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The end-Triassic extinction event marks one of the “big five” mass extinction events of the Phanerozoic. The ul-
timate cause of the extinction is considered to be volcanic activity at the Central Atlantic magmatic province
(CAMP), yet the underlying nature of global environmental changes that accompanied the biotic turnover re-
mains elusive. Here we present chemical and mineralogical studies across the end-Triassic extinction level of
the deep-sea chert sequence (Inuyama, Japan). Depleted hematite content normalized by terrigenous material
predated the end-Triassic extinction level with significant rock color change from brick red to purple, which is
consistent with the rock magnetic records of hematite reported. This suggests the loss of authigenic hematite
possibly due to the acidification of bottom-water and the underlying sediment pore-water. This timing is consis-
tentwith the initial eruption of CAMPvolcanism, suggesting a catastrophic release of greenhouse gases as a cause
of deep-ocean acidification. Across the end-Triassic extinction interval, MgO/Al2O3, Fe2O3/Al2O3, and Al2O3/SiO2

increased with change in color from purple to dusty red. This trend became close to those of weathered CAMP
basalts in arid area, implying that it became the considerable source of aeolian dust in cherts after the end-
Triassic extinction event. These temporal relations support the synchrony among the initial eruption of CAMP,
deep-ocean acidification, and the end-Triassic extinction. Similar rock color changes of cherts might have poten-
tial information for the volcanisms and deep-ocean acidification in other geologic events.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Triassic–Jurassic (T–J) extinction event (~201.5 Ma; Blackburn
et al., 2013) is one of the “big five”mass extinction events of the Phaner-
ozoic (e.g. Raup and Sepkoski, 1982;Hallam, 2002). This eventwas caused
by the massive emissions of CO2 and other volatiles associated with the
eruption of the Central Atlantic magmatic province (CAMP) (e.g. Marzoli
et al., 1999; Schaller et al., 2011). The release of CO2 and volatiles from
the CAMP flood basalts could have produced ocean acidification event,
which was suggested as a key causal mechanism of the end-Triassic
extinction (e.g. Abrajevitch et al., 2013; Bacon et al., 2013; Greene et al.,
2012; Tanner et al., 2004; van de Schootbrugge et al., 2009).

Double-phased deep-ocean acidification event was suggested based
on the variations in the relative abundances and characteristics of mag-
netic records of deep-sea chert in Japan (Abrajevitch et al., 2013). The
initial stage, characterized by a disappearance of the previously ubiqui-
tous magnetite (inorganic remains of magnetotactic bacteria), started
~100–120 kyr prior to the end-Triassic extinction. The second stage,
eda).
defined by significant changes magnetic properties of hematite pig-
ment, lasted ~15–35 kyr until the end-Triassic extinction.

However, these timings are inconsistent with the current consensus
of synchronous between the end-Triassic extinction and CAMP volca-
nism within 20 kyr-order (Blackburn et al., 2013; Deenen et al., 2010;
Whiteside et al., 2007, 2010). In addition, rock magnetic records of
chert should have reflected not only depositional environmental, but
also diagenetic effects after deposition and changes in component of ae-
olian input, which could have reflected the widespread eruption of
CAMP flood basalts.

To examine these effects,we here examine the quantitativemineral-
ogical and chemical compositions of cherts by using X-ray absorption
fine structure (XAFS) and XRF. XAFS analysis of Fe is a powerful method
to determine iron species in chert in the Inuyama area, as recently per-
formed by Nakada et al. (2014), because the identification of Fe-bearing
minerals in chert is not easy due to low Fe concentration in chert
(e.g., Murray et al., 1991; Murray, 1994). Based on the XAFS in addition
to recently reported chemical composition results (Okada et al., 2015),
we discuss the paleoclimatic/paleoceanographic changes across the
end-Triassic extinction, from the viewpoints of deep-ocean acidification
and CAMP volcanic activity.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2015.09.046&domain=pdf
http://dx.doi.org/10.1016/j.palaeo.2015.09.046
mailto:ikeda.masayuki@shizuoka.ac.jp
http://dx.doi.org/10.1016/j.palaeo.2015.09.046
http://www.sciencedirect.com/science/journal/00310182
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2. Geologic setting

Studied sections are located at the Katsuyama, in the Inuyama area,
southwestern part of theMino Terrane, central Japan (Fig. 1). The Mino
Terrane is a Paleozoic to Mesozoic accretionary complex consisting of
greenstone, limestone, bedded chert, and siliciclastic rocks (Wakita,
1988). The accretionary complex exposed in the Inuyama area com-
prises the Lower Triassic siliceousmudstone, Lower Triassic to Lower Ju-
rassic bedded chert, and Lower to Upper Jurassic siliciclastic rocks,
which are repeated as tectonic slices (Fig. 1; Matsuda and Isozaki,
1991; Yao et al., 1980, Kimura and Hori, 1993). The siliceous mudstone
and bedded chert sequences were deposited on the pelagic deep-sea
floor of Panthalassa superocean below carbonate compensation depth
(CCD), whereas siliciclastic rocks are considered to have been deposited
on hemipelagic deep-sea and within a trench in a subduction zone
(Matsuda and Isozaki, 1991). Paleomagnetic and biostratigraphic stud-
ies of the bedded chert sequence in the Inuyama area show that the
site of deposition moved from low latitudes during the Middle Triassic
to mid-latitudes during the Lower Jurassic (Fig. 1; Shibuya and
Sasajima, 1986; Oda and Suzuki, 2000; Ando et al., 2001).

The bedded chert sequence consists of rhythmically alternation of
cm-thick chert and mm-thick shale beds in this area. The chert beds
are SiO2-diluted parts of the shale beds and, consist mainly of biogenic
silica and continental materials, such as aeolian dusts derived from the
continental surface (e.g. Hori et al., 1993, 2000). Alternating chert and
shale beds are considered to be the result of the precession-scale chang-
es in the accumulation rate of biogenic SiO2 in environments with ca.
100 times slower accumulation of terrigenous material with probable
aeolian dust (e.g. Hori et al., 1993).

Across the end-Triassic extinction interval, there is no evidence for a
major lithological change, except for distinct color variations from brick
red to dusty red (Carter and Hori, 2005; Hori, 1992; Okada et al., 2015).
The top of the uppermost brick red chert and the overlain two chert
beds are purple in color. Shale thickness increased across the end-
Triassic extinction (Fig. 2; Sugiyama, 1997; Ikeda and Tada, 2013).
These lithologic changes could have reflected by paleoenvironmental
changes across end-Triassic extinction interval.

2.1. Chronostratigraphy of T–J deep-sea chert sequence

Chronostratigraphy of T–J deep-sea sequence in the Inuyama area has
been revised after well-established radiolarian–conodont biostratigraphy
Fig. 1. (A) A geologicmap and (B) a locationmap showing the locations of Katsuyama and Sakah
during Triassic–Jurassic transition showing the locality of the Inuyama area (red zone; Shibuya a
Langford (1995). The arrows and brown zone suggest the estimated surfacewinds and thedistri
et al., 2010).
and cyclostratigraphy (Hori, 1988, 1990; Sugiyama, 1997; Carter and
Hori, 2005; Ikeda and Tada, 2013). The end-Triassic radiolarian extinction
interval is well constrained within a lowermost dusty red chert based on
the last appearance datum (LAD) of Triassic radiolarian Globolaxtorum
tozeri assemblage and conodont Misikella posthernsteini, and the first ap-
pearance datum (FAD) occurrence of Jurassic radiolarian Pantanellium
tanuense (Carter and Hori, 2005; Hori, 1992). Similar radiolarian faunal
change across the end-Triassic extinction interval was found within the
interval of less than 5 m at the shallow marine sequence in the Queen
Charlotte Islands (Fig. 3; Carter and Hori, 2005) and the New York Can-
yon. In the Queen Charlotte Islands and New York Canyon, the LAD of
Triassic-type radiolarians and conodont are at the LAD of Triassic ammo-
noid Choristoceras rhaeticum (Ward et al., 2004; Orchard et al., 2007), and
the FADof Jurassic-type radiolarian is 7mbelow thefirst occurrence of Ju-
rassic ammonoid Psiloceras aff. primocostatum (Fig. 3; Tipper and Guex,
1994; Ward et al., 2004).

The age of the end-Triassic radiolarian extinction event can be
constrained as 201.4 ± 0.2 Ma on the basis of 201.33 ± 0.13 Ma and
201.45 ± 0.14 Ma of the U–Pb ages from the New York Canyon section,
U. S. A. and Pucara section, Peru, respectively (Fig. 3; Schoene et al.,
2010; Guex et al., 2012). 201.33 ± 0.13 Ma of U–Pb age was measured
fromNYC-N10 ash bed, which level is 1m above the LAD of Jurassic am-
monoid Ps. spelae at the New York Canyon (Fig. 3; Schoene et al., 2010).
201.45± 0.14Ma of U–Pb agewasmeasured from the ash bed LM4–86,
which level is 1.5 m above the LAD of Triassic ammonoid Ch. crickmayi
and 4.5 m below the FAD of Ps. spelae at the Pucara (Fig. 3; Guex et al.,
2012). The horizons of the end-Triassic ammonoid extinction and earli-
est Jurassic ammonoid recovery at New York Canyon and Pucara sec-
tions can be correlated with those horizons at the Queen Charlotte
Islands, respectively (e.g. Guex et al., 2004, 2008; Ward et al., 2001,
2004, 2007). Therefore, the end-Triassic radiolarian extinction intereval
in the Inuyama area can be estimated as 201.4 ± 0.2 Ma, which errors
from 201.45 ± 0.14 Ma and 201.33 ± 0.13 Ma of U–Pb ages (Fig. 3).

Milankovitch-scale astronomical cycles have been linked to the sed-
imentary rhythms of the bedded chert (e.g. Hori et al., 1993; Ikeda and
Hori, 2014; Ikeda and Tada, 2013, 2014; Ikeda et al., 2010). Hierarchal
cyclicities corresponding to the 40 kyr obliquity cycle and ~100 kyr,
405 kyr, ~2000 kyr, and ~4000 kyr eccentricity cycles have been identi-
fied from chert thickness variations in the Lower Triassic to Lower Juras-
sic bedded chert sequence in the Inuyama area (e.g. Ikeda and Tada,
2014). The astrochronology for theUpper Triassic to Lower Jurassic bed-
ded chert sequences at the Katsuyama section has been established
ogi sections in the Inuyama area,Mino–Tanba Terrane, Japan. (C) A palaeogeographicmap
nd Sasajima, 1986; Oda and Suzuki, 2000; Ando et al., 2001). Basemap is after Scotese and
bution of theCentral Atlanticmagmatic province (CAMP; Kent and Tauxe, 2005;Whiteside



Fig. 2. Photo of Triassic–Jurassic transition showing the distinct color change from dusty
red to brown red chert intercalated with purple chert bed between the two.
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primary based on each chert-shale couplet being linked to the ~20 kyr
precession cycle, and then fine-tuned by linking ~20 bed cycles to
405 kyr eccentricity cycles (Ikeda and Tada, 2013, 2014). The
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Fig. 3. Radiolarian and conodont biostratigraphic correlation of (A) the uppermost Triassic to lo
2005; Ikeda and Tada, 2013; Okada et al., 2015) with the shallowmarine sections in (B) Queen
Williford et al., 2007) and (C) New York Canyon, U. S. A (Orchard et al., 2007). Ammonoid biost
York Canyon (Guex et al., 2012; 2004; 2008;Ward et al., 2001, 2004, 2007;Williford et al., 2007)
2012) are also shown. The astronomical time scale of Inuyama bedded chert (Inuyama-ATS) i
extinction (201.40 ± 0.20 Ma; Ikeda and Tada, 2013).
astrochronology of the Inuyama deep-sea sequence was anchored at
the end-Triassic radiolarian extinction event as 201.4 ± 0.2 Ma, as de-
scribe above.

3. Analytical methods

Across the end-Triassic extinction interval, 12 samples were ana-
lyzed for XAFS. All chert samples were crushed into small pieces and
sorted to avoid veinlets and stains due to surfaceweathering. After care-
ful washing with Milli-Q (Millipore) water, the pieces were air-dried
and then powdered using an agate planetary mill in preparation for
XRF and XAFS geochemical analyses (Okada et al., 2015). The XRF ana-
lytical method and sample preparation for cherts were modified from
Higuchi and Hori (1996), Hori and Higuchi (1996), and Yoshizaki et al.
(1996).

3.1. X-ray absorption fine structure (XAFS) analysis

X-ray absorption fine structure (XAFS) is a powerful tool used to de-
termine the electronic structure and the neighboring elements from X-
ray absorption. The XAFS spectrum is divided into two energy regions:
X-ray absorption near-edge structure (XANES) and extended X-ray ab-
sorption edge structure (EXAFS). The former gives information about
electronic states (valence) and the symmetry of the coordination envi-
ronment. The latter is sensitive to the local structure of the center
atom absorbing the incident X-ray (Fe in this case), including the inter-
atomic distances and coordination numbers of the neighboring atoms.
Although XANES spectra are useful for the qualitative identification of
major classes such as distinguishing among sulfides, carbonate, phos-
phates, phyllosilicates, oxides, and oxyhydroxides, EXAFS is more sensi-
tive to detect a particular component at low abundance (O'Day et al.,
2004).
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wermost Jurassic deep-sea sequence in the Inuyama area, central Japan (Carter and Hori,
Charlotte Island, Canada (Carter and Hori, 2005; Carter et al., 2010; Tipper and Guex, 1994;
ratigraphic correlation among the shallowmarine sections in Queen Charlotte Island, New
, and (D) Pucara section, Peru (e.g. Schaltegger et al., 2008; Schoene et al., 2010; Guex et al.,
s anchored at the base of dusty red chert bed number 796 as the end-Triassic radiolarian
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The Fe K-edge (7111 eV) EXAFS spectra were measured at BL-01B1
of SPring-8 (Hyogo, Japan). Prior to themeasurements, theX-ray energy
was calibrated with the pre-edge peak maximum of hematite at
7114 eV. The EXAFS spectra of the reference materials, hematite, illite,
magnetite, Fe-phosphate, chlorite, hornblende, biotite, smectite, ferri-
hydrite, goethite, and pyrite, were measured in the transmission mode
(Fig. 4), while the spectra of chert samples were measured in the fluo-
rescencemode using a 19-element germanium (Ge) semiconductor de-
tector (Fig. 5). Clay minerals, including illite (IMt-1), smectite (SWy-2),
and chlorite (CCa-2),were obtained from the Source Clays Repository of
the Clay Mineral Society, USA. After dry sieving, clay standards with
grain sizes smaller than 20 μm were obtained. Minerals such as biotite,
pyrite (FeS2), and hornblende were obtained from Nichika Inc. (Kyoto,
Japan). Magnetite (Fe3O4) was obtained from Wako Pure Chemical In-
dustries Ltd. Ferrihydrite, goethite and hematite were synthesized fol-
lowing the method of Schwertmann and Cornell (2000), while the Fe-
phosphate was synthesized following the method of Voegelin et al.
(2010). The measurements were conducted at ambient pressure and
temperature. The EXAFS spectra were analyzed using Athena software
(Ravel and Newville, 2005). The energy unit was transformed from eV
to Å−1 to produce the EXAFS function χ(k), where k (Å−1) is the photo-
electronwave vector. The contributions of the various Fe species in each
sample were estimated by linear combination fitting (LCF) of each k3-
weighted EXAFS spectrum with the spectra of the reference materials.
The LCF was conducted using no more than three minerals in a k
range of 2–11.5 Å−1. The quality of the fit was given by the residual
value, the goodness-of-fit parameter R, defined by

R ¼
X

k3χobs kð Þ−k3χcal kð Þ
h i2
X

k3χobs kð Þ
h i2 ð1Þ

where χobs(k) and χcal(k) are the experimental and calculated absorp-
tion coefficients at a given k, respectively, and a smaller R value means
a better fit in the LCF procedure.
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Fig. 4. Iron K-edge EXAFS spectra of (A) standardminerals used to fit themeasured chert sampl
mineral components listed in Table 1. The solid black line denotes themeasured spectra, and th
tributions of each species: blue: the illite fraction: the phosphate fraction, green: the magnetit
4. Results

4.1. Changes in Fe-bearing mineral contents across the end-Triassic
extinction interval

All the cherts require hematite and illite with magnetite or Fe-
phosphate to fit the measured EXAFS spectra (Figs 4 and 5, Table 1).
These Fe-bearingmineral contents are calculated bymultiplying the es-
timated relative contents by Fe2O3 contents measured by XRF (Figs. 5
and 6; Okada et al., 2015).

All the EXAFS spectra show similar stronghematite signature such as
two-humped small positive peaks at k = 5 and 5.5, large negative am-
plitudes at k = 7.2 and 9.2, and large positive amplitudes at k = 4.0,
6.4, 7.6, and 8.6 (Fig. 4). The LCF result shows that more than 50% of
Fe-bearing minerals incorporated in these samples were hematite, ex-
cept for PAK 2 − 9 (Fig. 5; Table 1). The weaker negative amplitude at
k = 8 and positive amplitude at k = 8.6 for PAK 2 − 9 compared to
the others resulted in the smaller contribution of hematite (Fig. 4).

The relative abundance of illite is clearly reflected in the EXAFS spec-
tra, although EXAFS oscillation of illite is smaller especially at higher k
regions (Fig. 5). For example, the comparison between PAK 2 + 9 and
PAK 2− 3, which containsmost and least abundant of illite, respective-
ly, shows that the EXAFS oscillation of PAK 2 + 9 slightly shifted left-
ward around k = 6 and 9 (Fig. 5). The leftward shift of PAK 2 + 9
reflects the peak-top of illite at k=6.0, whereas the PAK 2− 3 is affect-
ed by the peak-top of hematite at k = 6.4. Similarly, the negative peak
maximum at k = 9.0 strongly contributes to the spectrum of PAK
2 + 9, while that of hematite, k = 9.2, results in the spectrum of PAK
2 − 3 shifted rightward. In addition, the two-humped peaks at k = 5
and 5.5, reflecting hematite signature, of PAK 2 + 9 is relatively flat
owing to the flatness of illite signature at that k region, while that of
PAK 2 − 3 strongly follows the hematite signature with higher peak at
former one.

Relative enrichment of authigenic hematite to detrital hematite was
estimated by normalizing the total hematite content by terrigenousma-
terials (illite and Al2O3). Their minimum values were the purple chert
(PAK 2 + 9; Fig. 6).
k3
χ (

k )

8 10 12
-1)

0 2 4 6 8 10 12

k (Å-1)

C

PAK-14

PAK-8

PAK-3

PAK-2

PAK-5

PAK-4

es and (B) and (C) chert samples with fitting results and contributions of the end-member
e blue circle shows the results of the fit from Table 1. The colored solid lines show the con-
e fraction, and red: the hematite fraction.



Fig. 5. Iron K-edge EXAFS spectra of standard minerals (hematite and illite) and selected
chert samples with highest (PAK-3; brick red chert) and lowest hematite content
(PAK + 9; purple chert).
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5. Discussion

5.1. Changes in detrital/authigenic hematite burial rate across the
end-Triassic extinction event

To understand the paleoclimatic/paleoceanographic changes across
the end-Triassic event, here we examine change in the detrital/
authigenic origin of hematite in cherts by using XAFS and XRF. Themin-
imum hematite content normalized by terrigenous materials (illite and
Al2O3)was the purple chert (PAK 2+9; Fig. 6), indicating the depletion
of authigenic hematite to detrital hematite. Similar decreased hematite
content in purple cherts is also reported by using Mössbauer spectros-
copy (Kubo et al., 1996; Sato et al., 2012).

The major sources of hematite and other terrigenous material were
eolian dust, not riverine input, because the studied section represents
a pelagic deep-sea succession in the Panthalassa ocean (Fig. 1). A
decrease of detrital hematite could reflect a reduction of silicate
weathering rate and/or aweakening globalmonsoonal climate, because
wind-blown dust was likely a major input of terrestrial hematite. How-
ever, monsoonal climate and silicateweathering ratewould be stronger
after the end-Triassic extinction event due to global warming (e.g.
Whiteside et al., 2010; Schaller et al., 2012). In addition, the shale thick-
ness increases in this section, suggesting the increased eolian dust input
to pelagic Panthalassa. Therefore decreased hematite content implied
that decreased authigenic hematite relative to detrital hematite in the
purple chert.

There are several ways to reduce authigenic hematite in the
ocean: 1) decrease of hematite production by iron bacteria activities
Table 1
The linear combination fitting (LCF) results of Fe K-edge EXAFS and valence state analysis.
Py: pyrite; Fa: fayalite; Chl: chlorite; Ill: illite; Sm: smectite; Mag: magnetite; Goet: goe-
thite; Hem: hematite. Note that R (%) is calculated using Eq. (1).

R factor Hem Mag Pho Ill Py Fa Chl Sm

PAK 2 + 1 0.050 55.7% 3.9% – 40.4% – – – –
PAK 2 + 6 0.058 56.4% – 23.7% 19.9% – – – –
PAK 2 + 7 0.082 54.6% 6.3% – 39.1% – – – –
PAK 2 + 8 0.060 56.4% – 16.1% 27.4% – – – –
PAK 2 + 9 0.038 37.2% – 18.2% 44.6% – – – –
PAK 2 − 1 0.074 54.3% – 24.4% 21.3% – – – –
PAK 2 − 2 0.121 61.2% – 18.6% 20.2% – – – –
PAK 2 − 3 0.063 59.1% – 30.8% 10.1% – – – –
PAK 2 − 4 0.069 50.1% – 8.3% 41.6% – – – –
PAK 2 − 5 0.056 64.9% – 13.8% 21.3% – – – –
PAK 2 − 8 0.051 61.8% – 17.4% 20.8% – – – –
PAK 2 − 14 0.070 58.4% – 17.0% 24.6% – – – –
(Préat et al., 1999, 2011); and 2) dissolution of authigenic hematite
due to changes in ocean redox and/or pH conditions (e.g. Abrajevitch
et al., 2013; Isozaki, 1997; Sun et al., 2015). The cause of the dissolution
of hematite is still unknown (e.g. pH, organic acids, pressure solution,
temperature) and could be related to a non-steady-state early diagene-
sis under the sea-floor (van der Zee et al., 2005).

The solubility of hematite increaseswith the decreasing Eh andpH in
the ocean (Brookins, 1988; Raiswell and Canfield, 2012), although it is
difficult to estimate the exact Eh and pH of deep-ocean sea-water and
sediment pore water in the past. Negligible changes in MnO/Al2O3 sug-
gested no anoxic condition occurred in the deep-sea across end-Triassic
extinction interval (Okada et al., 2015). This idea is supported by other
redox sensitive element ratios (U, V, Ni, Cr), and positive Ce anomaly
across end-Triassic extinction interval at the Kurusu section, located in
the different thrust sheets and several tens of kilometer away from
Katsuyama section studied (Hori et al., 2007). The cause of such
acidification might have been the drastically increased atmospheric
CO2 across the end-Triassic extinction event on the basis of the stomatal
index and pedogenic carbonate proxies (Beerling, 2002; Beerling and
Berner, 2002; McElwain et al., 1999; Schaller et al., 2011, 2012;
Steinthorsdottir et al., 2011), which could have caused deep-ocean acid-
ification and depletion of dissolved oxygen (e.g., Hotinski et al., 2001;
Meyer and Kump, 2008). Therefore, deep-ocean acidification in con-
junction with possible Eh dropmight have caused the loss of authigenic
hematite when purple chert accumulated.

5.2. Timing of deep-ocean acidification across the end-Triassic extinction
event

Two acidification stages were proposed from ~100–120 kyr and
~35–50 kyr prior to the end-Triassic extinction level (Abrajevitch
et al., 2013). However, the first pulses of the CAMP volcanism were co-
incident with the end-Triassic extinction of marine biota within 20 kyr
(e.g., Deenen et al., 2010; Ruhl and Kürschner, 2011; Whiteside et al.,
2010). In addition, ~100 kyr long-term deep-ocean acidification events
need protracted CO2 injection, since ocean acidification could have re-
covered quickly (~10 kyr) from abrupt CO2 increase through increased
weathering and alkalinity (e.g. Hönisch et al., 2012). On the contrary,
the duration of the first pulse of the CAMP volcanism was within
40 kyr, and second pulse was ~300 kyr after the first one on the basis
of the high-resolution U–Pb dating and astrochronology of CAMP
flood basalts within lacustrine sequences in North America and Africa
(e.g. Blackburn et al., 2013; Olsen et al., 1996, 2003; Whiteside et al.,
2007). Therefore, two acidification stages of Abrajevitch et al. (2013)
are inconsistent with the timing of CAMP volcanism and end-Triassic
extinction.

These inconsistencies can be explained by the effect of deep-ocean
acidification on sediment pore water (Fig. 8). The deep-ocean acidifica-
tion could have affected the pH of pore water in deep-sea sediments.
The acid pore water would have inhibited the bacterial growth or, alter-
natively, led to a rapid oxidation of themagnetosomes, preventing their
preservation in deep-ocean sediment within a certain depth
(Abrajevitch et al., 2013), although the detailed formation process of
biogenic magnetite and authigenic hematite are still largely unknown
(e.g. Yamazaki and Shimono, 2013). Therefore, the estimated duration
of initial and second stages by Abrajevitch et al. (2013) should be con-
sidered as themaximum duration. If deep-ocean acidification event oc-
curred just above the purple/dusty red chert boundary, the end-Triassic
extinction of radiolarian and conodont was almost synchronous with
the deep-ocean acidification event within ~20 kyr (Fig. 7).

5.3. CAMP volcanism and deep-ocean acidification

Timing of the deep-ocean acidification and CAMP volcanism could
be inferred by changes in the geochemical characters of cherts in the
Inuyama area (Okada et al., 2015). The Fe2O3/Al2O3, MgO/Al2O3, and
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Al2O3/SiO2 ratios increased across the end-Triassic extinction (Fig. 7).
These results suggest the possible changes in the aeolian dust composi-
tion in cherts, which could have reflected volcanism-induced climate
changes.

Primary factor controlling the aeolian dust composition is heteroge-
neity in composition of the dust source(s) and path(s) (e.g.
Schwertmann and Taylor, 1987; Moreno et al., 2006; Lawrence and
Neff, 2009; Maher et al., 2010). Changes in the dust source areas could
have been caused by changes in wind direction, climate of source re-
gions, and/or appearance/disappearance of source regions (e.g.
Lawrence and Neff, 2009; Maher et al., 2010). Across the end-Triassic
extinction interval, atmospheric circulation should have changed as in-
creased pCO2 (e.g. Hasegawa et al., 2012; Toggweiler and Russell, 2008).
Shifting climatic conditions have been described from arid to humid or
humid to arid, which may be due to shifting the climate belts (Balog
et al., 1999; Bonis et al., 2010; Götz et al., 2011). However, it is difficult
to reconstruct the spatial variations in rock types of potential dust
source regions.

After CAMP volcanism, basalt should be one of the most likely
sources of Fe-, Mg-rich aeolian dust for dusty red chert in the
Panthalassa, because CAMP flood basalts covered almost one-third
area of the low latitude of Pangea (Fig. 1; McHone, 2002; Knight et al.,
2004; Nomade et al., 2007). Such distribution is within the modern
dust source regions between 15° and 45° (e.g. Prospero et al., 2002). Re-
cently, increasedMg content of tropical terrestrial sequence inMorocco
has been interpreted as the increased supply of mafic clay mineral pro-
duced from the weathered CAMP basalts (Dal Corso et al., 2014). Our
geochemical trend is consistent with the additional aeolian input of
Fe-, Mg-rich clay mineral from the weathered CAMP basalts (Fig. 7).

Increased Al2O3/SiO2 across the end-Triassic extinction seems to
have reflected the increased dust input to pelagic Panthalassa. Although
Al2O3/SiO2 is mixing ratio of terrigenousmaterial and biogenic silica, in-
creased shale thickness across end-Triassic extinction also supports in-
creased dust input. One third of total estimated CAMP basalt volume
of the ~3 × 106 km3 (McHone et al., 2003) could have been weathered
within ~2 Ma to explain the pCO2 falls from an excess of ~4000 ppm
to nearly background levels of ~1000 to 2000 ppm (e.g. Schaller et al.,
2011a, b, 2012). In addition, CAMP volcanism could have caused not
only a great deal of weathered basalts as the origin of aeolian dust, but
also expansion of dust source regions due to vegetation collapse (e.g.
van de Schootbrugge et al., 2009). These factors could have increased
the eolian dust flux into the pelagic Panthalassa.

If onset of the deep-ocean acidification event were ~120 kyr before
the end-Triassic extinction (Abrajevitch et al., 2013), the onset of
deep-ocean acidification predated the end-Triassic extinction and the
increase in eolian dust of theweathered CAMPorigin delayed. However,
CAMP volcanism started only a few tens of thousands years before the
end-Triassic extinction of terrestrial biota (Blackburn et al., 2013; Dal
Corso et al., 2014). On the other hand, if the onset of deep-ocean acidi-
fication event occurred just before the deposition of dusty red chert, the
deep-ocean acidificationwas synchronouswith the end-Triassic extinc-
tion and increase in the eolian dust flux (Fig. 7). The latter possibility
needs to be assumed the deep-ocean acidification on sediment pore
water up to 10 cm (Fig. 8).

Similar lithologic changes in color of cherts are observed mid-
Anisian (just after the end-Permian “Superanoxia”; Isozaki, 1997),
Carnian (Nakada et al., 2014; Sugiyama, 1997), and mid-Cretaceous
(Aptian OAE 1a; Ihoriya et al., 2009). These intervals are also known
as the periods of large igneous provinces (Lips) of the prolonged Siberi-
an Trap, Wrangellia, and On Tong Java, respectively (e.g. Wignall, 2001;
Furin et al., 2006; Dal Corso et al., 2012). If these purple and dusty red
cherts can be used as indicators of paleo-acidification and volcanism
events, respectively, the high-resolution lithostratigraphy of deep-sea
chert sequences will have potential information on the impact of volca-
nisms on paleoceanographic/paleoclimatic conditions.

6. Summary

This study examined the deep-ocean acidification and volcanism
across the end-Triassic extinction based on the stratigraphic changes
of chemical and mineralogical compositions of deep-sea chert. Using
XRF and XAFS results, hematite content normalized by terrigenous
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materials (Al2O3 and illite) showed minimum at purple chert, just
below the end-Triassic extinction level of conodont and faunal turnover
of radiolarian fossils. These results suggest that the loss of authigenic he-
matite within the deep-sea chert, probably due to deep-ocean acidifica-
tion. Thus, the previously estimated duration of deep-ocean
acidification events of ~120 kyr and ~50 kyr (Abrajevitch et al., 2013)
should be considered as the maximum duration without considering
the acidification of sediment pore water. If the deep-ocean acidification
was less than 10 kyr, as estimated by robust numerical models, deep-
ocean acidification was almost coincident with the end-Triassic extinc-
tion event and CAMP volcanism.

Coincidence between the end-Triassic extinction of radiolaria and
conodont in pelagic Panthalassa and CAMP volcanism was inferred
from the increased MgO/Al2O3, Fe2O3/Al2O3, and Al2O3/SiO2 ratios
across brick red–purple/dusty red chert boundary. These geochemical
trends are consistent with the chemical composition of CAMP. Synchro-
ny among them supports possible linkage among CAMP volcanism,
deep-ocean acidification, and end-Triassic extinction. Similar purple
and dusty red cherts might have potential information on deep-ocean
acidification and volcanic events in other geologic events.
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