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ABSTRACT

The Toarcian oceanic anoxic event (T-OAE, ca. 183 Ma) in the Early Jurassic was one of
the most significant warming events of the Phanerozoic, associated with large-scale carbon
emissions, mass extinction, and perturbations to hydrology and ocean chemistry. However, the
age and duration of this hyperthermal have long been uncertain, hindering our understanding
of the timing and pace of carbon release and the associated environmental and biotic changes.
We present high-precision radioisotopic dates bracketing a biostratigraphically constrained
record of the T-OAE in Japan. Our geochronology reveals an unexpectedly short T-OAE
duration of ~300 k.y. and a temporal coincidence with Ferrar large igneous province (LIP)
magmatism. Our dates refute previous work linking the T-OAE to the earlier Karoo LIP,
which was coincident with an earlier carbon cycle perturbation at the Pliensbachian-Toarcian
boundary. Our results suggest both events were driven by extremely rapid (perhaps sub-
millennial scale) thermogenic carbon degassing during LIP sill intrusion.

INTRODUCTION

The Toarcian oceanic anoxic event (T-OAE,
or Jenkyns event, ca. 183 Ma) in the Early Juras-
sic was one of the most significant hyperthermal
events of the Phanerozoic. It was characterized
by seawater warming of up to 5 °C (Bailey et al.,
2003), widespread ocean deoxygenation (e.g.,
Kemp et al., 2022), increased chemical weath-
ering and hydrological cycling (Izumi et al.,
2018; Kemp et al., 2020), and extinction (e.g.,
Danise et al., 2015). The event is recognized in
the sedimentary record by a negative carbon-
isotope excursion (CIE) affecting biospheric
reservoirs of carbon (e.g., Hesselbo et al.,
2000; Izumi et al., 2012; Them et al., 2017).
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The CIE implies the release of a large mass of
12C-enriched carbon to the ocean-atmosphere
system, a deduction that is supported by proxy
data evidence for a likely doubling of atmo-
spheric CO, (Ruebsam et al., 2020). The source
of this carbon is debated, but a broad temporal
overlap between the T-OAE and magmatism in
the Karoo and/or Ferrar large igneous provinces
(LIPs; southern Africa and Antarctica) has led
to suggestions that volcanic CO, degassing and/
or thermogenic carbon release from sill intru-
sion into organic-rich rocks provided the bulk
of the carbon (McElwain et al., 2005; Svensen
etal., 2007, 2012). A link to magmatism is also
supported by mercury (Hg) enrichment that
occurs coevally with the CIE in some sedimen-
tary records of the event (e.g., Percival et al.,
2015). An alternative hypothesis is that carbon
was sourced largely from biogenic sources, such

as marine methane hydrates, permafrost, and/or
soils (e.g., Hesselbo et al., 2000; Kemp et al.,
2005; Them et al., 2017).

A longstanding limitation to our understand-
ing of the T-OAE has been the lack of a robust
age and time scale for the event. This knowledge
gap hinders a full understanding of both the tim-
ing of the event in relation to the hypothesized
Karoo and/or Ferrar LIP driver and the pace
and duration of carbon release and associated
paleoenvironmental and biotic changes. The
CIE has been proposed to span anywhere from
300 k.y. to 1.5 m.y. (e.g., Hesselbo et al., 2000;
Huang and Hesselbo, 2014; Boulila et al., 2014;
Ikeda et al., 2018; Thibault et al., 2018; Rueb-
sam and Al-Husseini, 2020), with these previous
estimates largely reliant on cyclostratigraphy.
In recent years, most studies have accepted a
long (>1 m.y.) duration for the event (see esp.
Hesselbo et al., 2020). This view is contested,
however (Kemp et al., 2005; Boulila et al., 2014;
Sell et al., 2014; Ikeda et al., 2018), and the
debate has hitherto remained unresolved owing
to an absence of high-precision radioisotopic
dates in sections with unambiguous expression
of the CIE.

Our study addressed the longstanding T-OAE
chronology debate and determined the age and
duration of the T-OAE using high-precision zir-
con U-Pb geochronology obtained from volca-
nic tuffs exposed in Japan that bracket the CIE
in an expanded, chemo- and biostratigraphically
constrained sedimentary record of the event.
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Figure 1. Maps showing the modern location (A; 34°08'N, 131°03'E) and paleogeographic
position (B; ca. 182 Ma) of the Sakuraguchi-dani section in Japan (pink star). Modified from

Izumi et al. (2012).

MATERIALS AND METHODS
The Sakuraguchi-dani section in the Tabe
Basin of Japan (34°08'N, 131°03’E; Fig. 1)
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was deposited on the margin of the Panthalassa
Ocean and preserves an ~90-m-thick record
of lower Toarcian shallow marine siltstones,
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mudstones, and sandstones (Fig. 2). A detailed
ammonite biostratigraphy (Nakada and Mat-
suoka, 2011; Izumi et al., 2012), coupled with
organic carbon isotope (6"°C,,,) data (Izumi
etal., 2012, 2018; Kemp and Izumi, 2014; Kemp
etal., 2020), confirms the presence of the T-OAE
CIE, which spans 45.26 m of strata (—12.36 m
to 32.9 m section height; Fig. 2; see also Text
S1 in the Supplemental Material' for details of
CIE definition).

We analyzed zircon grains from three vol-
canic tuff horizons in the section using the

'Supplemental Material. Texts S1-S3 (full
description of methods and details of the Sakuraguchi-
dani section), Figures S1-S3, and Table S1. Please
visit https://doi.org/10.1130/GEOL.S.26858029 to
access the supplemental material; contact editing@
geosociety.org with any questions.
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Figure 2. Lithostratig-
raphy, biostratigraphy,
organic carbon isotope
(8"3C,,) record, and chem-
ical abrasion-isotope
dilution-thermal ionization
mass spectrometry (CA-ID-
TIMS) U-Pb geochronology
from Sakuraguchi-dani
(Japan). Lithostratigraphy
and §'C,, data are from
Kemp et al. (2020). Ammo-
nite biostratigraphy and
correlation to northwest
European ammonite prov-
inces is based on Nakada
and Matsuoka (2011) and
Kemp and lzumi (2014)
(see Text S2 [see footnote
1] for full details). Bayes-
ian age-stratigraphic
model results are also
shown (BChron, Haslett
and Parnell, 2008; Text
S1), with ages and dura-
tions of key intervals
marked. Pink shading
is the 95% confidence
interval. CIE—Toarcian
oceanic anoxic event
carbon isotope excursion;
PLIE.—Pliensbachian;
VPDB—Vienna Peedee
belemnite. Ammonite
zones: Spinat.—Spina-
tum; C. jap.—Canavaria
japonica; P. paltus—Proto-
grammoceras (Paltarpites)
paltus; D. hel.—Dactyl-
ioceras helianthoides;
H. inouyei—Harpoceras
inouyei.
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TABLE 1. SUMMARY OF CALCULATED SAKURAGUCHI-DANI
(JAPAN) U-Pb AGES AND THEIR UNCERTAINTIES

Sample Stratigraphic height*  206Pb/23U Uncertainty (20)f MSWDS n*  Total number
(m) age (Ma) X v 7 of analyses
TUFF-17 51.07 182.343 0.080 0.11 0.23 0.93 3 5
TUFF-16 46.83 182.489 0.055 0.099 0.22 1.3 5 6
TUFF-4 —15.58 182.906 0.072 0.1 0.22 12 4 5

Note: Full data set is provided in Table S1 (see text footnote 1).

*Stratigraphic elevation is relative to first major sandstone bed in the section (0 m datum, see Fig. 2).

fX—internal (analytical) uncertainty in the absence of all external or systematic errors; Y—incorporates the U-Pb
tracer calibration error; Z—includes X and Y, as well as the uranium decay constant errors of Jaffey et al. (1971).

SMSWD—mean square of weighted deviates.

*n is the number of analyses included in the calculated weighted mean date out of the total number of analyses.

high-precision chemical abrasion—isotope
dilution—thermal ionization mass spectrometry
(CA-ID-TIMS) U-Pb method (see Text S1 for
full details). The lowest of these tuff horizons
(TUFF-4, —15.58 m) is below the CIE and bio-
stratigraphically constrained to the Protogram-
moceras (Paltarpites) paltus ammonite, equiv-
alent to the Tenuicostatum Zone in northwest

Europe (Nakada and Matsuoka, 2011; Fig. 2,
Text S2). The upper two tuff horizons (TUFF-16
and TUFF-17 at 46.83 m and 51.07 m, respec-
tively) are above the CIE and biostratigraphi-
cally constrained to the Harpoceras inouyei
Zone, likely equivalent to the Bifrons Zone in
northwest Europe (Nakada and Matsuoka, 2011;
Fig. 2, Text S2).

RESULTS

Our analyses yielded weighted mean
200Ph/238U ages of 182.906 + 0.072 Ma for
TUFF-4 (-15.58 m), 182.489 £ 0.055 Ma for
TUFF-16 (46.83 m), and 182.343 £+ 0.080 Ma
for TUFF-17 (51.07 m) (Table 1; Fig. 2; Fig. S1).
The two dated tuffs that bracket the CIE (TUFF-4
and TUFF-16) define a duration for the inter-
vening 62.41 m of strata of 0.417 £ 0.091 m.y.
Bayesian age-stratigraphic modeling (BChron,
Haslett and Parnell, 2008; Text S1) yields a dura-
tion of 0.288 % 0.119 m.y. for the 45.26 m CIE
itself, and an age of 182.875 4-0.076/-0.137 Ma
for the CIE onset at —12.36 m (Figs. 2 and 3).

DISCUSSION AND CONCLUSIONS
The Timing and Duration of Carbon
Release at the T-OAE

Our high-precision geochronology and
Bayesian age model demonstrate that the
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Figure 3. Compilation of modern U-Pb geochronologic data for Karoo and Ferrar large igneous province magmatism and for interbedded
tuffs through the late Pliensbachian (PLIENSB.) and early Toarcian. Age data are plotted against the 5'°C,, data of Sakuraguchi-dani, Japan
(Fig. 2), and the reference section of the Mochras Farm (Llanbedr) borehole in Wales (UK) (Storm et al., 2020). Note the temporal coincidence
of the negative carbon isotope excursion (CIE) at the Pliensbachian—Toarcian boundary (P1/To) and the Toarcian oceanic anoxic event (T-OAE)
with Karoo and Ferrar magmatism, respectively. The Sakuraguchi-dani *C,,, record is converted to time using our U-Pb geochronology and
a Bayesian (BChron, Haslett and Parnell, 2008) age-stratigraphic model, with a hiatus inferred between the Protogrammeroceras (Paltarpites)
paltus and Canavaria japonica ammonite zones (see Text S2 [see text footnote 1]; C. japonica Zone data are marked with a question mark to
highlight numerical age uncertainty). Mochras Farm §°C,,, data are converted to time by anchoring the start and end of the T-OAE CIE to our
modeled ages of 182.875 Ma and 182.587 Ma, respectively, and the end of the PI/To CIE to 183.11 Ma (Al-Suwaidi et al., 2022). Linear interpo-
lation is used to scale the rest of the data, except below the PI/To CIE where §°C,, ages are based on the cyclostratigraphy of Storm et al.
(2020). The possible Pliensbachian-Toarcian boundary position at Mochras Farm is from Bodin et al. (2023). VPDB—Vienna Peedee belemnite;
Hel.—helianthoides; FO—first occurrence; LO—Ilast occurrence; Z. erectus—Zeugrhabdotus erectus.
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T-OAE CIE spanned a minimum of 169 k.y.,
and was likely no longer than 407 k.y., taking
in account the propagated uncertainties of the
age model. The geochronology, and in particu-
lar this maximum likely duration, is robust to
possible changes in sedimentation rate in the
succession caused by the presence of rapidly
deposited sandstone event beds in the CIE (Text
S3; Fig. S2; Izumi et al., 2018).

Our findings refute suggestions that the CIE
lasted ~1 m.y. or longer (e.g., Thibault et al.,
2018; Hesselbo et al., 2020; Ruebsam and Al-
Husseini, 2020), which are based mainly on
cyclostratigraphy and, in particular, the deduc-
tion that cycles in §'3C through the CIE onset
were controlled by ~100 k.y. orbital eccentricity
(Hesselbo et al., 2020, and references therein).
By contrast, our duration matches well with
previous estimates of ~300-500 k.y. from
multiple sections based on the assignment of
the 6C onset cycles to 35 k.y. orbital oblig-
uity (e.g., Boulila et al., 2014). Equally, both
the ages and duration that we define agree with
an astronomically calibrated chronology from a
deep-water chert sequence (Ikeda et al., 2018),
which calibrated the age span of the T-OAE CIE
(as expressed by a —5%o excursion in §°C,,,) as
182.9 £ 0.2 Mato 182.6 + 0.2 Ma. A <407 k.y.
duration for the event is also consistent with
existing, but less precise, radioisotopic age con-
straints based on minimum error interpolation of
zircon U-Pb dates obtained from below and well
above the assumed interval of the T-OAE in Peru
(Sell et al., 2014; Fig. 3; Fig. S3). In that Peru
section, the CIE is unclear, but the geochronol-
ogy, as well as recent high-precision U-Pb data
from the Tenuicostatum Zone (Al-Suwaidi et al.,
2022; Fig. 3; Fig. S3), provide strong support
that the CIE duration was significantly shorter
than 1 m.y. (Fig. S3).

The T-OAE CIE, as recorded worldwide,
comprises an onset interval (defined by the shift
to minimum §"C values; Fig. 2) that demar-
cates the period over which "?C-enriched car-
bon release to the biosphere is inferred to have
occurred. This is typically followed (as is the
case at Sakuraguchi-dani) by an interval of
low but stable 8'*C, and then a relatively pro-
tracted recovery back to near pre-event 5'°C
values (Ruebsam and Al-Husseini, 2020, and
references therein). Considering our Sakuragu-
chi-dani record specifically, our Bayesian age-
stratigraphic model indicates that the CIE onset,
and hence carbon release, occurred over ~65
k.y. (-<12.36 m to —2.21 m; Fig. 2). Although
a fault may have interrupted the onset interval
(—4.58 m in Fig. 2) the proportion of the CIE
encompassed by the onset interval is comparable
with other globally distributed records (span-
ning ~30% of the total CIE thickness; Ruebsam
and Al-Husseini, 2020), emphasizing the likeli-
hood of an onset duration of <100 k.y. More-
over, even if an unrealistically large thickness

894

of rock was missing from the CIE onset interval
at Sakuraguchi-dani due to the possible fault, it
would not significantly alter our calculated CIE
duration (Text S3). Importantly, abrupt (centi-
meter-scale) decreases in d'°C during the CIE
onset are recognized in sections sampled at high
resolution globally, including at Sakuraguchi-
dani (e.g., Kemp et al., 2005; Them et al., 2017;
Izumi et al., 2018; Ruebsam and Al-Husseini,
2020; Fig. 2). Although the time scales of these
abrupt shifts are subject to significant error
given their stratigraphic brevity (and because
it is possible that hiatuses altered their abrupt-
ness and morphology), these likely correlatable
shifts (e.g., Izumi et al., 2018) imply that the
bulk of '?C-enriched carbon was released in dis-
crete pulses occurring on millennial, or possibly
shorter, time scales (a possibility previously sug-
gested by Kemp et al., 2005, 2020, and Them
etal.,2017). In the case of the Sakuraguchi-dani
CIE record, for instance, a sharp —2.9%o negative
883C,,, shift at —2.38 m spans just 5 cm (Izumi
et al., 2018; Fig. 2), implying carbon release
over <1000 yr based on our CIE duration and
Bayesian age model.

Synchronicity of Early Jurassic Carbon
Release and Magmatism

Our modeled ages for the start and end
of the CIE are synchronous (within error)
with the timing and duration of sill emplace-
ment and effusive volcanism in the Ferrar LIP
(182.779 £ 0.033 Ma to 182.430 £ 0.036 Ma),
as determined by CA-ID-TIMS U-Pb geochro-
nology of comparable resolution (Burgess et al.,
2015; Fig. 3). This coincidence strongly sup-
ports a causal link. The likely transience of sill
emplacement in particular implies rapid magma
fluxes through country rocks and potentially
high levels of CO, and CH, generation from
contact metamorphism of organic carbon—
rich sedimentary rocks (Svensen et al., 2012).
Explosive release of thermogenic carbon via this
mechanism has been considered a key source
of the carbon released at the T-OAE (Svensen
et al., 2007, 2012), likely in concert with more
protracted volcanic degassing (Heimdal et al.,
2021). The pulsed, extremely rapid release of
carbon we infer is fully consistent with this pro-
posed mechanism. Indeed, this mechanism of
thermogenic carbon release, including its likely
rapidity, is also supported by carbon cycle mod-
eling (Heimdal et al., 2021) and chemostrati-
graphic Hg data (Percival et al., 2015). Nev-
ertheless, our data do not entirely preclude the
involvement of other sources of carbon, includ-
ing surficial biogenic sources that could have
been liberated in a similarly rapid manner due
to feedbacks initiated by T-OAE warming (e.g.,
Them et al., 2017; Ruebsam et al., 2020).

Previous studies have suggested that thermo-
genic and/or volcanic carbon release from the
Karoo LIP was the driver of the T-OAE (Svensen

et al., 2007, 2012; Greber et al., 2020; Heim-
dal et al., 2021; Gaynor et al., 2022), but these
studies assumed an older age for the T-OAE
than our data now indicate. Our new geochro-
nology (and the U-Pb dating of Al-Suwaidi
et al., 2022) does, however, demonstrate that
Karoo magmatism was coeval with a distinctly
earlier climate perturbation and negative CIE
at the Pliensbachian—Toarcian boundary (Pl/
To event) that had a similarly short duration
of ~200 k.y. (Al-Suwaidi et al., 2022, and ref-
erences therein; Fig. 3). Specifically, a high-
precision U-Pb date (183.11 £ 0.12 Ma) from
Argentina that marks the end of the Pl/To CIE
(Al-Suwaidi et al., 2022) indicates that this CIE
was synchronous with rapid basin-wide sill
emplacement associated with the Karoo LIP,
which has been constrained recently to between
183.187 £ 0.133 Ma and 183.147 = 0.059 Ma
(Gaynor et al., 2022; Fig. 3). As such, the Pl/To
and T-OAE events likely had similar causes, but
were temporally distinct. Moreover, the cause of
both events appears to have been similar to the
younger Paleocene—Eocene Thermal Maximum
(PETM) hyperthermal (ca. 56 Ma, duration of
~200 k.y.), where clear evidence for rapid and
explosive venting of thermogenic carbon has
now been obtained from seismic imaging and
borehole records from the Norwegian margin
of the contemporaneous North Atlantic LIP
(Berndt et al., 2023).

Our determination of the age and time scale
for the T-OAE underlines the transience of this
major hyperthermal event, and provides a robust
framework for understanding the pace and
duration of the many environmental and biotic
changes that were associated with it. Our work
also strongly supports the emerging view that
geologically rapid thermogenic carbon release
related to sill emplacement was a primary driver
of large-scale climate change in Earth’s history.
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