsbo, 2015; LeRoy and Gill, 2019; Bian et al., 2022a; Zhao
et al., 2022). To reconstruct paleoenvironmental changes that af-
fected the Baltoscandian Basin, various geochemical proxies were
measured on two thermally immature-low mature Alum Shale
cores (Supplementary Information). Our objectives were to (1) to
characterize the late Cambrian - Early Ordovician environmental
changes in the Baltoscandian Basin over a 20-million-year period,
and (2) to connect our new findings with the environmental-
biological coevolution occurred globally. By comparing the carbon
and sulfur isotopic signatures previously reported for many loca-
tions with our new dataset, we propose a new model that brings
together synchronous atmospheric-tectonic-oceanic changes and
their influence on biological turnover.

2. Geological background

The Alum Shale Formation was deposited in the western mar-
gin of the Baltoscandian Basin (Fig. 1; Nielsen and Schovsbo,
2015). The depositional area of this shale covers ~100, 000 km?
and is widely distributed across northern Europe including Den-
mark, Estonia, Norway, Poland, Russia, and Sweden (Fig. 1; Bian
et al., 2021). The depositional period took place from the Miaolin-
gian (Drumian) to Early Ordovician (Tremadocian). The lithology
in the Alum Shale Formation is relatively homogeneous organic-
rich shale. The content of carbonate concretion in this formation
is low in outboard areas (Nielsen and Schovsbo, 2015). The sedi-
mentation rate was extremely low (mm scale per ka), and the de-
positional condition was starved (Supplementary Information and
Fig. S1; Gill et al., 2021; Zhao et al., 2022). The maximum thick-
ness of the Alum Shale is 180 m observed in the Terne-1 well
(GPS coordinates: 56.344167N; 11.505556E) of Denmark and de-
creases towards the northwestern part of Scandinavia (Schovsbo et
al,, 2014). The Alum Shale has high organic matter contents with a
maximum value of 28 wt% and displays extremely high concentra-
tions of redox-sensitive metals such as Mo, U, and V (Sanei et al.,
2014; Bian et al., 2021). The onset of the Alum Shale deposition
was related to the formation of a submarine sill that restricted the
bottom water circulation (Nielsen and Schovsbo, 2015). However,
the late Cambrian - Early Ordovician water circulation between the
Baltoscandian Basin and the lapetus Ocean was persistent (Stures-
son et al., 2005; Gill et al., 2021).

3. Materials and methods
3.1. Materials

Two cores were studied: the Ottenby-2 core (GPS coordinates:
56.14741N, 16.244316E) in South Oland, southeastern Sweden, and
the DBH 15/73 core (GPS coordinates: 58.241896N, 13.46498E) in
Mount Billingen Vistergotland, central Sweden (Fig. 1B). A detailed
description of Ottenby-2 core can be found in Bian et al. (2021).
Within this core, phosphorus (P) and pyrite sulfur isotopes are
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Fig. 1. A: Paleogeographic reconstruction of the Cambro-Ordovician Earth (Scotese,
2014). Red dots show the locations of reported sulfur isotope excursions during the
Furongian Steptoean Positive Carbon Isotope Excursion (SPICE) event (Saltzman et
al., 2000; Gill et al,, 2011; LeRoy and Gill, 2019; Wotte and Strauss, 2015; Zhang
et al., 2022) and yellow dots show the locations of reported sulfur isotope excur-
sions during the Early Ordovician Top Skullrockian Isotopic Carbon Excursion (TSICE)
event (Thompson and Kah, 2012; Pokrovsky et al., 2018; Edwards, 2019; Edwards
et al., 2019; Todd et al.,, 2019; Chen et al., 2020). B: Locations of the Alum Shale
cores as well as the iso-reflectance lines of vitrinite-like particles showing the ther-
mal maturity of the Alum Shale Formation (Schovsbo et al., 2014; Zhao et al., 2022).
The studied Ottenby-2 and DBH15/73 cores are shown.

newly provided. The other bulk dataset was compiled from Bian
et al. (2021, 2022a, and 2022b). The DBH 15/73 core was never
investigated until this study (Fig. 2). During the Drumian (mid
Miaolingian), the lithology of DBH 15/73 core shows dark grey-
ish shale within the Paradoxides Paradoxissimus Superzone and then
changes to limestone in the Goniagnostus nathorsti Zone. After that,
the lithology remains as black shale within the Paradoxides forch-
hammeri Superzone of Guzhangian (late Miaolingian). Within the
Paibian-Jiangshanian Stage (early-mid Furongian), the lithology is
mostly composed of the Kakeled Limestone and the stratigraphy
is highly condensed. In the Stage 10 (late Furongian), it consists
of black shale intercalated by carbonate concretions (Fig. 2; Sup-
plementary text). A further description of these two cores and all
relevant data is available in the Supplementary Information (Sup-
plementary Note 1 and Tables).

3.2. Methods

A total of 197 samples were pulverized to fine-grain size using
a corundum mortar at the Department of Geoscience, Aarhus Uni-
versity (AU), and were subsequently homogenized and separated
into different aliquots for the following experiments.

3.2.1. Total organic carbon

Approximately 50-mg aliquots were used to determine total or-
ganic carbon (TOC) content through the Hawk Pyrolysis (Wildcat
Technologies) at AU. Each sample was heated at an isothermal tem-
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Fig. 2. Profiles showing trilobite/graptolite biozones, organic carbon isotope (613C0,g), total organic carbon (TOC), Mo/Al, U/Al, CogrxMngg, 100P/Fe, and Cd/Mo in the DBH
15/73 core. Within the biozones: P.para.: Paradoxides paradoxissimus; P.forc.: Paradoxides forchammeri; Le.: Lejopyge laevigata; A.pi.: Agnostus pisiformis; Ol.- Pro.: Olenus-
Protopeltura; and Ac.: Acerocarina. Within the lithostratigraphy: Kvarn.: Kvarntorp Member (sandstone), Kakel.: Kakeled Limestone Bed, and Exs.: Exsulans Limestone Bed. In Panel
E: Upw.: Upwelling. In Panel G, Ele. Prod.: Elevated productivity. In Panels A to F: the red curves are calculated using a Lowess smoothing (o = 0.15) by the PAST software

package.

perature of 300 °C for 3 min to generate free hydrocarbon (S;) and
then was progressively increased to 650 °C at a rate of 25 °C/s to
generate potential hydrocarbon (S,). After that, the heating system
started from an isothermal temperature of 300 °C for 1 min, fol-
lowed by a gradual increase to 850 °C at a rate of 25 °C/s and
held for 5 min. This process can generate oxygen-organic carbon
(S3) and residual carbon (S4). The sum of generated Sy, Sy, S3, and
S4 is the final TOC content (Lafargue et al., 1998). The analytical
uncertainties were controlled by references (the WT2 of the Wild-
cat Technologies, USA, and IFP 160 000 of the Vinci Technologies,
France) and replicates (data precision is better than 5%).

3.2.2. Elemental analysis

Elements were measured through the Inductively Coupled Plas-
mas Mass Spectrometry (ICP-MS) at the ACME Lab, Vancouver.
About 150-mg aliquots were digested into a multi-acid solution
(hydrofluoric acid, hydrochloric acid, perchloric acid, and nitric
acid). After that, the solutions were dried, and the residues were
used for elemental measurement. Analytical uncertainties were
controlled by reference materials (OREAS 45-E, BCR-2, and BHVO-
2), replicates (+ 7%), and blanks. The enrichment factor of each
element was calibrated by the Post Archean Australia Shale compo-
sition through the equation: Xgr = [(X/AD)sampie/(X/Al)paas] (Taylor
and McLennan, 1985; Babos et al., 2019).

3.2.3. Organic carbon isotopes

Organic carbon isotopes were analyzed by the isotope mass
spectrometer (FermoFinnigan MAT 263 Plus) at the Department of
Geoscience, Northwest University. Around 1-g aliquots were acidi-
fied with 6N HCI for 24 h. After that, the solutions were buffered
to a neutral PH, filtered, and dried at 75 °C. The final residues
were weighed into tin capsules that were combusted at 950 °C in
a heating system to generate carbon dioxides for organic carbon
isotope measurements. Analytical uncertainties were controlled by
standard references (GBW 04407 and 04495) and replicates (+
0.3%0). The final organic carbon isotope is denoted as (813C0rg) in
per mil, and final values are relative to the Vienna Pee Dee Belem-
nite (V-PDB) reference.

3.2.4. Pyrite sulfur isotopes

Approximately 150-mg samples mixed with ethanol (10 mL)
were placed in a reaction vessel, and then around 50 mL of 1M
CrCl, solution, followed by 20 mL 6M HCI, was added through a
rubber septum under the nitrogen stream. This mixed solution was
then heated at 200 °C for 2 h. The H,S generated was subsequently
trapped by the AgNO3 solution and converted into Ag,S for sulfur
isotope analyses. The sulfur isotopes were measured by an Ele-
mental Analyzer coupled to an Isotope Ratio Mass Spectrometer
(EA-IRMS) at the Institute of Geochemistry, Chinese Academy of
Science. The final value is relative to the standard Vienna-Canyon
Diablo Troilite (V-CDT), expressed as delta notation (834Spy) in per
mil. Data precision and accuracy were checked by international
standard samples (IAEA S1, S2, and S3), replicates (& 0.5%o), and
blanks.

4. Results
4.1. Chemo-stratigraphy of DBH 15/73 core

Organic carbon isotopes (8'3Corg) decrease from -32%o to -33%o
within the Drumian Paradoxides paradoxissimus Superzone (Fig. 2A).
Within the Guzhangian, the §'3Corg increases to -32%o within the
Lejopyge laevigate Zone and then stays stable at around -32%o
within the Agnostus pisiformis Zone. After that, the §'Corg gradu-
ally increases to -30%o within the Paibian-Jiangshanian Stage, and
exhibits a continuous rise to around -29% in the early part of Pel-
tura biozone, followed by a decrease in the Acerocarina Zone of
Stage 10.

During the Drumian, TOC contents mainly vary between 4 and
5 wt% (Fig. 2B). After that, TOC contents remain around 4 wt% in
the early Guzhangian, followed by a continuous increase to 8 wt%,
and then stay stable. In the early-mid Furongian, the TOC contents
show a decrease and mainly vary below 6 wt%. During the Stage
10, the TOC contents remain relatively stable at around 9 wt%,
mainly varying between 5 and 12 wt% within the Peltura Super-
zone. This is followed by a rapid decrease from 12 wt% to around
1 wt% within the Acerocarina Zone.

The Mo/Al ratio increases from ~4 to ~10 ppm/% and then
decreases to around 2 ppm/% within the Drumian (Fig. 2C). Af-
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Fig. 3. Profile showing trilobite/graptolite biozones, §'Corg, Cor x Mngr, 100P/Fe, Cd/Mo, MojAl, pyrite sulfur isotope (834Spy) in the Ottenby-2 core. The 8'3Corg and Cd/Mo
are compiled from Bian et al. (2022b) and the trilobite/graptolite biozones are from Bian et al. (2021). Within the biozones: Pa: Paradoxides; A. pi: Agnostus pisiformis;
O: Olenus; P.sp: Parabolina spinulosa; Pe: Peltura; Ac: Acerocare; R: Rhabdinopora; A: Adelograptus tenellus; and B: Brygraptus/Kiaerograptus. In Panel D, Ele. Prod.: Elevated
productivity. The TSICE is the abbreviation of ‘Top Skullrockian Isotope Carbon Excursion’ and SPICE means ‘Steptoean Positive Carbon Isotope Excursion’. In Panels B to E:
the red smooth curves are calculated using a Lowess smoothing (o = 0.15) by the PAST software package.

ter that, the ratio shows a continuous increase from ~2 to ~10
ppm/% and then remains above 10 ppm/% within the Guzhangian
Stage. During the Furongian, the Mo/Al ratio increases from ~20
to ~30 ppm/% during the early-mid Furongian and then remains
above 30 ppm/% during the late Furongian. The U/AI ratio displays
an increase from ~1.5 to ~2.5 ppm/%, followed by a decrease back
to ~1.5 ppm/% (Fig. 2D). Within the Guzhangian, U exhibits a grad-
ual increase to ~6 ppm/% and then stays at this level. After that,
U/Al increases to ~50 ppm/%, followed by a consistent decrease to
~10 ppm/% at the end of Furongian.

The products of Cogr and Mngr (Cogr and Mngg) are investi-
gated for water circulation (Sweere et al., 2016). This proxy was
developed using modern organic-rich sediments from various envi-
ronments and has the potentials to characterize paleo depositional
conditions (e.g., Algeo and Li, 2020; Bennett and Canfield, 2020).
The Cogr x Mngg values are below 0.5 during the Drumian and
early Guzhangian, and then remain between 0.5 and 2 from the
late Miaolingian to Furongian (Fig. 2E). The phosphorus/iron (P/Fe)
ratios are used to examine biological P availability (Planavsky et al.,
2010). The 100P/Fe ratios remain ~0.5 during the Miaolingian and
then increase to above 1 during the Furongian (Fig. 2F). The cad-
mium/Mo (Cd/Mo) ratio was used to examine the productivity and
preservation of organic matter (Sweere et al., 2016). The Cd/Mo
ratios are below ~0.005 in the Drumian and early Guzhangian
(Lejopyge laevigate Zone). After that, the Cd/Mo ratios increase to
~0.02, followed by a decrease to above ~0.005 during the late
Guzhangian. The Cd/Mo ratios stay ~0.007 during the Furongian
(Fig. 2G).

4.2. Chemo-stratigraphy of Ottenby-2 core

The Cogr x Mngr values increase to ~2 and then decrease
gradually to 0.5 during the Furongian (Fig. 3). During the Early Or-
dovician, the Cogg x Mngr values remain under ~0.5. The P/Fe
ratios are below ~1 from the Guzhangian to Paibian, whereas they
quickly increase to above ~1 from the Jiangshanian (mid Furon-
gian) to Tremadocian (Early Ordovician). The Cd/Mo ratios remain
constant (~0.01) during the Miaolingian and Furongian and in-
crease to above ~0.3 during the Tremadocian. The Mo/Al ratios
remain between 20 and 30 ppm/% during the late Miaolingian.
Within the early Furongian, the Mo/Al ratios increase from 10 to
~40 ppm/%. After that, the Mo/Al ratios decrease progressively
from ~40 to ~10 ppm/%.

Pyrite sulfur isotopes (634Spy) demonstrate an upward increase
ranging from approximately -5%o to +5%o in the Miaolingian and
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Fig. 4. A: Molybdenum (enrichment factor) versus Uranium (enrichment factor) for
the Miaolingian - Early Ordovician transition in the Baltoscandian Basin (modified
from Algeo and Tribovillard, 2009). @: Drumian; @ Guzhangian; ® Furongian; and
@ Early Ordovician (Tremadocian). The blue lines show Mo/U molar ratios equal to
the seawater value (SW) and to fractions thereof (0.3SW and 3SW; Tribovillard et al.,
2012). The dark green dash line shows the area for Mo accumulation triggered by
the Fe/Mn shuttle. E. Ord.: Early Ordovician. Taken together this data displays the
redox conditions changed drastically from the Miaolingian (Drumian) to Early Or-
dovician (Tremadocian). B: Molybdenum isotopes (§°® Mo) measured samples from
the Alum Shale supporting the evidence that the intensity of the reducing condi-
tions increased from the Drumian to Furongian (modified from Gill et al., 2021).
G.Z.N.: Guzhangian, and Furong.: Furongian.

then quickly decrease in the aftermath of the Olenus Superzone.
The 834Sp, values remain ~ -17%o within the Parabolina spinulosa
Superzone, followed by an immediate rise toward ~ -5%q. In the
Early Ordovician, the §34Sp, values remain relatively stable (~ -
6%0), and is followed by a negative ~5%o excursion in the bound-
ary of Rhabdinopora and Adelograptus tenellus graptolite zones. After
that, it decreases gradually towards ~ -18%o at ~5 m (Fig. 3).

5. Discussion
5.1. Baltoscandian environmental reconstruction

5.1.1. Redox conditions

Plotting U versus Mo enrichment factors is widely used to in-
vestigate the depositional redox conditions and identify the occur-
rence of the Fe-Mn shuttle (Algeo and Tribovillard, 2006; Rico et
al,, 2019). Our results show that redox conditions during the Dru-
mian oscillated between anoxic and sulfidic conditions (Figs. 2C
and 4A) and that the Fe/Mn shuttle mechanism promoted Mo ac-
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cumulation in the Alum Shale (Fig. 4A). During the Guzhangian
Stage, redox conditions became sulfidic and remained euxinic con-
ditions (Figs. 2C, 3E, and 4A), and the effects of Fe/Mn shuttle on
Mo enrichment became weaker (Fig. 4A). During the Furongian, the
Mo/Al ratio is above 10 ppm/%, indicating strongly sulfidic con-
ditions (Figs. 2C and 3E). However, in the Early Ordovician, the
reducing conditions weakened as the sulfide content decreased
(Figs. 3E and 4A). These results indicate that redox conditions
changed towards more sulfidic conditions from the Miaolingian to
Furongian, followed by a sulfide-decreasing trend in the Early Or-
dovician (Fig. 4A). This is consistent with previously reported Mo
isotopic variations that showed the §?®Mo values increased from
~0.4%o (median value) during the Drumian to ~0.8%o during the
Guzhangian Stage, and then increased to ~1.0%o during the early
Furongian (Fig. 4B; Gill et al., 2021).

5.1.2. Primary productivity

Phosphorus (P) is an essential nutrient for all forms of life on
Earth, as it plays a fundamental role in many metabolic processes
and is considered to have controlled marine primary productiv-
ity during Earth’s history (Planavsky et al., 2010; Reinhard et al.,
2016). The cycle of P is strongly affected by the burials of Fe and
organic matter (Tribovillard et al., 2006; Scholz, 2018). Therefore,
the P/Fe ratio is used to reconstruct productivity (Planavsky et al.,
2010). In addition, the Cd/Mo ratio can differentiate the relative
importance of the production of organic matter in the water col-
umn versus its preservation within sedimentary records (Sweere
et al,, 2016), because Cd is significantly correlated to primary pro-
ductivity, whereas Mo is negligibly affected by biological activity
(Chappaz et al., 2017). Here, we combined the Cd/Mo and P/Fe ra-
tios to characterize paleo productivity (Fig. 5A). The results show
that the 100P/Fe and Cd/Mo ratios increased from the Drumian to
Guzhangian (Figs. 2F, 2G, and 5A), suggesting a higher productiv-
ity during the Guzhangian. Both proxies decreased slightly during
the Steptoean Positive Carbon Isotope Excursion (SPICE) event in
the Paibian Stage, followed by a significant increase in 100P/Fe but
a rather small decrease in Cd/Mo during the mid-late Furongian
(Fig. 5A). A non-trivial increase of nutrient inputs may have oc-
curred, assuming the decrease of the Cd/Mo ratio is attributed to
elevated Mo inputs from ocean water (Lehmann et al., 2007). The
100P/Fe and Cd/Mo ratios increased from the mid-late Furongian

to Early Ordovician (Figs. 3C, 3D, and 5A), indicating a higher level
of productivity that supported biological activity.

5.1.3. Water circulation

Plotting Mo concentration versus TOC is used to investigate
the paleohydrographic conditions, particularly for anoxic deposi-
tional basins with restricted water circulation and limited water
exchange (Algeo and Lyons, 2006; Hlohowskyj et al., 2021). Also,
the product of Co enrichment factor by Mn enrichment factor
(CogrxMngg) can provide insights about water circulation in ma-
rine sedimentary environments because of a depletion in Co and
Mn ions in upwelling systems from deep ocean water. Values be-
low ~0.5 for the Cogrx Mngr represent an ocean water upwelling
event (Sweere et al., 2016). Herein, we combined these two prox-
ies and produced a new plot to assess water circulation in ancient
anoxic basins with restricted water circulation (Figs. 5B and S8).
This new approach provides not only information about water cir-
culation but also additional evidence for identifying simultaneous
changes in productivity. Our new results suggest that the wa-
ter circulation became more restricted from the Guzhangian to
the SPICE event in the Paibian Stage, and then became less re-
stricted in the mid-late Furongian (Fig. 5B). During the Early Or-
dovician, the Mo/TOC ratios range from 10 to 25 ppm/wt%, while
the CogrxMngr values decrease below 0.5 (Fig. 5B), indicating an
ocean water upwelling event. By comparing with modern marine
basins (Fig. 5B; Black Sea, Cariaco Basin, and Saanich Inlet), we
argue the productivity decreased from the Miaolingian to early
Furongian and then gradually increased in the mid-late Furongian,
which was followed by a relatively rapid increase in productivity
during the Early Ordovician. This inference is also in accordance
with the observed variations in organic productivity (Fig. 5A).

5.2. Global isotope chemostratigraphy

Global carbon and sulfur cycling are intimately coupled and
can be directly linked to the long-term evolution of atmospheric
and oceanic oxygenation throughout Earth’s history (Gill et al,
2007; Fike et al., 2015; Guibourdenche et al., 2022). The relatively
synchronous excursions of carbon and sulfur isotopic signatures
measured in sedimentary records for numerous locations at the
Earth’ surface were successfully used to identify major environ-
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mental and biological changes (Gill et al., 2011; Saltzman et al.,
2011; Cramer and Jarvis, 2020). Previous studies reported carbon
isotopic signatures across the late Cambrian for Baltica and other
paleo-continents, suggesting that there were synchronous carbon
isotope excursions occurring at a global scale (Saltzman et al,
2011; Woods et al., 2011; Zhao et al.,, 2022). Herein, we compared
organic carbon isotopes from the Ottenby-2 and DBH 15/73 cores
to other Alum Shale cores. The regional correlation of organic car-
bon isotopes is presented in the Supplementary Information (Fig.
S2).

In this study, we measured sulfur isotopes in two significant
carbon isotope excursion events in the Furongian (SPICE event)
and Early Ordovician (TSICE event: Top Skullrockian Isotope Carbon
Excursion; Cramer and Jarvis, 2020). Owing to the limited sulfur
isotope dataset reported and a lack of consensus (Landing et al.,
2022), the sulfur isotopes data for the late Cambrian Hellnmaria-
Red Tops Boundary/the Top Of Cambrian Excursion (HERB and
TOCE) carbon excursion events are not included in this study. Sul-
fur isotopes during the SPICE event were previously reported for
Baltica (Gill et al., 2011), Kazakhstan (Wotte and Strauss, 2015),
Gondwana (South China and Australia; Saltzman et al., 2000;
Zhang et al., 2022), and Laurentia (Gill et al., 2011; LeRoy and Gill,
2019). These prior results suggest that all paleo-continents dis-
play a roughly contemporaneous sulfur isotope excursion during
the SPICE event. The comparison of sulfur isotopes for numerous
paleo-continents is presented in Fig. 6. We, here, emphasize the
comparison of sulfur isotopes during the TSICE event. We com-
piled the 834Scas andfor 834Sy, from Baltica (Gill et al., 2011),
Shingle Pass and Ibex of Laurentia (Edwards, 2019; Edwards et al.,
2019), Argentine Precordillera (Thompson and Kah, 2012), Siberia
(Pokrovsky et al., 2015), and South China (Chen et al., 2020). The
correlation is based on the identified biostratigraphy and carbon

isotope chemostratigraphy (Supplementary Information and Figs.
$3-S7; Cramer and Jarvis, 2020).

From the overall trend, the §3S,, values decreased progres-
sively during the Tremadocian Alum Shale. This variation is similar
to the modeled sulfur isotopic variation in Siberia (Pokrovsky et
al,, 2018). We consider that the negative sulfur isotopic variation
is likely attributed to two mechanisms: (1) a decrease in sulfate
reduction rate or (2) an increase in sulfate supply. Given that or-
ganic carbon isotope values, TOC, and total sulfur remain relatively
stable in the Ottenby-2 core (Bian et al., 2022b), we excluded the
first mechanism, assuming the availability of organic substrates for
microbial sulfate reduction barely changed (e.g., Cao et al., 2016).
In the Early Ordovician, the sedimentation rate decreased in Baltica
(Fig. S1), indicating that continental sulfate input was not respon-
sible for the increase in sulfate supply. Therefore, we argue that
the sea-level rise mainly led to the negative sulfur isotopic change
(Figs. 6 and 7E).

A weakly positive sulfur isotope excursion in Baltica is present
during the TSICE event (Cramer and Jarvis, 2020). This excursion is
also identified by the §34Sp, of the Shingle Pass of Laurentia (Ed-
wards, 2019) and the negative §34Sp, excursion with a decreased
derivative in South China (Chen et al., 2020). Moreover, the §34Scas
in the Shingle Pass and Ibex of Laurentia shows a positive sul-
fur isotope excursion during the TSICE event (Thompson and Kah,
2012; Edwards, 2019; Edwards et al., 2019), which is consistent
with the §34Scas excursion in Argentine Precordillera (Thompson
and Kah, 2012). In addition, our measured sulfur isotope ratios
show a continuously negative excursion prior to the TSICE event
in Baltica. This variation is also recognized by the §34S,, and/or
834Scas in the Shingle Pass and Ibex of Laurentia (Edwards, 2019;
Edwards et al., 2019) and Argentine Precordillera (Thompson and
Kah, 2012).
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Furthermore, Todd et al. (2019) investigated the paleo-environ-
ment of Bell Island Group in Avalonia, corresponding to the late
Cambrian to early Florian Stages. They suggested that there was
an upwelling of ocean water along the Avalonian continental shelf,
probably stimulated by Ekman transport. Their conclusion is con-
sistent with the water circulation in Baltica showing that the up-
welling of ocean water supplied sulfate ions into reducing zones
and led to a negative §34Sp, excursion. Also, Vaucher et al. (2020)
reported that oceanic plate subduction in the Cordillera Oriental
closer to western Gondwana appeared to stimulate water exchange
during the early Tremadocian, which could result in a negative
834Spy excursion. Hence, those evidence likely support the syn-
chronous sulfur isotope excursion in a global context.

5.3. Spatial environmental dynamics in the Baltoscandian Basin

During the Miaolingian, the development of submarine sills
contributed to the formation of the Baltoscandian Basin and the
Alum Shale started to deposit (Nielsen and Schovsbo, 2015). From
the Drumian to Guzhangian, the geochemical proxies for primary
productivity display a consistent increase (Fig. 5A) that coincides
with the rise in genus-level diversity (Harper et al, 2020). The
increase in the CogpxMngr values suggests the (seasonal) ocean
water upwelling gradually disappeared and the water circulation
became relatively restricted in the late Guzhangian (Fig. 2E). We
infer that high primary productivity fueling oxygen demand and
restricted water circulation decreasing exchange rate of oxygenated
water led to anoxia in the water column (Meyer and Kump, 2008).
This inference is also supported by the Mo and U geochemistry
showing an evolution of redox conditions towards euxinia (Fig. 4B).

From the Miaolingian to early Furongian (Paibian Stage), sulfidic
conditions became more intensive (Fig. 4A), the water circulation
became more restricted (Fig. 5B), and simultaneously, the geo-
chemical proxies for primary productivity decreased (Fig. 5A). Such
a decrease in productivity could be attributed to two scenarios: (1)
intensive sulfidic conditions that significantly enhanced Fe and Mo
sequestrations (and thus do not necessarily represent a decreased
productivity) or (2) a decreased biological productivity. Although
we observe an increase in the Mo concentration, the decrease in
the Cd concentration indicates a weaker biological productivity
(Fig. 3E; Supplemental Table S2). Besides, the sulfidic conditions
were not associated with an increase in Fe content (Supplemental
Table S2). Therefore, the first scenario is excluded. A decrease in
biological activity seems more reasonable because prior studies re-
ported a decrease in genus-level diversity (Harper et al., 2020) and
extinctions amongst trilobites and brachiopods during the SPICE
event (Dahl et al., 2014). We hypothesize that high organic matter
mineralization required a high oxygen supply that was limited at
the time of deposition. These conditions speeded up the expansion
of oxygen-deficient area in the water column and in turn, deterio-
rated the aquatic living conditions for the ecosystem. Additionally,
the decreased terrestrial nutrient input, inferred from the declined
sedimentation rate (Fig. S1), led to the decrease in the bioavailabil-
ity of phosphorus and in productivity (Meyer and Kump, 2008).
These conditions ultimately contributed to the biological extinc-
tion.

Despite high organic matter burial and the prevalence of ex-
tremely high sulfidic conditions in the mid-late Furongian (Figs. 2B
and 4A; Bian et al.,, 2021), the high sedimentation rate indicates an
increase in terrestrial nutrient inputs (Fig. S1). Besides, the water
circulation were more vigorous (Fig. 5B). These conditions could
result in enhanced biological productivity (Figs. 5A and 5B). By
comparing with modern marine basins, the redox conditions were
similar to the Black Sea in the early Furongian and to the Saanich
Inlet in the mid-late Furongian, yet the two depositional envi-
ronments displayed different primary productivity (Fig. 5B). The
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increased productivity was contemporaneous with the significant
phytoplankton diversification in the latest Cambrian (Servais et al.,
2016).

From the Furongian to Early Ordovician, the declined sedimen-
tation rate in the Alum Shale suggests a decreased input in ter-
restrial nutrients (Fig. S1). However, the synchronous water circu-
lation changed to an upwelling current that could have brought
deep-ocean nutrients to the ecosystem (Fig. 5B). In addition, the
sea level rise and vigorous water exchange led to the mitigation of
extremely sulfidic condition (Figs. 5B and 7E), which improved the
living condition of the ecosystem. This change in water setting is
analogous to the modern environmental shift from the Saanich In-
let to Cariaco Basin with enhanced primary productivity (Fig. 5B),
which is coincident with the increased genus-level diversity and
Early Ordovician zooplankton diversification (Harper and Servais,
2018).

5.4. Implications on global environmental and biological turnover

The Alum Shale has been widely investigated for understanding
the late Cambrian - Early Ordovician environmental and biological
covariation, probably because redox-sensitive metals in a macro-
scopic marine realm were sequestrated and precipitated in the
Baltoscandian Basin (Gill et al.,, 2011; Zhao et al., 2022). Numer-
ous studies have reported that the paleoenvironmental variations
in the Baltoscandian Basin are similar to some affecting other con-
tinents (Sturesson et al., 2005; Gill et al., 2011, 2021; Dahl et al,,
2014; Nielsen and Schovsbo, 2015; LeRoy et al., 2021; Bian et al.,
2022a; Rooney et al., 2022; Zhao et al., 2022), laying the founda-
tion of our assumption: the depositional variations of the Alum
Shale reflect global (environmental and biological) changes.

In the Miaolingian, the intensive plate activity contributed to
the formation of half-silled basins in the passive continental mar-
gins at a global scale, and simultaneously, the induced nutrient-
rich deep ocean water (upwelling) contributed to biological de-
velopment (Figs. 2E and 7H). However, a negative consequence
of increased productivity was to drive oxygen consumption ex-
ceeding its advective supplement in the water column (Murphy
et al,, 2000), leading to the formation of oxygen-deficient condi-
tions (Figs. 4A, 4B, and 7G). Conditions favorable to sustain life
were gradually deteriorating because of enhanced oxygen con-
sumption by biological activity (Figs. 7A and 7B; Reinhard et al.,
2016; Schobben et al., 2020), stagnated water circulation that di-
minished exchange rate of oxygenated water (Fig. 7E; Nishioka et
al.,, 2020; Pohl et al., 2021), and high surface temperature that de-
creased oxygen dissolution in the water column (Fig. 7F; Zhang et
al., 2018; Slater et al., 2019). These conditions were responsible for
the early Furongian extinction event (Gill et al., 2011; Dahl et al,,
2014).

During early Jiangshanian, the sedimentary volcano-derived Hg
anomaly, followed by recurrent extinction events, could be mainly
associated with this bio-calamity (Figs. 7B, 7C and 7D; Dahl et
al., 2014; Bian et al., 2022a). However, there were a declined pro-
portion of extinction genera (Fig. 7B) and an increased metazoan
generic diversity (Fig. 7A) during the mid-late Jiangshanian, indi-
cating that the negative volcano-derived biological feedback was
not maintained for a long time. The enhanced silicate weather-
ing supported by elevated sedimentation rate (Fig. S1) was in-
stead likely responsible for the increased biological productivity
(Fig. 7H), as this phenomenon transferred additional terrestrial nu-
trients into the ecosystem and contributed to the decreased sea
surface temperature (Figs. 7C and 7F; Penman et al., 2020; Gold-
berg et al, 2021). A consequence of the Earth’s cooling was to
provide conditions for the biota to move in shallow water areas,
expanding the area of suitable habitat (Fig. 7G). Moreover, the
intensified water circulation mitigated sulfidic conditions by the
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acceleration of water exchange (Fig. 7G), ultimately contributing to showed a decrease (Figs. 7A and 7B; Saltzman et al., 2015; Fan et

the increase in the marine metazoan generic diversity and the de- al., 2020). Our new data for Baltica suggest that despite a lower in-
crease in the proportion of extinction genera (Figs. 7A and 7B). put of terrestrial nutrients, the elevated sea level accompanied by

During the Early Ordovician (Tremadocian), although the sea episodic upwelling events mitigated sulfidic conditions and at the
surface temperature increased (Goldberg et al., 2021), the num- same time, brought nutrients to the biota, speeding up the biolog-

ber of species continued to rise and the ratio of extinction genera ical recovery.
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6. Conclusions

We investigated various geochemical proxies in the Alum Shale
for reconstructing the multi-variate paleo-environmental varia-
tions in the Baltoscandian Basin. Constrained by global carbon
and sulfur isotopes, we extrapolated our findings to a global con-
text and constructed the most comprehensive and high-resolution
chemostratigraphy of the sedimentary records spanning through
the late Cambrian - Early Ordovician. Our results show that de-
positional environments switched to sulfidic conditions, received
low nutrient inputs and that the water circulation became more
restricted from the Miaolingian to early Furongian. That succession
of triggers was responsible for the globally recognized Steptoean
Positive Carbon Isotope Excursion event. Later, intense volcanic ac-
tivity resulted in recurrent biological calamity. This was followed
by enhanced terrestrial weathering that provided higher inputs of
terrestrial nutrients and contributed to the Earth’s cooling across
the mid-late Furongian, leading to an increased metazoan generic
diversity. At the beginning of the Early Ordovician, despite re-
duced terrestrial nutrient input, massive oceanic water upwelling
mitigated sulfidic conditions and brought nutrients to promote bi-
ological recovery. These environmental covariations were consis-
tent with contemporaneous variations in the biosphere from the
Miaolingian to Early Ordovician. We thus suggest that the covaria-
tion of surface temperature, nutrient inputs, and expansion/shrink-
age of sulfidic bottom water, modulated by global tectonic activity,
could have been responsible for the late Cambrian - Early Ordovi-
cian biological turnover.
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