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The end-Triassic mass extinction event (ETE) is considered to be linked with the
emplacement of the Central Atlantic magmatic province (CAMP), yet their
temporal relation and underlying nature of global environmental and biotic
changes remain controversial. A drastic radiolarian faunal turnover was
associated with deep-sea acidification and changes in the chemical
composition of pelagic terrigenous components, which were interpreted as
the results of increased CAMP-derived materials, such as Fe2O3/Al2O3, MgO/
Al2O3, and SiO2/Al2O3, without statistical tests. Here, we re-examined these
CAMP-like signatures in terms of changes in the chemical composition of the
Triassic–Jurassic pelagic deep-sea chert succession in Japan. Our newly
compiled dataset suggests that changes in Fe2O3/Al2O3 and MgO/Al2O3 across
the ETE were not significant, and thus, they may not be appropriate proxies for
CAMP-derived material, potentially due to the dissolution of iron by ocean
acidification and the formation of chlorite during diagenesis, respectively.
Decreased SiO2/Al2O3 was also considered to have been reflected in increased
CAMP-related dust flux and/or decreased biosiliceous productivity, but a slight
increase in the Al2O3/TiO2 ratio (a biosiliceous productivity proxy) and an increase
in shale bed thickness (dust flux proxy) across the radiolarian ETE imply increased
eolian dust flux rather than decreased productivity. Furthermore, statistically
significant Na enrichment at the radiolarian ETE level might be related to
CAMP volcanism and/or associated changes in the source areas of eolian dust.
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1 Introduction

The end-Triassic extinction (ETE) marks one of the “Big Five” mass extinctions (Raup
and Sepkoski, 1982). This event is likely related to a massive release of CO2 and volatiles from
the Central Atlantic magmatic province (CAMP) (Marzoli et al., 1999; Schaller et al., 2011),
which could have promoted environmental degradation and triggered the end-Triassic
extinction event both on terrestrial and marine biota (e.g., Guex et al., 2016; Heimdal et al.,
2018; Kaiho et al., 2022).

The timing of such events is still debated due to the diachronous last/first appearance of
different taxa and uncertainty in correlations between different basins up to hundreds of
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thousand years (Wignall and Atkinson, 2020). Exceptionally high-
resolution biostratigraphic works suggested that the ETE was a
catastrophic turnover of approximately < ~20 kyr scale (Olsen
et al., 2002; Carter and Hori, 2005; Longridge et al., 2007; Fox
et al., 2020). The U-Pb ages of the intercalated CAMP lava and sill
intrusions and magneto-cyclostratigraphy confirmed <10-kyr-scale
biotic turnover coincident with the initial CAMP volcanism at least
in terrestrial Pangea (Olsen et al., 2002; Blackburn et al., 2013).

Although the available radiometric ages of volcanic ash beds
across the ETE in marine successions fall within the errors for the
terrestrial ETE on a 100-kyr timescale (Schoene et al., 2010;Wotzlaw
et al., 2014), their correlation with continental succession is still
debated. The negative organic carbon isotope excursions (NCIEs)
are widely used for stratigraphic correlation, which was assumed to
be derived from isotopically light carbon injection by CAMP
volcanism, but biomarker analyses revealed that NCIEs are
caused by changes in local sources of organic carbon in at least
some Tethyan sections (Fox et al., 2020). The mercury (Hg) anomaly
was also considered the fingerprint of the CAMP volcanic signature,
yet comparisons of Hg records between marine and continental
successions are still controversial (e.g., Thibodeau et al., 2016; Yager
et al., 2021).

One of the most constrained biotas for the end-Triassic marine
turnover is Radiolaria in pelagic and neritic Panthalassa (Carter and
Hori, 2005; Hori et al., 2007; Longridge et al., 2007). In the pelagic
deep-sea succession, the radiolarian turnover is recognized within
the upper part of the biogenic magnetite- and hematite-depleted
interval, which was interpreted as the result of deep-sea acidification,
probably by the doubling of pCO2 by initial CAMP volcanism, but
this was considered to precede the end-Triassic radiolarian
extinction by ~100 kyr (Abrajevitch et al., 2013). However, the
timing of deep-sea acidification needs to be re-evaluated due to the
acidification of sediment pore water because of biogenic magnetite
and hematite formed within the sediment (Ikeda et al., 2015).

The coincidence between the radiolarian turnover and CAMP
volcanism was suggested by increased MgO/Al2O3, Fe2O3/Al2O3,
and Al2O3/SiO2 across the end-Triassic extinction interval of pelagic
chert, which potentially reflected the increased eolian dust derived
from weathered CAMP volcanic rocks (Ikeda et al., 2015). It is
noteworthy that environmental changes across the ETE could be
linked to CAMP volcanism and associated climate change due to
increased aerosol and atmospheric pCO2 (e.g., Schaller et al., 2011;
Kaiho et al., 2022). Changes in the atmospheric circulation and
terrestrial climate zone could have enhanced the emission of eolian
dust, possibly associated with changes in the chemical composition
of eolian dust (e.g., Ikeda et al., 2015). However, their
paleoenvironmental significance remains unclear due to various
factors controlling these compositional changes in bedded cherts,
including diagenetic processes (e.g., Murray et al., 1992a; Murray
et al., 1992b; Murray et al., 1993; Murray, 1994).

To test the significance of changes in these proxies across the
ETE, we statistically compared these proxies derived from our newly
compiled major elemental data below and above the ETE in the
Inuyama area, Japan. Although most of the changes in the previous
ratios were not statistically significant, μm-scale Na enrichment and
increased shale bed thickness across the ETE imply increased eolian
dust flux on pelagic Panthalassa, which may be related to the
continental climate change across the ETE.

2 Geological setting

The studied Katsuyama and Kurusu sections are located in the
Inuyama area, in the southwestern part of the Mino Terrane, central
Japan (Figure 1). The accretionary complex in the Inuyama area
comprises the Lower Triassic to Lower Jurassic bedded chert and
Middle Jurassic siliciclastic rocks, which are repeated as tectonic
slices (Figure 1; Yao et al., 1980; Yao et al., 1980; Matsuda and
Isozaki, 1991; Kimura and Hori, 1993). The distance between the
Katsuyama and Kurusu sections can be originally several tens of
kilometers apart, given the modern geometry of these thrust sheets
(e.g., Kimura and Hori, 1993). The siliciclastic rocks and bedded cherts
correspond to hemipelagic deep-sea and trench sediments, having been
deposited prior to subduction and accretion, and more distal pelagic
deep-sea sediments of the Panthalassa superocean, respectively
(Matsuda and Isozaki, 1991). Paleomagnetic analyses of the bedded
chert sequence in the Inuyama area suggest that the site of deposition
changed as a result of platemotion from low latitudes during theMiddle
Triassic to mid-latitudes during the Jurassic (Figure 1; Shibuya and
Sasajima, 1986; Oda and Suzuki, 2000; Ando et al., 2001). Based on a 50-
Myr travel history until the subduction during the Late Jurassic, the
distance from the paleoshoreline at Katusyama and Kurusu sections
traveled before accretion can be assumed to be 1,500–3,000 km using a
convergence rate of 3–6 cm/yr.

The rhythmic alternations of cm-thick chert andmm-thick shale beds
in the Inuyama area probably reflect changes in the biogenic Si burial rate
under a slower accumulation rate of the terrigenousmaterialwith probable
eolian dust, based on 10–100 times higher abundance of magnetic
microspherules of extraterrestrial origin in shale than in chert (e.g.,
Hori et al., 1993). Such changes in the Si content were enhanced by
diagenetic segregation, whereby SiO2 is exported from layers with low Si
content to those with high Si contents during the silica phase
transformation from opal-CT to quartz (e.g., Tada, 1991). Because
there are no large chert nodules or quartz veins, at least in the studied
sections, we did not consider significant hydrothermal Si input during
diagenesis. According to the biostratigraphic age model, the average
sedimentary duration of a chert-shale couplet is −20 kyr for each stage
throughout the Triassic and Early Jurassic, whose duration is consistent
with the precession cycle (Hori et al., 1993; Ikeda and Tada, 2014).
Hierarchically, higher cycles of chert thickness identified correspond to
obliquity cycles (−40 kyr) and eccentricity cycles (−100 kyr, 405 kyr, 2Myr,
4 Myr, and −10 Myr), which allow a −70 Myr astronomical timescale for
this succession (Ikeda and Tada, 2014; Ikeda and Tada 2020).

Chronostratigraphy of the Triassic–Jurassic deep-sea sequence in
the Inuyama area has been well constrained by radiolarian and
conodont biostratigraphy, chemostratigraphy, and
cyclostratigraphy (Figure 3; e.g., Sugiyama, 1997; Carter and Hori,
2005; Ikeda and Tada, 2013; Ikeda and Tada, 2014; Ikeda and Tada
2020; see Bole et al., 2022 for details and references therein). A
significant turnover of radiolarian fossils in the Katsuyama and
Kurusu sections is correlative with other sections, especially Haida
Gwaii (Queen Charlotte Islands, Canada) at the species level (Carter
and Hori, 2005; Hori et al., 2007). Based on the last appearance
datum (LAD) on the Triassic radiolarian G. tozeri assemblage from
the purple chert and the first occurrence of the Jurassic radiolarian
Pantanellium tanuense assemblage from the purple chert to the
lowermost dusky red chert bed (Figure 2), the radiolarian
transition can be between them at the Katsuyama section
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(Carter and Hori, 2005). It is noteworthy that the Triassic radiolarian
Globolaxtorum tozeri assemblage co-occurs with Jurassic-type
Radiolaria Praehexasaturmalis tetradiatus in a single bed at both
the Katsuyama and Kurusu sections and section I of Kennecott
Points in Haida Gwaii (Figures 1, 2; Carter andHori, 2005; Hori et al.,
2007; Longridge et al., 2007; Bole et al., 2022). Similar radiolarian
faunal turnover is also known in Tethyan sections, now located at the
Csővár section, Hungary, and Canj section, Montenegro, although
the co-occurrence of Triassic-type and Jurassic-type Radiolaria in a
bed was not identified partly due to their relatively lower resolution
(Figure 2; Pálfy et al., 2007; Črne et al., 2011).

The end-Triassic radiolarian turnover interval is located within
the ammonoid turnover interval at Kennecott Point and New York
Canyon, which can be correlated with the ammonoid turnover in the
Pucara section, Peru (Figure 3; Guex et al., 2004; Schaltegger et al.,
2008; Ward et al., 2001; Ward et al., 2004; Ward et al., 2007). In the
Pucara section, the Lowest Occurrence (LO) of Triassic ammonoid
Ch. crickmayi can be 201.57 ± 0.17 Ma based on linear interpolation
of ash beds dated at 201.51 ±0.15 Ma (LM4-86) and dated at
201.87 ± 0.17 Ma (LM4-76/77) (Figure 2E; Guex et al., 2012;
Wotzlaw et al., 2014). This age falls within the uncertainty of the
terrestrial ETE in the Newark basin as 201.564 ± 0.015 Ma based on
astronomical calibration anchored by U-Pb ages of several CAMP
volcanic rocks (Blackburn et al., 2013).

Previous studies also examined the end-Triassic extinction
interval of deep-sea chert succession by chemostratigraphy and
conodont biostratigraphy (Kuroda et al., 2010; Fujisaki et al.,
2018; Bole et al., 2022; Shen et al., 2022). The LO of conodonts
ca. 30 cm above the radiolarian turnover was not used for
correlation because conodonts occur up to the Toarcian,
probably by reworking (Hori, 1997). The organic carbon isotope
correlation seems to be difficult between the Katsuyama and Kurusu
sections, partly due to the relatively lower resolution in the Kurusu
section and cm-scale −4‰ oscillations between chert and mudstone,
and potentially due to different sources and/or diagenetic processes
(Kuroda et al., 2010; Okada et al., 2015; Fujisaki et al., 2018). Further
independent analyses will be necessary to clarify the origin of
organic carbon and the organic carbon isotope correlation.

Mercury (Hg) anomalies are also widely used as a tracer of
CAMP volcanism and were detected around the radiolarian
extinction interval at the Katsuyama and Kurusu sections
(Schoepfer et al., 2022; Shen et al., 2022). However, these Hg
peaks are not only the intervals above the radiolarian turnover
level but also the intervals a few meters below this level (several Myr
before ETE; Schoepfer et al., 2022; Shen et al., 2022). Thus,
considering the sedimentation rate of these sections as ca. 1 m/
Myr, these Hg anomalies in our section are not necessarily derived
from CAMP volcanism but possibly from other sources.

FIGURE 1
(A) Geologic map and (B) location map showing the locations of the Katsuyama and Kurusu sections in the Inuyama area, Mino–Tanba Terrane,
Japan. (C) Paleogeographic map during Triassic–Jurassic transition (modified by Golonka (2002); Kent and Irving (2010)) with the hypothesized extent of
the Central Atlantic magmatic province (CAMP; Kent and Tauxe, 2005) and the approximate paleolocation of Triassic–Jurassic boundary sites plotted.
INY, Inuyama, Japan; PS, Pisenaizawa, Japan; KP, Kennecott Point, Haida Wadii (Queen Charlotte Island), Canada; NYC, New York Canyon,
United States; LV, Levanto, Peru; NA, Newark basin, United States, and UK, St. Audrie’s Bay section, United Kingdom.
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At the Kurusu section, a negative Os isotope excursion ca. 2 m
below the radiolarian turnover level was interpreted as a result of
increased radiogenic Os derived from CAMP rock weathering (Kuroda
et al., 2010), yet their interpretation is contradictory with the available
geochronologic data on CAMP volcanism (Figure 2). Because the Os
isotope ratio of seawater reflects the mixing of felsic and mafic rock
weathering, mantle, and extraterrestrial sources (Peucker-Ehrenbrink
and Ravizza, 2000), the positive Os shift across the radiolarian turnover
level may reflect increased felsic rock weathering relative to mafic rock
weathering, such as CAMP, although negative Os isotope shifts across
the ETEwere reported fromSt. Audrie’s section (Cohen andCoe, 2002).
Thus, it is difficult to examine the timing of CAMP volcanism based on
the Os isotope record in the Kurusu section, possibly related to the
diagenetic transportation of Os in pyrite in the Kurusu section
(Schoepfer et al., 2022).

Across the end-Triassic radiolarian turnover interval,
lithological change has been identified as a distinct color change
from brick red to dusky red cherts with a −6-cm purple interval
(PAK+9r; Figure 2) composed of two intercalated purple chert beds
within purple shales (Hori, 1992; Carter and Hori, 2005; Okada
et al., 2015). The change from brick red to purple occurs gradually
on the last 5 mm of the uppermost brick red chert bed (PAK-1 of
Okada et al., 2015), whereas the change from purple to dusky red is
sharp at the top of the last purple shale just below the lowermost
dusky red chert (PAK+8 of Okada et al., 2015; Figure 2). Changes in

Fe-bearing mineral compositions are responsible for such color
changes (Sato et al., 2012; Ikeda et al., 2015) and are interpreted
to reflect changes in deep-sea acidification under oxygen-rich
bottom water (Abrajevitich et al., 2013; Ikeda et al., 2015). Here,
we assign the base of post-ETE as the purple shale (IYF53D-0 of
Fujisaki et al., 2016; between PAK-1 and PAK+9 of Okada et al.,
2015) and the base of KU+17 at the Katsuyama and Kurusu sections,
respectively, based on radiolarian biostratigraphy (Figure 2; Hori
et al., 2007).

3 Methods

To examine the bulk chemical signature of the end-Triassic
extinction event in deep-sea chert succession, we compared these
proxies of newly compiled data between pre- and post-ETE levels at
the Katsuyama and Kurusu sections across the end-Triassic
extinction.

The bulk major element data on cherts and shales at the
Katsuyama section and cherts at the Kurusu section are
measured by XRF spectroscopy (PW2400, Philips) at Ehime
University (Hori et al., 2007; Okada et al., 2015) and by ICP-AES
outsourced to the ALS Minerals (Method CCP-PKG01) (Fujisaki
et al., 2016). The precision (1s) for most of the chert data in Kurusu
sections was <1% with an accuracy of 0.183 wt% for SiO2, 0.005 wt%

FIGURE 2
Biostratigraphic correlation of the uppermost Triassic to lowermost Jurassic deep-sea sequence at (A) Katsuyama and (B) Kurusu sections in the
Inuyama area, central Japan (Carter and Hori, 2005; Hori et al., 2007; Kuroda et al., 2010; Ikeda et al., 2015; Okada et al., 2015) with the shallow marine
sections in (C) Kunga Island and (D) sections Ⅰ and Ⅱ of Kennecott point in Haida Wadii (Queen Charlotte Island), Canada (Tipper and Guex, 1994; Carter
andHori, 2005; Longridge et al., 2007;Williford et al., 2007; Carter et al., 2010), (E)Csovar section, Hungary (Pálfy et al., 2007; Kovács, et al., 2020), (F)
New York Canyon, USA (Ward et al., 2001; Guex et al., 2004; Longridge et al., 2007; Orchard, 2007; Williford et al., 2007; Guex et al., 2012), and (G) Levant
section, Peru (e.g., Schaltegger et al., 2008; Schoene et al., 2010; Guex et al., 2012) are also shown. The astronomical timescale of the Newark basin is
anchored at the ETE for the tetrapod footprint and sporomorph as 201.58 ±0.034Ma based on theU-Pb dating of intercalated CAMP volcanic rocks in (H)
Newark–Argana–Fundy basins (Olsen et al., 2002; Blackburn et al., 2013). Inset map is according to the studies of Golonka (2002) and Kent and Irving
(2010). INY, Inuyama, Japan; KP, Kennecott Point, HaidaWadii (QueenCharlotte Island), Canada; NYC, New York Canyon; CS=Csovar, Hungary; CN,Čanj,
Montenegro; LV, Levanto, Peru; NA=Newark basin, G.t., Globolaxtorum tozeri; H. b., Haeckelicytium breviora; L. v., Livarella varida; Pr. t.,
Prehexasaturnalis tetraradiatus; Pa.t., Pantanellium tanuense; U. spp., Udaria spp.; C.m., Canoptummerum;M. p.,Misikella posthernsteini;M. k.,Misikella
kovacsi; Ch., Choristoceras; Ps., Psiloceras.
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for TiO2, 0.225 wt% for Al2O3, 0.030 wt% for Fe2O3* (total iron as
Fe2O3), 0.146 wt% for MgO, and 0.037 wt% for Na2O (Hori et al.,
2007). The data on major elements for chert in the Katsuyama
section had an accuracy of 0.118 wt% for SiO2, 0.009 wt% for TiO2,
0.060 wt% for Al2O3, 0.040 wt% for Fe2O3*, 0.046 wt% for MgO, and
0.028 wt% for Na2O (Okada et al., 2015), which are high enough to
conduct statistical analyses for Al-normalized anomalies between
pre- and post-ETE. Although those for shale samples in the
Katsuyama section were not presented (Fujisaki et al., 2016),
considering the several times higher concentrations of elements
other than SiO2 in shale samples relative to chert, this analytical
precision should be high enough to conduct statistical analyses.

Past version 4 software application was used for statistical
analyses (Hammer et al., 2001). Although the sampling patterns
of the two sections are different, we can compare the difference in
the median of selected elemental data between pre- and post-ETE at
the 95% confidence level, shown as no overlapping notches in the
box and jitter plot (Figure 4; Chambers et al., 1983).

4 Discussion

4.1 Chemical signature of Central Atlantic
magmatic province-related material in
deep-sea chert across the radiolarian
extinction event

The coincidence between the end-Triassic mass extinction
(ETE) and initial CAMP volcanism is generally confirmed in

Pangean continental succession (e.g., Blackburn et al., 2013), yet
their relation with the ETE for marine biota is highly debated (e.g.,
Whiteside et al., 2007; Fox et al., 2020). Ikeda et al. (2015) inferred
the coincidence between the end-Triassic radiolarian turnover and
CAMP volcanism, relying on the increased Fe2O3/Al2O3, MgO/
Al2O3, and SiO2/Al2O3 ratios of cherts across the end-Triassic
extinction interval of pelagic chert. However, these elemental
ratios reflect various factors, including changes in provenance,
sedimentological, biological, redox, and diagenetic processes in
bedded chert (Murray et al., 1992a; Murray et al., 1992b; Murray
et al., 1994).

Fe2O3/Al2O3 ratios in post-ETE cherts are statistically higher
than those in pre-ETE cherts at the Katsuyama section at the 95%
confidence level (p < 0.02; Figure 4). However, those in post-ETE
cherts are slightly lower than those in pre-ETE shale at the
Katsuyama section and overlap with those in pre-ETE and post-
ETE cherts at the Kurusu section (Figure 4). In other words, Fe2O3/
Al2O3 in pre-ETE cherts at the Katsuyama section are lower than
that in other samples, potentially related to the dissolution of
biogenic magnetite and hematite as a result of acidification/
reduction of bottom-water and sediment pore water below the
seafloor (Abrajevitch., 2013; Fuhrer et al., 1999; Reader et al.,
1999; Fischer et al., 2007; McGee et al., 2010; Abrajevitch et al.,
2013; Ikeda et al., 2015; Ikeda et al., 2015).

MgO/Al2O3 ratios of post-ETE cherts are also statistically higher
than those of pre-ETE chert at the Katsuyama section (p < 0.005;
Figure 4), which is consistent with the idea that increased Mg-rich
CAMP-derived eolian dust (Ikeda et al., 2015). The increased Mg
content of the tropical terrestrial sequence in Morocco and the

FIGURE 3
Stratigraphic changes in geochemical data across the Triassic–Jurassic (T–J) transition at the Katsuyama section, Inuyama, Japan. MgO/Al2O3,
Fe2O3/Al2O3, SiO2/Al2O3, Al2O3/TiO2, and Na2O/Al2O3 ratios are according to the studies of Okada et al. (2015) and Fujisaki et al. (2016). G.,
Globolaxtorum; P., Pantanellium.
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Tethyan section has been interpreted as an increased supply of mafic
clay minerals produced from the weathered CAMP basalt (Pálfy and
Zajzon, 2012; Dal Corso et al., 2014). However, MgO/Al2O3 ratios in
post-ETE cherts overlap with those in pre-ETE shales at the
Katsuyama section and that in pre-ETE chert at the Kurusu
section (Figure 3).

Previous studies using Mossbauer analysis in this interval at the
Katsuyama section detected Fe3+(h.s.) and Fe2+(outer), which are
likely included in clay minerals, such as illite or chlorite in addition
to hematite (Sato et al., 2012). X-ray absorption fine structure
(XAFS) analysis at the Katsuyama section also detected illite, but

no chlorite signature was found in this interval, probably due to
dilution by abundant hematite and illite (Ikeda et al., 2015). Thus,
the host of Mg in bedded chert may be derived from illite and/or
chlorite. Micro-scale observation also detected diagenetic chlorite
particles and veins >100 μm-scale larger in deep-sea chert (Kameda
et al., 2012). Although previous studies carefully removed veins
before powdering, it should be noted that the relative contribution of
(early) diagenetic chlorite formation is critical to discussing such
elemental enrichments in this section, especially for the shale
particle just above the lowermost dusky red chert bed (Figure 3).
Thus, MgO/Al2O3 and Fe2O3/Al2O3 seem not to be appropriate

FIGURE 4
Box and jitter plots ofmajor element data (MgO/Al2O3, Fe2O3/Al2O3, SiO2/Al2O3, and Ti2O/Al2O3 ratios) across the end-Triassic radiolarian extinction
zone at the Katsuyama and Kurusu sections. MgO/Al2O3, Fe2O3/Al2O3, SiO2/Al2O3, and Al2O3/TiO2 ratios are according to the studies of Hori et al. (2007);
Okada et al. (2015); and Fujisaki et al. (2016). The center lines in the boxes aremedian values, and the box limits are ±1 σ, where no overlapping notches are
present and the two medians are significantly different at the 95% confidence level (Chambers et al., 1983). Ch, chert; Sh, shale; all, chert+shale.
Overlap of all (chert + shale) samples between pre-ETE and post-ETE are shown to emphasize that variations in those proxies between chert and shale are
larger than those across the ETE due to large impact of diagenetic segregation and precession-scale environmental changes.
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proxies for CAMP-derived eolian dust, although we cannot rule out
this possibility.

On the contrary, Na enrichment in the lowermost purple shale is
statistically different at the 95% confidence level from the
corresponding means at the Katsuyama section (Figure 3),
implying the contribution of an additional dust source across the
radiolarian ETE. This may be related to a relatively higher bulk
Na2O/Al2O3 ratio of CAMP volcanic rocks (0.12–0.17; Marzoli et al.,
2019) compared with the Na2O/Al2O3 ratio of deep-sea chert
(0.01–0.05; Figure 3). Although CAMP volcanic material may fly
to pelagic Panthalassa, we cannot deny the possible formation of
authigenic Na-aluminosilicate, and its identification will need
essential criteria. In addition, the expansion of dust source
regions in Pangea across the ETE may contribute to Na-enriched
dust input into the pelagic Panthalassa. Further provenance analyses
will be needed to clarify CAMP volcanism and associated
environmental changes recorded in the pelagic deep-sea succession.

4.2 Changes in the eolian dust component
and flux on pelagic Panthalassa across the
radiolarian extinction event

SiO2/Al2O3 ratios of post-ETE cherts are systematically lower
than those of pre-ETE cherts at the Katsuyama section (p < 0.001;
Figure 4), which was interpreted as the result of increased
CAMP-related Si-poor eolian dust (Ikeda et al., 2015). SiO2/
Al2O3 ratios in post-ETE cherts also decreased from pre-ETE
cherts at the Kurusu section despite their differences not being
statistically significant (Figure 4). In contrast, SiO2/Al2O3 ratios
in post-ETE shales are slightly higher than those in pre-ETE
shale, but their differences are not statistically significant either
(Figure 4).

It is noteworthy that the migration of biogenic Si from proto-
shale intervals to adjacent proto-chert intervals during the
diagenetic transformation from opal-A to opal-CT (Tada, 1991)
suggests that SiO2/Al2O3 ratios in shales tend to be similar to those
of eolian dust, while those in cherts reflect the biogenic Si content
within a chert and adjacent shale beds per terrigenous material
content in the proto-chert interval (e.g., Ikeda et al., 2017).
Therefore, a decrease in SiO2/Al2O3 ratios in chert does not
necessarily imply a change in eolian dust composition but rather
indicates a decrease in the biogenic Si content and/or an increase in
the terrigenous content.

An independent proxy for biosiliceous productivity is the Al2O3/
TiO2 ratio because of the preferential scavenging of dissolved Al
from seawater to biogenic opal and because it is diagenetically
conservative (Murray et al., 1993; Dymond et al., 1997). The
Al2O3/TiO2 ratio in pre-ETE cherts is statistically higher than
that in pre-ETE shale at the Katsuyama section (p < 0.002,
Figure 4). Ranges of the Al2O3/TiO2 ratio in post-ETE cherts
slightly overlap with those in post-ETE shale at the Katsuyama
section (p = 0.022, Figure 4), yet stratigraphic changes in the Al2O3/
TiO2 ratio also show higher values in post-ETE cherts relative to
those in adjacent shales, potentially related to dynamic changes in
the Al2O3/TiO2 ratio of the terrigenous component, as discussed in
the following (Figure 3). Although it is debated whether high
productivity (Tada, 1991; Hori et al., 1993) or low productivity

(Isaacs et al., 1983; Williams et al., 1985; Abrajevitch, 2020) occurs
during the deposition of proto-chert intervals, the observed Al2O3/
TiO2 ratios are consistent with higher biosiliceous productivity for
proto-chert than proto-shale. Recently, using the same chert beds as
Okada et al. (2015), Bole et al. (2022) also reported higher δ30Si
values of radiolarian molds in Si-rich sublayers relative to Si-poor
sublayers, further supporting higher productivity for Si-rich
intervals. Al2O3/TiO2 ratios of post-ETE cherts overlap with
those of pre-ETE cherts in both Katsuyama and Kurusu sections,
implying insignificant changes in biosiliceous productivity during
the proto-chert interval across the ETE (Figure 4). On the contrary,
those of post-ETE shales are lower than those of pre-ETE shales in
the Katsuyama section (p < 0.01, Figure 4), implying a decrease in
productivity and/or changes in terrigenous composition during the
proto-shale intervals across the ETE. Because the Al2O3/TiO2 ratios
of the CAMP basalts are relatively low (−8–11; Deenen et al., 2010),
such changes cannot be explained by increased CAMP-derived
material.

In terms of terrigenous components, increased eolian dust input
is inferred from the increased intercalated shale bed thickness across
the radiolarian ETE at several sections in the Inuyama area,
including the Katsuyama section, despite the difficulty of
measuring <1-mm-thick shale beds (Figure 2; Sugiyama, 1997;
Carter and Hori, 2005; Hori et al., 2007). Similar increases in
shale bed thickness are also observed in deep-sea bedded chert
sequences in the Pisenaizawa section, Hokkaido, northern Japan,
which is located in central Panthalassa, roughly 1,000–3,000 km east
of the Inuyama area, according to their different durations before
accretion and a rough convergence rate of 3–6 cm yr−1 (Figure 1;
Ikeda, 2013; Ikeda et al., 2017). Based on biostratigraphic age
constraints, the sedimentation rates of bedded chert in these
sections were relatively constant, around 1–2 mm/kyr, and the
average duration for each chert-shale couplet is −20 kyr
throughout the Triassic to Jurassic, similar to that of the climatic
precession cycle at that time (Ikeda, 2013; Ikeda and Tada, 2014).
Thus, increased shale thickness may reflect an increase in
terrigenous material flux, probably eolian dust (Hori et al., 1993;
Ikeda et al., 2017).

Several primary factors control the eolian dust flux, including
wind gustiness, the area and dust productivity of dust source regions,
vegetation coverage, sea-level change, and glacial sediments (Fuhre
et al., 1999; Reader et al., 1999; Fischer et al., 2007; Maher et al., 2010;
McGee et al., 2010). A factor of 2–4 increase in dust deposition is
reported in the equatorial Pacific during glacial periods relative to
interglacial periods (Winckler et al., 2008). Thus, these factors need
to be examined to understand the increased eolian dust burial flux in
the pelagic deep-sea chert across the end-Triassic radiolarian
turnover interval.

After the initial massive CAMP volcanism, SO2 injection into
the stratosphere would have initiated a cooling of 3–8°C by
increasing planetary albedo through the formation of sulfuric
acid aerosols (Tanner et al., 2004; Korte et al., 2009; Guex et al.,
2016). This cooling could have steepened the meridional
temperature gradient, thereby enhancing global dust emissions
(Sun et al., 2001; Washington et al., 2006). However, such
cooling lasted only on the centennial scale after multiple
eruptions due to the residence time of aerosols in the
stratosphere (Kaiho et al., 2022). On the contrary, global
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warming resulting from a doubling of pCO2 (Schaller et al., 2011;
Schaller et al., 2012) implies that changes in wind gustiness might
have played a minor role in changes in shale bed thickness as dust
flux on the 20-kyr scale.

The expansion of source areas due to aridification is one of
the most widely recognized potential drivers of the increase in
eolian dust flux (Rea et al., 1994), particularly during the ETE.
Across the continental ETE, subtropical terrestrial succession
seems to be temporally (<10 kyr-scale) wetter than the rest of the
Rhaetian in the central Atlantic margin (CAM) rift basins (Olsen
et al., 2002; Kent et al., 2017). Temporal expansion of lakes and
subsequent formation of desiccated lake beds and dust sources
could enhance the eolian dust emission from these regions. In the
Colorado Plateau of western subtropical Pangea, the appearance
of the temporal eolian succession just below a lacustrine
limestone interval dated at 200.5 ± 0.5 Ma (Parrish et al.,
2019) may also contribute to the eolian emission, yet their age
uncertainty needs to be improved.

In addition to aridity, restricting vegetation density or
inhibiting vegetation regrowth after the fire has been proposed
as a means of increasing dust emissions during glacial periods
(Bond et al., 2003; Mahowald et al., 2006). Across the ETE of the
Newark Basin, a decrease in regional sporomorph diversity loss
of the conifer forest with an increase in rapid fern is recognized
within the terrestrial faunal turnover interval in the Newark
Basin and other CAM rift basins (Fowell and Olsen, 1993;
Olsen et al., 2002). A significant macrofloral turnover is also
evidenced by the extinction of the peltasperm Lepidopteris and its
replacement by the dipteridacean fern Thaumatopteris and a
flora rich in ginkgoaleans, conifers, and bennettites (McElwain
et al., 2007; Pott and McLoughlin, 2009; Mander et al., 2013).
Because vegetation recovery took several hundred kyr after the
ETE (Olsen et al., 2002; Vajda and Bercovici, 2014), such
vegetation collapse may contribute to the increased eolian dust
emission.

Considering that the eolian dust emission rate increased by
CAMP volcanism and associated environmental changes, such as
arid region expansion and vegetation collapse, these factors may
have also contributed to a decrease in SiO2/Al2O3 and an increase in
shale bed thickness of deep-sea succession across the radiolarian
ETE. Assuming that the timing of this proto-shale accumulation can
correspond to the period between the accumulation of proto-chert
above and below the shale bed (Tada, 1991; Bole et al., 2022),
increased eolian dust could be coincident with the radiolarian
turnover and deep-ocean acidification in the Katsuyama section
(Ikeda et al., 2015). We also acknowledge that changes in eolian dust
dynamics may not be the sole cause of the observed variations in
shale bed thickness, and the chemical composition of Triassic-
Jurassic deep-sea chert and other unidentified processes, such as
sedimentary and diagenetic processes, may contribute. Nevertheless,
similar changes in shale thickness and their chemical composition in
the older part of this succession are also linked with continental
aridification and associated eolian dust dynamics across the Carnian
Pluvial Episode (Cho et al., 2022). Further convincing evidence for
eolian dust flux and its chemical composition, including trace and
rare earth elements, will clarify this idea and deepen our
understanding of the global environmental dynamics across
the ETE.

5 Conclusion

This study examined the temporal relationship between the end-
Triassic radiolarian extinction and CAMP volcanism based on the
stratigraphic changes in chemical compositions of deep-sea cherts
deposited in pelagic Panthalassa, now exposed in Japan. The major
element dataset results, previously used signatures of CAMP-related
eolian dust, such as MgO/Al2O3, Fe2O3/Al2O3, and SiO2/Al2O3, may
not be appropriate due to authigenic/diagenetic formation of
chlorite, dissolution of magnetite and hematite by deep-ocean
acidification, and increased eolian dust burial rate. Alternatively,
statistically significant Na enrichment at the lowermost purple shale
may reflect increased CAMP-derived material and/or changes in the
provenance of eolian dust. Additionally, a decrease in SiO2/Al2O3 in
conjunction with insignificant changes in Al2O3/TiO2 and an
increase in shale bed thickness imply that increased eolian dust
flux potentially reflects the expansion of the arid areas, vegetation
collapse, and wind gustiness due to CAMP volcanism and associated
environmental perturbation.
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