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Reduction in animal abundance and oxygen availability during and after the
end-Triassic mass extinction

Abstract

The end-Triassic biodiversity crisis was one of the most severe mass extinctions in the history of
animal life. However, the extent to which the loss of taxonomic diversity was coupled with a
reduction in organismal abundance remains to be quantified. Further, the temporal relationship
between organismal abundance and local marine redox conditions is lacking in carbonate
sections. To address these questions, we measured skeletal grain abundance in shallow-marine
limestones by point counting 293 thin sections from four stratigraphic sections across the
Triassic/Jurassic boundary in the Lombardy Basin and Apennine Platform of western Tethys.
Skeletal abundance decreased abruptly across the Triassic/Jurassic boundary in all stratigraphic
sections. The abundance of skeletal organisms remained low throughout the lower-middle
Hettangian strata and began to rebound during the late Hettangian and early Sinemurian. A two-
way ANOVA indicates that sample age (p<0.01, 1?=0.30) explains more of the variation in skeletal
abundance than the depositional environment or paleobathymetry (p<0.01, n?=0.15). Measured
I/Ca ratios, a proxy for local shallow-marine redox conditions, show this same pattern with the
lowest I/Ca ratios occurring in the early Hettangian. The close correspondence between oceanic
water column oxygen levels and skeletal abundance indicates a connection between redox
conditions and benthic organismal abundance across the Triassic/Jurassic boundary. These
findings indicate that the end-Triassic mass extinction reduced not only the biodiversity but also
the carrying capacity for skeletal organisms in early Hettangian ecosystems, adding to evidence
that mass extinction of species generally leads to mass rarity among survivors.

1 Introduction

Predicting the responses of marine ecosystems to extreme environmental change is a task of
immense importance for the 21 century, as such predictions are needed to guide effective
conservation strategies. The major mass extinctions of the geological past provide our best
empirical constraints on such predictions (e.g., Harnik et al., 2012; Blois et al., 2013). These
biodiversity crises significantly altered the taxonomic composition and ecological structure of
marine ecosystems in response to environmental change (e.g., Droser et al., 2000; Bambach et al.,
2002; Wagner et al., 2006; Hull and Darroch, 2013).

Mass extinctions have traditionally been recognized by rapid reductions in taxonomic diversity at
regional to global scales (e.g., Raup and Sepkoski, 1982; Bambach, 2006). Taxonomic diversity,
however, only partially reflects the evolutionary and ecological effects of mass extinctions. Mass
extinction events also impact the biogeographic distributions of taxa (Finnegan et al., 2016; Penn
et al., 2018), the relative diversities of different ecological guilds (Schubert and Bottjer, 1995;
Roopnarine and Angielczyk, 2015; Dineen et al., 2019), body-size distributions within and among
species (Payne, 2005; Atkinson et al., 2019), and the abundances of biomineralizing and
bioturbating taxa (Twitchett and Barras, 2004; Knaust, 2010; Cribb and Bottjer, 2020). The relative
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taxonomic and ecological significances of mass extinction events often differ, meaning that
extinction and recovery must be understood through the analysis not only of taxonomic diversity
but also of other dimensions of biodiversity and ecosystem function (Droser et al., 2000; Greene
et al., 2011; Hull et al., 2011; McGhee et al., 2013). Some of the most taxonomically severe
extinction events, such as the Late Ordovician extinction, had comparatively little effect on the
structure of ecosystems (Brenchley et al., 2001; Christie et al., 2013). In other cases, the global
taxonomic losses do not consistently predict the composition of post-extinction ecosystems. For
instance, the end-Permian mass extinction preferentially reduced taxonomic diversity within
heavily calcified clades such as corals, brachiopods, and echinoderms relative to moderately
calcified clades such as bivalves and gastropods (Sepkoski et al., 1981; Knoll et al., 1996, 2007a),
but some earliest Triassic shallow-marine communities remained dominated by crinoids and
brachiopods rather than by bivalves and gastropods (Greene et al., 2011; Brosse et al., 2019).

Explaining and predicting differences between the responses of diversity and abundance across
intervals of rapid environmental change is one of the most important unsolved problems in the
study of mass extinction and the conservation of future biodiversity and ecosystem function.
Reduction in animal abundance, either overall or differentially across clades and functional groups,
can fundamentally alter the state of an ecosystem even in the absence of extinction. For example,
marine defaunation by commercial fishing has caused population blooms of species at lower
trophic levels, such as prawns and sea urchins, in some parts of the ocean (Scheffer et al., 2005;
Diaz and Rosenberg, 2008; McCauley et al., 2015). On land, the biomass of large mammals has
increased over the past several centuries even as their taxonomic diversity has declined due to the
enormous increases in the population sizes of humans as well as domestic cattle, pigs, and sheep
(Barnosky et al., 2012).

Despite the importance of overall biomass to trophic transfer efficiency and nutrient cycling, the
responses of overall biomass within ecosystems to past mass extinction events remains poorly
quantified. Only a few studies across the end-Silurian (Bowman et al., 2020), end-Permian (Payne
et al., 2006; Jacobsen et al., 2011), and end-Cretaceous (Hull et al., 2011; Sibert et al., 2014)
extinctions provide empirical constraint on changes in animal abundance across mass extinction
intervals. The key pattern emerging from this work is that changes in organismal abundance vary
considerably in both time and space across different extinction intervals. These few studies have
demonstrated that quantifying animal abundance across mass extinctions in a biogeochemical
framework can provide a robust picture of the ecological severity of mass extinctions (Hull, 2015).
From a functional standpoint, mass rarity may be as important or more important than the reduction
of biodiversity (Hull, 2015).

The end-Triassic mass extinction, ca. 201.5 Ma (Blackburn et al., 2013), was the most
taxonomically severe mass extinction experienced by a marine fauna that is taxonomically similar
to its modern counterpart (Sepkoski et al., 1981; Ritterbush et al., 2015a). The ecological severity
of the end-Triassic mass extinction trails only the end-Permian and end-Cretaceous mass
extinctions (McGhee Jr et al., 2004; McGhee et al., 2013; Bond and Grasby, 2017). It preferentially
impacted the diversity of reef-building taxa like scleractinian corals and sphinctozoan sponges
(Hautmann, 2004; Kiessling and Aberhan, 2007; Kiessling et al., 2007; Dunhill et al., 2018).
Geological and geochemical data indicate many parallels between the circumstances of the end-83
Triassic extinction and the “deadly trio” (Portner et al., 2004) of climate warming, ocean
deoxygenation, and ocean acidification that imperil extant marine animals. During the end-Triassic
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mass extinction, volcanism in the Central Atlantic Magmatic Province (CAMP) caused the
massive injection of isotopically light carbon into the atmosphere (Ruhl and Kiirschner, 2011;
Bachan et al., 2012; Fox et al., 2020). Sedimentary and geochemical proxy data indicate a resulting
drop in the ocean pH (Greene et al., 2011), rise in temperature of about 10 °C in the tropics (Palfy
etal., 2007), and expansion of anoxic and euxinic bottom waters (van de Schootbrugge et al., 2007;
Richoz et al., 2012; Kasprak et al., 2015; Jost et al., 2017b; Atkinson and Wignall, 2019; Larina et
al., 2019; He et al., 2020).

Although the taxonomic severity and environmental circumstances of the end-Triassic extinction
are increasingly well constrained, their impact on the abundances of animals and other well-
fossilized taxa (e.g., foraminifera and calcareous algae) remain essentially unknown due to the
lack of relevant data. To fill this knowledge gap, here we quantify changes in organismal
abundance across the Triassic/Jurassic transition by generating limestone compositional data
across four stratigraphic sections spanning the Triassic/Jurassic boundary in the Tethys realm. By
standardizing skeletal content relative to rock volume in carbonate-rich depositional environments
and by investigating changes in skeletal content across depositional settings, we provide the first
estimate of overall changes in the biomass of skeletal animals, calcareous algae, and foraminifera.
Because physiological data and evidence from both the modern ocean (Deutsch et al., 2015) and
the end-Permian mass extinction (Penn et al., 2018b) indicate that the effects of oxygen availability
for aerobic organisms present an important control on extinction and biogeography, we also
reconstruct the variation in redox conditions for two of the sections through measurement of I/Ca
ratios.

2 Geological setting
2.1 Overview

The shallow-marine carbonate sediments exposed in the southern Alps (Lombardy Basin) and
southern Apennines of Italy record sedimentation in two distinct paleogeographic domains of
western Tethys during the Mesozoic (Fig.1). These paleogeographic domains reflect the Triassic
rifting of Pangaea, which led to closure of the Paleotethys Ocean and expansion of the Neotethys
Ocean in the Late Triassic (Haas et al., 1995; Schettino and Turco, 2011). As a result of rifting, a
series of fault-controlled, intra-platform basins developed across the western Mediterranean.
Shallow-marine carbonate platforms developed during this time in the northern and southern parts
of western Tethys (Stampfli et al., 2001; lannace and Zamparelli, 2002). The platforms exposed
in the northern, central, and southern Apennines of Italy developed in connection with the Ionian
Arm of Tethys, which opened in the Middle Triassic (Ciarapica and Passeri, 2005). Sedimentary
deposits of the Northern Calcareous Alps developed in connection with the Alpine Ocean (also
referred to as the Ligurian-Piedmont Ocean), which started opening in the Late Triassic to Early
Jurassic (Bertotti et al., 1993; Jadoul et al., 2005) (Fig.1).
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Figure 1: Paleogeography and study site locations. Panel (a) shows the Early Jurassic
paleogeography modified using the GPLATES software. Panel (b) indicates the paleogeographic
locations of the Lombardy Basin (southern Alps), Mt. Cefalo (southern Apennines) and Mt.
Sparagio (Sicily) sections in the Tethys sea. Panel (c) shows the present-day locations of
aforementioned sections in Italy. The GPS coordinates for the sections studies in this study are:
Italcementi: 45°46'33.83''N 9°31'9.91"E , Val Adrara: 45°43'29.33"'N 9°57'32.29"E, Pozzo
Glaciale: 45°41'5.99"N 10°2'56.83"E, Mt. Cefalo: 41°15'32.05"N 13°32'10.50"E. The
approximate location of Mt. Sparagio section was obtained from He et al. (2022a). The
paleogeographic maps are from Scotese, (2016). The outline map of Italy was downloaded from
www.d-maps.com using this link: https.//d-maps.com/carte.php?num_car=2322&lang=en

2.2 Lombardy Basin

The Lombardy Basin was in close proximity to the European continent during the Late Triassic
and Early Jurassic (Fig. 1) and was a site of sediment accumulation in an active rift basin (Jadoul
et al., 1992, 2004; Berra et al., 2010). Rifting led to development of horst and graben structures,
which became sites of carbonate sedimentation (Jadoul et al., 1992). During the Norian, shallow-
marine carbonates accumulated on structural highs and bedded turbiditic limestones accumulated
in deeper intra-platform troughs. Rifting slowed during the late Norian and a west-to-east-dipping
homoclinal ramp developed (Jadoul et al., 1992, 2004). The Rhaetian-Hettangian ramp carbonates
in the Lombardy Basin increase in thickness from west to east due to differential subsidence
associated with rifting. Basin-wide marine transgression during the late Hettangian led to
deposition of chert-rich sediments of the Sedrina and Moltrasio limestones. The platform
ultimately drowned early in the Sinemurian (McRoberts, 1994; Jadoul et al., 2004).
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The Rhaetian-Hettangian sedimentary succession in the Lombardy Basin of the south-western
Alps consists of shallow-marine ramp carbonates (Galli et al., 2007). The Rhaetian succession of
the Lombardy Basin is represented by the Zu Limestone (Figs. 2(a, b, ¢), 3, 4). The Zu Limestone
is a fossiliferous packstone to framestone with a diverse open marine fauna consisting of bivalves,
gastropods, and large benthic foraminifera with subordinate corals, brachiopods, ostracods, and
echinoderms (Fig. 2). The Zu Limestone is abruptly overlain by the Malanotte Formation, which
has been assigned a Hettangian age based on pollen content and carbon isotope chemostratigraphy
(van de Schootbrugge et al., 2008). The lower Malanotte Formation is an unfossiliferous marl
(Figs. 3, 4). The marl is overlain by carbonate-rich mudstones and wackestones containing rare
mollusks (Fig. 2). The middle-upper Malanotte Formation is composed of oolitic sands and
peloidal packstone indicating a shallowing-upward trend (Galli et al., 2007; Jadoul and Galli,
2008). The Albenza Formation overlies the Malanotte Formation and is composed of oolitic
grainstone and oncoidal packstone indicating deposition in a shallow-marine environment (Figs.
2-5; Galli et al., 2007; Jadoul and Galli, 2008). The Albenza Formation carbonates also contain
some stratigraphically limited intervals exhibiting fabric destructive dolomitization. The Sedrina
Limestone, which overlies the Albenza Formation, is a cherty, sponge-rich limestone at the Val
Adrara locality. It is composed of thin- to medium-bedded mudstones and wackestones and lacks
visible bedforms, thus indicating deposition in a deep-water, distal ramp setting (McRoberts, 1994;
Bachan etal., 2012). At the Pozzo Glaciale section, the Sedrina Limestone is composed of oncolitic
and oolitic grainstone to packstone, indicating deposition in a subtidal, open-marine environment
(McRoberts, 1994; Jadoul and Galli, 2008) (Figs. 3-5). The Pozzo Glaciale section has been
interpreted as the eastern margin of the Lombardian Platform (Fig. 5; McRoberts, 1994; Jadoul
and Galli, 2008). The Moltrasio Limestone, which overlies the entire Lombardy Basin, is
composed of chert-bearing mudstone and marks the final drowning of the Lombardian Platform
(Fig. 2; McRoberts, 1994; Jadoul and Galli, 2008).

In this study, we analyzed hand samples from the three measured stratigraphic sections within a
broad shallow-to-deep depositional gradient in the Lombardy Basin: Italcementi, Val Adrara, and
Pozzo Glaciale (Figs. 3-5). The sections can be correlated based on the formation boundaries,
supplemented by carbon isotope chemostratigraphy (Galli et al., 2005; Bachan et al., 2012).
Biostratigraphic age assignments are based on Gaetani (1970), Lakew (1990, 1994), McRoberts
(1994), and Muttoni et al. (2010).
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Figure 2: Thin section photomicrographs illustrating microfacies from the Lombardy Basin and
Apennine Platform. (a) Skeletal packstone from the Rhaetian Zu Limestone showing megalodontid
bivalve fragments (Italcementi section), (b) Peloidal grainstone from the Rhaetian Zu Limestone
(Italcementi section), (c) Bivalve-rich skeletal packstone from the Rhaetian Zu limestone (Val
Adrara section), (d) Oolitic grainstone from lower Hettangian Albenza Formation (Val Adrara
section), (e) Sponge spicules from early Sinemurian Moltrasio Limestone (Pozzo Glaciale section),
(f)The Rhaetian association of dasyclad green algae (Gryphoporella curvata) and problematic
algae (Thaumatoporella parvovesiculifera) from Mt. Cefalo section, (g) Laminar stromatolites
from the early Hettangian (Mt. Cefalo section), (h) Problematic algae in a clotted microbial fabric
(lower Hettangian, Mt. Cefalo section), (i) Open-marine, subtidal assemblage of calcareous green
algae, bivalves, and peloids in upper Sinemurian-lower Pliensbachian Mt. Cefalo section.

2.3 Apennine Platform

The Mt. Cefalo section is part of the vast, shallow-marine carbonate succession of the Apennine
Platform (Fig. 1). It was deposited in the south-western Tethys close to the deep-water, lonian arm
of Tethys. The peritidal sedimentary successions from this shelf are exposed in the central and
southern Apennines (Mancinelli et al., 2005; Di Stefano et al., 2015), western Sicily (Todaro et
al., 2016, 2017), Greece (Romano et al., 2008), and Turkey (Coskun Tunaboylu et al., 2014).
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The measured section is part of a thick Mesozoic carbonate succession deposited from the Late
Triassic to Cretaceous in the northern, central, and southern Apennines of Italy (Fig. 6). The
sediments from Mt. Cefalo were deposited in a shallow-marine, peritidal environment (Mancinelli
et al., 2005, Bachan et al., 2012). The meter-scale cycles at Mt. Cefalo, the shallowest section of
our four sections, are typically composed of allochem-rich packstone and grainstone capped by
fenestral boundstones (Fig. 2). The cycles alternate between microfacies containing clotted and
filamentous microbialites exhibiting fenestral fabrics indicating an intertidal to supratidal
depositional environment and microfacies containing calcareous algae and benthic foraminifera
and lacking fenestral fabrics, suggesting deposition in a shallow subtidal to restricted lagoon
setting (Mancinelli et al., 2005, Bachan et al., 2012). The Rhaetian fossil assemblage is dominated
by dasyclad green algae (Gryphoporella curvata), large benthic foraminifera (7riasina hantkeni),
megalodontid bivalves, gastropods, echinoderms, ostracods, and problematic algae
(Thaumatoporella parvovesiculifera) (Fig. 2). The Hettangian-lower Sinemurian (110-270 m)
assemblage is distinguished by an absence of megalodontid bivalves, dasyclad algae, and large
benthic foraminifera. The Hettangian-lower Sinemurian biota is dominated by problematic algae
with minor mollusks. Dasyclad algae reappear and become more common in the upper
Sinemurian-lower Pliensbachian strata (270-325 m) along with a rich assemblage of large benthic
foraminifera (Mancinelli et al., 2005) (Fig. 2).
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Figure 3: The variations in carbonate carbon isotope ratios (8" C; Bachan et al., 2012),
uranium isotopes ratios (8% *U; Jost et al., 2017), I/Ca ratios and skeletal abundance at the
Italcementi section in the Lombardy Basin (this study).
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3 Materials and Methods

The samples used in this study were collected from four measured stratigraphic sections, three
from the Lombardy Basin (Figs. 3-5) in the southern Alps and one (Mt. Cefalo) from the Apennine
Platform (Fig. 6) in the southern Apennines. The hand samples were used for the compositional
analysis and I/Ca measurements. A total of 370 (Italcementi: 159, Val Adrara: 169, Pozzo Glaciale:
42) samples were studied from the Lombardy Basin, and 67 samples were studied from the
Apennine Platform section at Mt. Cefalo. The number of samples analyzed for both composition
and I/Ca ratio amounted to 26 and 15 for the Italcementi Val Adrara sections respectively.

3.1 Compositional analysis of marine limestones

In this study, a total of 293 samples: 112, 72, 42 from Italcementi, Val Adrara and Pozzo Glaciale,
respectively, and 67 from Mt. Cefalo were chosen for thin sectioning. The proportional content of
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Figure 4: The variations in carbonate carbon isotope ratios (8' C; van de Schootbrugge et al.,
2008, Bachan et al., 2012), uranium isotopes ratios (§**U; Jost et al., 2017), 1/Ca ratios and
skeletal abundance at the Val Adrara section in the Lombardy Basin (this study). The age model
is based on Bachan and Payne (2016).
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grains, matrix, cement, and void space was quantified via compositional analysis. Compositional
analysis was conducted by counting 300 points per thin section (size: 26mm X 46mm) across the
Rhaetian-Hettangian interval in the Lombardy Basin and Mt. Cefalo section from the Apennine
Platform (Table S1). Specifically, samples were point-counted using a mechanical stage following
the grain-solid method (Fliigel, 2010). Skeletal grains were assigned to higher taxonomic groups
when identifiable, down to the Linnaean class level where possible. The categories used for
compositional analysis were: bivalves, gastropods, brachiopods, echinoderms, ostracods, corals,
bryozoans, sponges, foraminifera, red algae, green algae, problematica, unidentified biota,
filamentous microbial fabric, clotted microbial fabric, micrite, micrite clasts, peloid, radiaxial
fibrous calcite cement, blocky calcite cement, microsparite, dolomite, and ooids. The microbial
components were point-counted by the presence of clotted and filamentous fabric in thin sections.
Microbial components were not included in the calculation of total skeletal abundance calculation,
which focused on enzymatically controlled carbonate skeletons.

The diversity of skeletal components in limestone samples was quantified by a comprehensive
survey of each thin section. The diversity of a thin section is represented by the number of distinct
taxonomic categories observed (Table S2). The total diversity of a thin section was quantified as
the number of distinct categories of enzymatically controlled skeletal grains present in the thin
section (see above for the categories used). For instance, if a thin section contained only calcareous
algae and bivalves, then its diversity would be noted as two. This approach ensured that a skeletal
grain that was not counted while point counting would still be accounted for in the total diversity.
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Figure 5: The variations in carbonate carbon isotope ratios (8' C; van de Schootbrugge et al.,
2008, Bachan et al., 2012) and skeletal abundance at the Pozzo Glaciale section in the eastern
edge of Lombardy Basin (this study).

3.2 I/Ca as a redox proxy

The I/Ca ratio of marine limestone has been established as a paleo-proxy for shallow-marine redox
conditions (Lu et al., 2010, 2018; Zhou et al., 2014, 2015; Hardisty et al., 2017). The residence
time of iodine in seawater is ~300 ky, which is much greater than the seawater circulation time
(~1 ky). Although the concentration of iodine in the ocean can be assumed to be globally uniform
(Chance et al., 2014), its speciation is spatially variable. The dissolved inorganic iodine is
dominantly present in its thermodynamically stable forms of iodate (IOs) and iodide (I') ions in
seawater (Wong and Brewer, 1977). The standard reduction potential of IOs7/I" is very close to that
of O2/H-0, thus making the speciation of iodine very sensitive to dissolved oxygen concentrations.

In oxic conditions, most iodine occurs as iodate and is reduced to iodide in dysoxic to anoxic
conditions.
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In the modern ocean, the concentration of iodate qualitatively tracks the concentration of dissolved
oxygen in seawater (Truesdale et al., 2000; Lu et al., 2016). In the well-oxygenated upper ocean,
iodate is the dominant iodine species whereas in anoxic basins and in oxygen minimum zones
(OMZs), iodide is dominant (Wong and Brewer, 1977; Emerson et al., 1979). During formation of
carbonate sediment, only iodate is incorporated into the carbonate lattice (Lu et al., 2010).
Consequently, the concentration of iodine relative to calcium in limestone is sensitive to the
dissolved oxygen concentration in the seawater from which it was precipitated (Lu et al., 2010).

In total, 104 samples from the Val Adrara and Italcementi sections of the Lombardy Basin were
analyzed for I/Ca ratios following the methods of Lu et al. (2018) (Table S3). The I and Ca
concentrations were measured on a Bruker M90 quadrupole inductively-coupled-plasma mass
spectrometer (ICP-MS) housed at Syracuse University. For the analysis, 3-5 mg of powdered
limestone (extracted using 0.8 mm drill bit) samples were weighed out, thoroughly rinsed with de-
ionized water, and then dissolved in 3% HNO: acid. The solutions were diluted for analysis to
achieve ~50 ppm Ca. To stabilize iodine, 0.5% tertiary amine solution was added to each solution.
For analysis, 5 ppb of Sc and Cs were added as internal standards. The detection limit of I/Ca is
around 0.1 umol/mol. The sensitivity of *7I is tuned to about 80—100 kcps for a 1 ppb standard.
The precision of I is typically better than 1%. The long-term precision is assessed with repeated
measurements of the reference material JCp-1 (Lu et al., 2010) and was 3.70 £ 0.27 pmol/mol (1o)
(n=2,280) (Lu et al., 2020). The I/Ca values of samples were corrected by adjusting the value of
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Figure 6: The variations in carbonate carbon isotope ratios (' C,; Bachan et al., 2012) and
skeletal abundance in the Mt. Cefalo section of the Apennine platform (this study).

4 Results
4.1 Compositional analysis of marine limestones

The Lombardy Basin and the Apennine Platform both record a drop in skeletal abundance across
the Triassic-Jurassic boundary (Figs. 3—6). All three stratigraphic sections indicate a statistically
significant change in the skeletal abundance across the Upper Triassic and Lower Jurassic time
intervals (binned into time intervals defined by the stratigraphic or biostratigraphic constraints for
each stratigraphic section as depicted in Figs. 3-6; one-way ANOVA results: Mt. Cefalo: p<0.01,
Italcementi: p<0.01, Val Adrara: p=0.01) (Fig. 7). Furthermore, a two-way ANOVA on all 293
samples across the four stratigraphic sections shows that the time interval (p<0.01, 1*=0.30)
explains more of the variation in skeletal content than which stratigraphic section the sample is
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from (p<0.01, n>=0.15). To test this finding further, we conducted another two-way ANOVA
consisting of samples from the same ramp, but different water depths from the Italcementi and Val
Adrara sections. The results again showed similar results with more of the variation in skeletal
abundance explained by time interval (p<0.01, n>=0.37) than by stratigraphic section (p<0.01,
n*=0.12).
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Figure 7: Box plots showing changes in 1/Ca ratios, skeletal abundance, skeletal composition,
diversity (per thin section) in Upper Triassic and Lower Jurassic limestones from the Lombardy
Basin (Italcementi, Val Adrara, Pozzo Glaciale) and Apennine Platform (Mt. Cefalo) sections.
“n”" indicates the number of samples in each category. The figure broadly depicts significant
changes in the skeletal abundance, biotic composition and diversity in marine ecosystems during

the Triassic/Jurassic transition along with the redox chemistry as depicted by 1/Ca ratios.

The composition of skeletal material across Lombardy Basin and Apennine Platform stratigraphic
sections differed significantly depending on the depositional environment and time interval (Fig.
7). The main difference between the Lombardy Basin and Apennine Platform limestones is the
dominance of non-poriferan animals as skeleton producers in the Lombardy Basin whereas
calcareous algae and protists are the skeletal grains in the Apennine Platform (Fig. 7). The Rhaetian
Zu Limestone at Italcementi and Val Adrara is primarily composed of non-poriferan animal



327
328
329
330
331
332
333
334
335
336
337
338

339
340
341
342

343
344
345
346
347
348
349
350

351

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

367
368

skeletons (~80%) with protists and calcareous algae forming a minor (<5%) component of skeletal
material. The proportion of non-poriferan animal skeletal material as a fraction of all skeletal
material decreased in the lower Hettangian strata in both Italcementi and Val Adrara sections
whereas the proportion of calcareous algae increased. In the upper Hettangian Sedrina limestone,
the Val Adrara locality shows evidence of a rapid increase of water depth evident from the well-
bedded carbonate mudstone-wackestone facies rich in sponge spicules floating in a micritic matrix
(McRoberts, 1994; Bachan et al., 2012). The skeletal component of limestones at this location is
primarily hexactinellid sponges (88%) with minor contributions from non-poriferan calcifying
animals and protists. This composition contrasts with that of Pozzo Glaciale, where the identifiable
skeletal components are entirely composed of non-poriferan animals and protists. The deepening
trend continued across the entire Lombardy Basin during the late Sinemurian and led to deposition
of the Moltrasio Limestone, which primarily contains hexactinellid sponges (89%) (Fig. 4, 5, 7).

In the Apennine Platform, the peritidal facies at Mt. Cefalo are primarily composed of calcareous
algae (>75%) in the Rhaetian and Hettangian-early Sinemurian strata (Fig. 7). The composition of
skeletal material changed significantly in the upper Sinemurian and lower Pliensbachian strata
with a significant contribution from benthic foraminifera (~40%) and animals (~22%).

Similar to the skeletal abundance trends, the mean (and median) diversity per sample dropped
significantly across the Triassic-Jurassic boundary in both Lombardy Basin and Apennine
Platform sections (one-way ANOVA analysis, Mt. Cefalo: p<0.01, Italcementi: p<0.01, Val
Adrara: p<0.01) (Fig. 7). The variations in taxonomic diversity across the four stratigraphic
sections are more strongly associated with changes in time interval (two-way ANOVA: p<0.01,
1n?=0.19) than with the identity of the stratigraphic section (two-way ANOVA: p<0.01, n>=0.09).
Furthermore, the frequency with which biota from dominant taxonomic categories occurred in
samples also decreased sharply across the Triassic-Jurassic boundary (Fig. S1).

4.2 I/Ca ratios of bulk carbonate samples

Iodine/calcium background values in both sections are generally low (< 2 pumol/mol). The I/Ca
ratios decline between the Rhaetian and Hettangian at both Italcementi and Val Adrara (Figs. 3, 4,
7). These declines are statistically significant or marginally significant in both the Val Adrara (one-
way ANOVA: p<0.01) and Italcementi (one-way ANOVA: p=0.05) sections (Fig. 7). The
limestone samples from the Rhaetian (Zu Limestone) of the Lombardy Basin show I/Ca ratios in
the range of <0.01 to 0.70 umol/mol (Figs. 3, 4). In the Italcementi section, the mean I/Ca ratio is
0.30 = 0.25 pumol/mol (1o, n=36) whereas the Val Adrara section shows a slightly higher mean
I/Ca ratio of 0.45 + 0.40 umol/mol (1o, n=20; Figs. 2, 3). Overall, the I/Ca ratios in the Rhaetian
Zu Limestone of Lombardy Basin decrease towards the Rhaetian-Hettangian boundary. The
decreasing trend continues into the lower Hettangian Malanotte and Albenza formations. At the
Italcementi section, the mean I/Ca ratio is 0.20 £ 0.16 pmol/mol (1o, n=23) whereas in the Val
Adrara section, the mean I/Ca ratio is 0.10 = 0.17 pmol/mol (1o, n=65) in the lower-Hettangian
strata. In the upper Hettangian Sedrina limestone exposed only at Val Adrara locality, the 1/Ca
ratio shows a slight increasing trend towards the top of the section and reaches a mean ratio of 0.28
+ 0.16 pmol/mol (1o, n=19) (Figs. 3, 4).

5 Discussion
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5.1 Ecological changes across the Triassic/Jurassic boundary in the Lombardy Basin

The compositional changes in shallow-marine carbonates across the Triassic-Jurassic boundary in
the Lombardy Basin and Apennine Platform indicate a significant decrease in the abundance and
diversity of marine organisms in shallow-marine ecosystems across the extinction interval that
cannot be explained by local facies variation (Fig. 8). The decrease in skeletal abundance and
diversity occurs across a variety of depositional environments ranging from proximal to distal
ramp environments of the Lombardy Basin and to peritidal environments of the Apennine
Platform. In addition, variation in skeletal content among time intervals is larger than variation
among stratigraphic sections. Thus, the observed variations in the skeletal abundance are best
interpreted to reflect an external control acting across all sampled locations irrespective of the
depositional setting.

The decrease in skeletal content across the Triassic/Jurassic boundary cannot be explained by
related changes in the depositional environments represented across the two basins (Fig. 8). In the
Lombardy Basin, the Rhaetian Zu Limestone is dominantly composed of open-marine fauna
deposited in a shallow-marine environment in both the proximal ramp section at Italcementi and
the more distal section at Val Adrara. The overlying Malanotte Formation is composed of marls
overlain by thin-bedded carbonate mudstones indicating a rise in relative sea level (Bachan et al.,
2012). This abrupt change in carbonate sedimentation has been interpreted as a transgressive event
that can be traced across the Lombardy Basin and into the Northern Calcareous Alps of western
Tethys (McRoberts et al., 1997). The subsequent shallowing indicated by deposition of cross-
bedded oolitic and peloidal limestones of the Albenza Formation did not, however, coincide with
an increase in skeletal grain abundance. Instead, the skeletal abundance decreased sharply in the
lower-middle Hettangian Malanotte Formation and stayed low throughout the lower-middle
Hettangian Albenza Formation. The low skeletal abundance at both Italcementi (proximal ramp)
and Val Adrara (distal ramp) sections indicates that this pattern is not an artifact of local high-
energy environments but was a common occurrence across the entire ramp of Lombardy Basin
during that time.

This pattern of reduced skeletal abundance and a shift to a non-skeletal carbonate factory also
occurs at the Mt. Cefalo section and across the entire Apennine Platform (Barattolo and Romano,
2005; Mancinelli et al., 2005; Brandano et al., 2016; Todaro et al., 2017). The skeletal content at
Mt. Cefalo is consistent with observations of physical sedimentary structures that indicate
deposition in a peritidal environment across the Rhaetian/Hettangian transition (see Bachan et al.
(2012) for detailed stratigraphy). The Rhaetian intertidal facies are composed of stromatolitic
laminites whereas the subtidal facies are composed of bioturbated limestones rich in large benthic
foraminifera (7. hantkeni) and calcareous algae (G. curvata). The Triassic/Jurassic boundary is
marked by a subaerial exposure surface associated with a sea-level drop that can be traced across
the entire Apennine Platform (Berra, 2012; Cirilli et al., 2015; Todaro et al., 2017). The limestone
immediately above the exposure surface is oolitic grainstone containing very little skeletal
material, indicating the demise of the biological carbonate factory and a shift to a non-skeletal
mode of carbonate precipitation. The oolitic limestones are overlain by laminated fenestral
boundstones indicating a microbial mode of carbonate precipitation with few intervals rich in
calcareous algae but almost devoid of animals and protists. The compositional data from Mt.
Cefalo indicates that ecosystems in peritidal environments contained few skeletal animals
following the end-Triassic mass extinction and that carbonate precipitation was dominantly abiotic
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and microbially induced. This shift from metazoan-dominated to microbial and abiotic modes of
carbonate precipitation in early-Hettangian is not unique to Mt. Cefalo: compositional data from
northern and central Apennines (Brandano et al., 2016) show similar shifts in limestone
composition across the Triassic/Jurassic boundary. This finding further supports the interpretation
that the facies shifts at Mt. Cefalo are indicative of a more widespread pattern in carbonate
deposition rather than a local shift in the depositional environment. The facies pattern in upper
Hettangian-lower Sinemurian at Mt. Cefalo records a shift in sedimentation in an open marine
peritidal environment with thicker subtidal intervals. However, the overall metazoan abundance
remained low throughout the Hettangian and early Sinemurian indicating that the changes in biotic
abundance transcended the shift in depositional environment (Fig. 6).

Like the abundance patterns, the diversity data is also indicative of a biotic crisis at the end of the
Triassic period in Lombardy Basin and Apennine platform. The overall diversity of taxa per
sample decreased sharply across the Triassic-Jurassic transition. The fossil occurrences of
dominant taxonomic categories when plotted as the percentage of samples in which they appear
indicates not only that the taxa became less abundant but also that the frequency with which they
occurred decreased substantially (Fig. S1).

The close similarities in skeletal abundance and diversity patterns across the Triassic/Jurassic
boundary between the widely separated regions (~500 km) of the Lombardy Basin and the
Apennine Platform are also representative of a more general pattern across the western Tethys.
This pattern of reduced animal abundance across the Triassic/Jurassic boundary followed by
establishment of abiotic and microbial carbonate factories during the Early Jurassic occurred also
in the Northern Calcareous Alps in Austria (McRoberts et al., 1997), the Transdanubian Range in
Hungary (Palfy et al., 2021), the central and northern Apennines of Italy (Barattolo and Romano,
2005; Mancinelli et al., 2005; Brandano et al., 2016), western Sicily (Todaro et al., 2017, 2018),
Greece (Romano et al., 2008) and Turkey (Coskun Tunaboylu et al., 2014). The recovery of
skeletal abundance to pre-extinction levels in shallow-marine environments across western
Tethyan carbonate platforms occurred in upper Hettangian-Sinemurian limestones with an
increase in skeletal contribution from protists and mollusks. Overall, the Early Jurassic ecosystems
of western Tethys supported far less benthic biomass and diversity than their Late Triassic
counterparts.

The changes in shallow-marine ecosystems in the western Tethys are also representative of a global
biotic crisis that unfolded at the end of the Triassic. In the southern Tethys, the shallow-marine
platforms of the Arabian plate record a decrease in skeletal abundance across the Triassic/Jurassic
boundary and a shift to an abiotic carbonate factory dominated by ooids (Al-Suwaidi et al., 2016,
Ge et al,, 2018). Evidence from eastern Panthalassa indicates a different extinction pattern than
Tethyan sections. During the Early Jurassic, calcifying organisms decreased in abundance and
were replaced by silicic demosponges in middle- to inner-ramp environments in Peru (Ritterbush
et al., 2014, 2015b; Corsetti et al., 2015) and Nevada (Ritterbush et al., 2015b, 2016). The post-
extinction facies in the Lombardy Basin (this study) and the Eiberg Basin of western Tethys
(Delecat and Reitner, 2005) show a similar increase in silicifying hexactinellid sponges in upper
Hettangian and lower Sinemurian strata. However, it is challenging to compare them with the
Panthalassic ramp sections because the intra-platform basins in the Northern Calcareous Alps
experienced a rise in relative sea level beginning in middle-late Hettangian that coincided with an
increase in the sponge abundance. Hence, it is unclear whether the increase in abundance of
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sponges in the Lombardy and Eiberg Basins was a response to the end-Triassic biotic crisis or a
response to expansion of deeper marine benthic habitats associated with the rise in relative sea
level.

The decrease in the abundance of shell-forming organisms suggests that overall ecological activity
decreased sharply across the Triassic/Jurassic transition. The evidence provided above focuses
mainly on the composition of carbonate sediments deposited in shallow-marine environments. In
theory, the ecological and evolutionary dynamics of shell-forming organisms in carbonate
environments could differ from those of skeletal organisms in different environments or from those
of non-skeletal organisms. However, evidence of decreased metazoan activity across the
Triassic/Jurassic transition is also evident in ichnofacies patterns from both siliciclastic and
carbonate environments. The number of ichnotaxa, depth of bioturbation and size of burrows
decreased sharply during late Rhaetian-early Hettangian time in Panthalassic (New York Canyon),
Tethyan (Austria) and adjacent ocean basins (southern England) (Twitchett and Barras, 2004;
Barras and Twitchett, 2007). A sharp decrease in the bioturbation-associated porosity in limestones
also occurred in peritidal carbonates of western Tethys (Todaro et al., 2016). The presence of
wrinkle structures in shallow-marine sediments has been associated with reduced metazoan
activity in post-extinction environments (Pruss et al., 2004; Mata and Bottjer, 2009; Mariotti et al.,
2014). Similar wrinkle structures occur in siliciclastic subtidal environments during the Hettangian
(Héntzschel and Reineck, 1968; Peterfty et al., 2016).

The reduction in ecological functioning due to biogeochemical disturbance has occurred multiple
times during the Phanerozoic (Droser et al., 2002; Aberhan and Kiessling, 2015; Hull, 2015). The
mean total skeletal abundance in comparable peritidal environments was reduced by more than
90% across Permian-Triassic strata (from six stratigraphic sections in South China; Payne et al.,
2006) as compared to a ~60 % decrease across the Triassic/Jurassic strata (Fig. 9). Of the total
skeletal abundance, the calcareous algae show an especially interesting response to the end-
Permian and end-Triassic extinction events (Fig. 8). Macroscopic green algae were ecologically
important primary producers during the Paleozoic and early Mesozoic (Wray, 1977; Knoll et al.,
2007; Payne and van de Schootbrugge, 2007; Hull, 2017). Lower Triassic strata from shallow-
marine environments were nearly devoid of calcareous algae in the aftermath of the end-Permian
extinction (Bucur, 1999, Payne et al., 2006). Conversely, the calcareous algal abundance in the
Lower Jurassic strata decreased only slightly across the Triassic/Jurassic transition (Fig. 9). This
difference in algal abundance in the aftermaths of the two mass extinctions could indicate that the
end-Permian mass extinction was much more severe for calcifying primary producers than the
end-Triassic extinction (Bucur, 1999).
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Figure 8: A composite plot of variations in stable isotope proxies, I/Ca ratios and skeletal
abundance in Lombardy basin and Apennine platform. See figures 3-6 for data sources. The figure
indicates broad scale spatial and temporal changes in the abundance of skeleton-forming
organisms across the Triassic/Jurassic boundary in context of local (I/Ca) and global (§*"*U)
redox proxies and carbon isotope ratios. The local and global redox proxies indicate a shift to
reducing redox conditions in the Lower Jurassic. The negative and positive carbon isotope
excursions in Lower Jurassic are global in extent and can be tracked across multiple basins. See
Bachan et al. (2012) for detailed description of carbon cycle changes across the Triassic/Jurassic
boundary.

5.2 Marine redox conditions and environmental dynamics across the T/J boundary

The I/Ca ratios from the Lombardy Basin most likely record Triassic/Jurassic variations in marine
redox conditions. Typical carbonate diagenesis processes, such as alteration by meteoric fluids and
dolomitization, can decrease the concentrations of iodate in the carbonate crystal lattice (Hardisty
et al., 2017). The elemental ratios of Mg/Ca and Mn/Sr indicate low likelihood of substantial
diagenetic alteration in our samples. In the Lombardy Basin samples, there is weak correlation of
I/Ca with §'*O (Pearson corr.(r), Italcementi: r=0.27, p=0.04, n=54; Val Adrara: r=0.28, p=0.01,
n=81), of I/Ca with Mg/Ca (Pearson corr.(r), Italcementi: r=0.33, p=0.01, n=54; Val Adrara: r=-
0.03, p=0.75, n=81) and of I/Ca with Mn/Sr (Pearson corr.(r), [talcementi: r=0.11, p=0.69, n=13;
Val Adrara: r=0.12, p=0.43, n=42) (Fig. S2). The Mn/Sr ratio, in particular, is indicative of the
degree of alteration through meteoric diagenesis (Brand and Veizer, 1980). In theory, the Mn/Sr
and I/Ca ratios should be inversely correlated in case of significant diagenesis in the meteoric zone
(Hardisty et al., 2017). However, the samples from the Lombardy Basin do not indicate significant
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inverse correlation between the two ratios. Furthermore, He et al. (2022a) reported a sharp drop in
carbonate I/(Cat+tMg) ratios from a mean of 3.5 umol/mol during pre-extinction period to 1.4
umol/mol across the extinction horizon in another Italian section (Mt. Sparagio, Fig. 1),
independently supporting the temporal trend in local redox conditions observed in this study.

The lithology of the limestones also does not appear to play a major role in governing I/Ca ratios.
A one-way ANOVA (p<0.05, 1>=0.16) on the I/Ca ratios of different lithologies encountered in
our data indicates that although there are statistically significant differences in the means of
different lithologies, this factor overall explains only a minor percentage of variance in the I/Ca
ratios (Fig. S3). A two-way ANOVA of the Val Adrara section data, with age and lithology as the
independent variables, indicates that time period (p=0.04, n1>=0.07) is a significant predictor of
I/Ca ratios whereas the lithology is not (p=0.62, n>=0.02). In the Italcementi section, the lithology
(p=0.07, n>=0.45) similarly explains more of the variation in I/Ca than does the time period
(»=0.45,1>=0.01) but overall neither time period nor lithology is significantly associated with I/Ca
ratios in the two-way ANOVA. The small effect size and lack of statistically significant
associations could indicate that I/Ca ratios at Italcementi section have a higher noise/signal ratio
than at Val Adrara. The source of noise could be diagenetic and/or lithologic factors. However,
the weight of the evidence points to temporal changes in primary I/Ca ratios across the
Triassic/Jurassic boundary.

The I/Ca values found in this study are relatively low (< 2 pmol/mol), whereas the Rhaetian
peritidal limestones from the southwestern Tethys (He et al., 2022a) have higher I/Ca values. These
observations can be explained in two ways: (1) the low I/Ca values in the Lombardy Basin are
largely primary signals indicating a low-oxygen water mass in close proximity to the sample
locations; or (2) post-depositional diagenetic alteration lowered the primary I/Ca of the rocks after
deposition. Support for a low-oxygen water mass (and a primary signal) comes from the argument
that the organic matter remineralization depth in the oceanic water column deepened during the
Mesozoic, which reduced the prevalence of shallow oxygen minimum zones compared to the
Paleozoic (Lu et. al, 2018). Although the exact timing of this transition is still unclear, a shallower
OMZ in the Triassic is consistent with current evidence, including previously published I/Ca data
from the Rhaetian (Lu et al., 2018). For instance, our mean I/Ca values during the Rhaetian (0.30
pmol/mol and 0.45 umol/mol for Italcementi and Val Adrara respectively) are close to values (0.22
umol/mol) from the adjacent Lagonegro Basin (Lu et al., 2018). On the other hand, the Rhaetian
peritidal limestones from the southwestern Tethys exhibit high I/Ca ratios, around 3.5 umol/mol
(He et al., 2022a). Therefore, it is possible that some low oxygen waters were close to the
Lombardy Basin sections throughout the study interval. Diagenetic loss of carbonate-associated
iodine during later diagenesis cannot be completely ruled out, but there is no evidence to suggest
that the stratigraphic trend in I/Ca is dominated by diagenesis based on relationships with §'0,
Mg/Ca, and Mn/Sr (Fig. S2).

The I/Ca data (0.00-0.70 pmol/mol) from the Upper Triassic of the Lombardy Basin suggest a
water column where oxygen was present and relatively stable but not abundant (Fig. 8). The sub-
surface marine redox conditions at the end of the Triassic shifted toward anoxic/hypoxic conditions
based on a decrease in I/Ca (Fig. 8). Variation in I/Ca ratios indicating an expansion of local
dysoxic and anoxic waters across the Triassic/Jurassic boundary is consistent with other lines of
evidence for globally widespread anoxic and euxinic water column conditions in shallow marine
environments during the Early Jurassic (He et al., 2022a, 2022b). The uranium isotope ratios
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(6*"%U) from the Lombardy Basin record a negative excursion of 0.7 %o, indicating a 30-fold
increase in anoxic seafloor area in a span of ~45 kyr at the Triassic/Jurassic boundary (Jost et al.,
2017a). Anoxia-driven isotopic excursions have also been interpreted from carbonate-associated
sulphate (6 *S) isotope ratios (He et al., 2020). The evidence of photic zone euxinia in shallow-
marine environments across the Triassic/Jurassic boundary has also been reported from changes
in nitrogen isotope ratios and fossil biomarker studies from Tethyan and Panthalassic sections
(Richoz et al., 2012; Jaraula et al., 2013; Kasprak et al., 2015; Fujisaki et al., 2020). The reducing
redox conditions remained prevalent in global oceans through the middle-late Hettangian with first
signs of shifts towards oxic environments occurring in the early Sinemurian (Richoz et al., 2012;
Ritterbush et al., 2015b; Thibodeau et al., 2016).

The fluctuating local redox conditions across the Triassic/Jurassic boundary and their close
correspondence with skeletal abundance indicate a connection between water-column anoxia and
the reduction in benthic faunal abundance across the extinction boundary. The fluctuating local
redox conditions well corresponded to changes in skeletal abundance, indicating water column
anoxia as a candidate controlling the benthic faunal abundance through the restriction of aerobic
habitat (Fig. 10). However, an overarching control, such as climate, which drove increased anoxia
in the Jurassic, could also have shaped variation in skeletal abundance. For instance, interaction
between temperature and oxygen availability explain the biogeography of many living species
through their influences on the ratio of oxygen supply to metabolic demand (Deutsch et al., 2015).
In this latter case, redox conditions may not have been directly or entirely responsible for the
changes in skeletal abundance but may have remained correlated with skeletal changes due to
shared controls (Fig. 10).

Geological evidence from the Triassic/Jurassic boundary interval supports the scenario involving
shared controls on abundance and redox conditions, for the study sites in the Lombardy Basin and
at Mt. Cefalo. Peritidal facies at Mt. Cefalo and shallow-marine facies including oolites in the
Lombardy Basin suggest that much of the deposition in the studied sections occurred above fair-
weather wave base and that the local water column would have been oxygenated by wind mixing
even if the I/Ca proxy recorded the mixing of more poorly oxygenated waters from deeper in the
basin due to the slower kinetics of iodide oxidation. Emplacement of the Central Atlantic
Magmatic Province (CAMP) at the Triassic/Jurassic boundary is a well-supported candidate for
the shared control on skeletal abundance and redox conditions. Carbon dioxide emissions from
CAMP led to an increase in atmospheric CO: (Bachan et al., 2012). Resultant warming (McElwain
et al., 1999; Ruhl and Kiirschner, 2011) could have driven deoxygenation as evident from
observations in modern oceans (Levin, 2018). This warming would have increased the basal
metabolic demands of marine organisms and the elevated carbon dioxide concentrations and
reduced pH of marine waters would have added to physiological stresses (Portner et al., 2004;
Gazeau et al., 2013; Deutsch et al., 2015) (Fig. 10). The combined effects of multiple stressors,
especially warming and deoxygenation (Reddin et al., 2020), can potentially account for the lower
abundance of skeletal (and non-skeletal) animals in the aftermath of the mass extinction event.

Irrespective of the control, the geochemical proxy evidence indicates multiple episodes of carbon
dioxide release during the early Hettangian created deleterious environmental conditions by
sustaining high temperatures (McElwain et al., 1999; Huynh and Poulsen, 2005) and creating
unstable oceanic redox conditions in shallow-marine environments in Early Jurassic. The



604  prolonged hyperthermal and anoxic conditions could have reduced the carrying capacity of Early
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607  Figure 9: Box plots showing skeletal abundance variations in shallow marine environments across
608  two major mass extinction boundaries: end-Permian mass extinction and end-Triassic mass
609  extinction. In the top panel: the leftmost plot shows total skeletal abundance change across
610  Changsingian (Upper Permian)- Griesbachian (Lower Triassic) boundary. The plots in the center
611  and right show a breakdown of total skeletal abundance in animals and protists, and calcareous
612  algae, respectively. The lower panel from left to right: total skeletal, animal & protists and
613 calcareous algae abundance variations across the Rhaetian (Upper Triassic) - Hettangian (Lower
614 Jurassic) boundary. The data for the end-Permian mass extinction was obtained from Payne et al.
615  (2006). “n” indicates the number of thin sections in each category.
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Figure 10: A systems analysis model showing the ocean biogeochemical changes associated with
CAMP volcanism and its relationship with the Triassic/Jurassic biotic crisis. The parameters
connected by arrows indicate a positive coupling between them and a negative coupling between
those connected by open circles. For example, physiological effects due to increase in pCO:2 will
lead to a decrease in skeletal abundance indicating an inverse relationship. Thus, this feedback is
represented by an open circle.

6 Conclusions

In this study, we measured skeletal abundance and I/Ca ratios in marine limestones in four Tethyan
sections to reconstruct changes in faunal abundance and redox conditions across the
Triassic/Jurassic boundary. We find evidence of a significant reduction in skeletal abundance
across the end-Triassic extinction event that is reproducible among sections and cannot be
explained by changes in depositional environment. I/Ca ratios indicate that the drop in skeletal
abundance across the Triassic/Jurassic boundary was accompanied by an expansion of reducing
conditions in shallow-marine environments in the regions of deposition. The eventual increase in
skeletal abundance in the late Hettangian-Sinemurian is also associated with an increase in I/Ca.
This correlation between skeletal abundance and I/Ca ratio indicates that the prevalence of dysoxic
to anoxic environments during the early Hettangian was an important factor contributing to the
decline in skeletal abundance. We hypothesize that physiological constraints posed by high
oceanic temperatures and changing ocean pH resulting from carbon dioxide release during CAMP
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volcanism acted in tandem with reduced oxygen availability to limit the abundance of skeletal
benthic organisms in Hettangian ecosystems.

Changes in abundance of benthic organisms, which are critical to understanding energy flow in
ecosystems, have remained among the most difficult to assess across mass extinctions. Studies like
this one provide a novel perspective for understanding the ecological severity of mass extinctions,
complementary to taxonomic diversity, counts of ecological modes of life, and food-web
reconstructions. They also provide a different perspective in directly assessing effects of ongoing,
human-induced mass rarity currently underway in modern oceans (Hull, 2015).
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Figure S1: Plots of diversity changes in major taxa across the Triassic/Jurassic boundary in
Lombardy Basin (sections Val Adrara and Italcementi combined) and Apennine platform (Mt.
Cefalo section).
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Figure S2: Plots of I/Ca vs 6”0, I/Ca vs Mg/Ca and I/Ca vs Mn/Sr in samples from Italcementi

and Val Adrara sections.
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Figure S3: I/Ca ratios associated with every lithology in the Val Adrara and Italcementi sections.
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|greenalga| redalga droblematica




ooid

| height | bivalve |gastropod| ostracod| foram |greena|ga| sponge échinoderni peloid |

2.8
9.8

20
30.8

40
46.9

49.9

51.2

52.2

64.7

69.3

71.8

80
80.8

81

85

87

88

89

91

92

93

95

98
100.6
101.4
102.5
103.5

108
114.4

119
128
134
140
145
150
158
167
168
169
173
180
185



198
202
210

214
219
226
231
238

240.75

1

242.9

245.6

250.3

255
259
260.4
262.5

264.5
269.5

2715

272
277
278
296
306

324
333
348
363
378
390
417



Val Adrara



height
15
2.5
3.5
4.5
4.6
4.8
5
5.2
6
6.4
6.7
7.4
7.5
7.6
7.7
7.9
8.3
8.4
8.5
15
20.5
23.9
30.1
35.4
40.1
41.1
431
435
43.6
43.7
43.8
43.9
44.2
44.5
455
46
46.1
46.5
46.8
47
47.8
48
49.9
53
56.6
60.7

I/Caratios  stage
0.11638436 Rhaetian
0.4147545 Rhaetian
0.48662269 Rhaetian
0.21234732 Rhaetian
0.22124713 Rhaetian
0.18699916 Rhaetian
0.28009251 Rhaetian
0.18705932 Rhaetian
0.2511927 Rhaetian
0.35096098 Rhaetian
0.37493768 Rhaetian
0.68923119 Rhaetian
0.24974417 Rhaetian
0.15222062 Rhaetian
0.17262048 Rhaetian
0.22184572 Rhaetian
0.25365962 Rhaetian
0.29917112 Rhaetian
0.24714651 Rhaetian
0.13219031 Rhaetian
0.03130065 Rhaetian
0.42906931 Rhaetian
0 Rhaetian
0.43851522 Rhaetian
0.00652526 Rhaetian
0.06208281 Rhaetian
0.61769158 Rhaetian
0.51095725 Rhaetian
0.3043029 Rhaetian
0.37933989 Rhaetian
0.32461183 Rhaetian
0.32562269 Rhaetian
0.31032334 Rhaetian
0.35676672 Rhaetian
1.4293723 Rhaetian
0.54052791 Rhaetian
0.278198 Hettangian
0.30434453 Hettangian
0.3156856 Hettangian
0.33077032 Hettangian
0.27103742 Hettangian
0.26484055 Hettangian
0.1585904 Hettangian
0.11168259 Hettangian
0.27941121 Hettangian
0.21001301 Hettangian

Italcementi



61
65.3
70
72.9
77
80
84.8
86.5
90.2
93
95.1
98.3
100.6

0.42809386 Hettangian
0.26825504 Hettangian
0.01185157 Hettangian
0.38574635 Hettangian
0.01708235 Hettangian
0.67437623 Hettangian
0.03429122 Hettangian
0.09389566 Hettangian

0 Hettangian
0.10102217 Hettangian

0 Hettangian
0.14356164 Hettangian

0 Hettangian



height
0.5
2.8
6.8
9.8
16
20
24
30.8
34
41.9
46.9
48
50.3
51.3
53.5
55
57
57.6
57.9
60.7
64.7
66.2
67.7
71.4
79
86
90
95
100.6
103.5
106.5
108
110
112
115
118
122
126
129
132
135
138
141
144
147
150

I/Caratios  stage
0.17553944 Rhaetian
0.70584274 Rhaetian
0.33071266 Rhaetian
0.27584429 Rhaetian
1.92757485 Rhaetian
0.58230292 Rhaetian

0 Rhaetian
0.76108244 Rhaetian
0.34825307 Rhaetian
0.18360507 Rhaetian
0.39625049 Rhaetian
0.36897473 Rhaetian
0.34138592
0.32985263
0.44993818
0.67721403
0.61993325
0.38564853
0.04191127 Rhaetian
0.10373532 Rhaetian
0.26250336 lower-Hettangian
0.21074568 lower-Hettangian
0.26016131 lower-Hettangian
0.14259066 lower-Hettangian
0.47159107 lower-Hettangian

0 lower-Hettangian
0.34901169 lower-Hettangian

0 lower-Hettangian
0.18866823 lower-Hettangian
0.34182784 lower-Hettangian
0.36518116 lower-Hettangian
0.03116112 lower-Hettangian
0.58361463 lower-Hettangian

0 lower-Hettangian
0.92470904 lower-Hettangian
0.03855055 lower-Hettangian
0.12578035 lower-Hettangian
0.02515991 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.03213083 lower-Hettangian

Rhaetian
Rhaetian
Rhaetian
Rhaetian
Rhaetian
Rhaetian



154
157
160
163
166
169
172
175
178
181
184
186.8
190
193
196
200
203
206
209
212
215
218
222
227
230
233
236
239
241.03
245
249.1
252
255
259.5
263.2
267.1
271
275
279
282
286
290
294
298
302
312
322

0.25153159 lower-Hettangian
0.04376268 lower-Hettangian
0.03796047 lower-Hettangian
0.16692414 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.13907046 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.09016142 lower-Hettangian
0.10369134 lower-Hettangian
0.1417996 lower-Hettangian
0.11684494 lower-Hettangian
0.19509616 lower-Hettangian
0.1011641 lower-Hettangian
0 lower-Hettangian
0.04381678 lower-Hettangian
0.21926847 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian
0.19148491 lower-Hettangian
0.08528757 lower-Hettangian
0 lower-Hettangian
0.28336275 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian
0.11941185 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.36533796 lower-Hettangian
0.09414858 upper-Hettangian
0.5558097 upper-Hettangian
0.38184862 upper-Hettangian
0.1641992 upper-Hettangian
0.11979282 upper-Hettangian
0.16174032 upper-Hettangian
0 upper-Hettangian
0.21270885 upper-Hettangian



333
342
348
356
366
375
384
393
402
411
420

0.08711916
0.27298681
0.47240743
0.31754261

0.2982428
0.39690318
0.47134035
0.36377763
0.17061947
0.30656529
0.58691452

upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian



height
15
2.5
3.5
4.5
4.6
4.8
5
5.2
6
6.4
6.7
7.4
7.5
7.6
7.7
7.9
8.3
8.4
8.5
15
20.5
23.9
30.1
35.4
40.1
41.1
431
435
43.6
43.7
43.8
43.9
44.2
44.5
455
46
46.1
46.5
46.8
47
47.8
48
49.9
53
56.6
60.7

I/Caratios  stage
0.11638436 Rhaetian
0.4147545 Rhaetian
0.48662269 Rhaetian
0.21234732 Rhaetian
0.22124713 Rhaetian
0.18699916 Rhaetian
0.28009251 Rhaetian
0.18705932 Rhaetian
0.2511927 Rhaetian
0.35096098 Rhaetian
0.37493768 Rhaetian
0.68923119 Rhaetian
0.24974417 Rhaetian
0.15222062 Rhaetian
0.17262048 Rhaetian
0.22184572 Rhaetian
0.25365962 Rhaetian
0.29917112 Rhaetian
0.24714651 Rhaetian
0.13219031 Rhaetian
0.03130065 Rhaetian
0.42906931 Rhaetian
0 Rhaetian
0.43851522 Rhaetian
0.00652526 Rhaetian
0.06208281 Rhaetian
0.61769158 Rhaetian
0.51095725 Rhaetian
0.3043029 Rhaetian
0.37933989 Rhaetian
0.32461183 Rhaetian
0.32562269 Rhaetian
0.31032334 Rhaetian
0.35676672 Rhaetian
1.4293723 Rhaetian
0.54052791 Rhaetian
0.278198 Hettangian
0.30434453 Hettangian
0.3156856 Hettangian
0.33077032 Hettangian
0.27103742 Hettangian
0.26484055 Hettangian
0.1585904 Hettangian
0.11168259 Hettangian
0.27941121 Hettangian
0.21001301 Hettangian

Italcementi



61
65.3
70
72.9
77
80
84.8
86.5
90.2
93
95.1
98.3
100.6

0.42809386 Hettangian
0.26825504 Hettangian
0.01185157 Hettangian
0.38574635 Hettangian
0.01708235 Hettangian
0.67437623 Hettangian
0.03429122 Hettangian
0.09389566 Hettangian

0 Hettangian
0.10102217 Hettangian

0 Hettangian
0.14356164 Hettangian

0 Hettangian



height
0.5
2.8
6.8
9.8
16
20
24
30.8
34
41.9
46.9
48
50.3
51.3
53.5
55
57
57.6
57.9
60.7
64.7
66.2
67.7
71.4
79
86
90
95
100.6
103.5
106.5
108
110
112
115
118
122
126
129
132
135
138
141
144
147
150

I/Caratios  stage
0.17553944 Rhaetian
0.70584274 Rhaetian
0.33071266 Rhaetian
0.27584429 Rhaetian
1.92757485 Rhaetian
0.58230292 Rhaetian

0 Rhaetian
0.76108244 Rhaetian
0.34825307 Rhaetian
0.18360507 Rhaetian
0.39625049 Rhaetian
0.36897473 Rhaetian
0.34138592
0.32985263
0.44993818
0.67721403
0.61993325
0.38564853
0.04191127 Rhaetian
0.10373532 Rhaetian
0.26250336 lower-Hettangian
0.21074568 lower-Hettangian
0.26016131 lower-Hettangian
0.14259066 lower-Hettangian
0.47159107 lower-Hettangian

0 lower-Hettangian
0.34901169 lower-Hettangian

0 lower-Hettangian
0.18866823 lower-Hettangian
0.34182784 lower-Hettangian
0.36518116 lower-Hettangian
0.03116112 lower-Hettangian
0.58361463 lower-Hettangian

0 lower-Hettangian
0.92470904 lower-Hettangian
0.03855055 lower-Hettangian
0.12578035 lower-Hettangian
0.02515991 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.03213083 lower-Hettangian

Rhaetian
Rhaetian
Rhaetian
Rhaetian
Rhaetian
Rhaetian



154
157
160
163
166
169
172
175
178
181
184
186.8
190
193
196
200
203
206
209
212
215
218
222
227
230
233
236
239
241.03
245
249.1
252
255
259.5
263.2
267.1
271
275
279
282
286
290
294
298
302
312
322

0.25153159 lower-Hettangian
0.04376268 lower-Hettangian
0.03796047 lower-Hettangian
0.16692414 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.13907046 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.09016142 lower-Hettangian
0.10369134 lower-Hettangian
0.1417996 lower-Hettangian
0.11684494 lower-Hettangian
0.19509616 lower-Hettangian
0.1011641 lower-Hettangian
0 lower-Hettangian
0.04381678 lower-Hettangian
0.21926847 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian
0.19148491 lower-Hettangian
0.08528757 lower-Hettangian
0 lower-Hettangian
0.28336275 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian
0.11941185 lower-Hettangian
0 lower-Hettangian

0 lower-Hettangian

0 lower-Hettangian
0.36533796 lower-Hettangian
0.09414858 upper-Hettangian
0.5558097 upper-Hettangian
0.38184862 upper-Hettangian
0.1641992 upper-Hettangian
0.11979282 upper-Hettangian
0.16174032 upper-Hettangian
0 upper-Hettangian
0.21270885 upper-Hettangian



333
342
348
356
366
375
384
393
402
411
420

0.08711916
0.27298681
0.47240743
0.31754261

0.2982428
0.39690318
0.47134035
0.36377763
0.17061947
0.30656529
0.58691452

upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian
upper-Hettangian



