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Brief and intensive volcanic emissions
from Ontong Java Nui heralded Oceanic

Anoxic Event 1a
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Maria Luisa G. Tejada ®°%, Akira Ishikawa ® ', Atsushi Ando®®, Takashi Sano ® '°, Junichiro Kuroda® &
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The volcanic episode that formed Ontong Java Nui (OJN) in the western Pacific ~ 120 million-year-ago
is thought to have triggered Oceanic Anoxic Event (OAE) 1a, yet the cause-effect relationship remains
insufficiently understood. Here, we present a Pb-Os-C isotope dataset for tracking OJN volcanism
across a sedimentary sequence containing OAE1a record in the central Pacific. Lead isotopic
evidence strongly supports the deposition of OJN-sourced volcanic ash layers at this site after a paired
seawater §'*C,,—'8"0s/'®0s shift and before the onset of OAE1a. The 8'°C.a— '8 0s/'%80s shift is
attributable to the signature of the initial submarine OJN eruption. The subsequent unradiogenic Pb
isotope shifts could represent ash fallout from the brief, explosive subaerial/shallow-marine eruption
phase accompanied by intensive volcanic degassing and emissions. The apparent time lag between
explosive OJN volcanism and OAE1ais intriguing, which can be accounted for by the delayed increase

in the productivity after gas emissions.

Throughout the geologic past, the Earth has experienced recurring pulses of
mantle plume volcanism forming large igneous provinces (LIPs). The lar-
gest known LIP is the Ontong Java Plateau (OJP), which formed in the
western Pacific Ocean during a short period of time in the early Aptian
(~Early Cretaceous, 120 Ma) (Fig. 1). Previous studies have revealed that the
OJP, Manihiki Plateau (MP), and Hikurangi Plateau (HP) used to form a
single enormous complex of oceanic plateaus, now called Ontong Java Nui
(OJN)". Despite its partial subduction beneath the Solomon Islands’, the
remaining part of OJN still occupies ~1% of Earth’s surface today'. OJN
volcanism has attracted broad interest because of the consistency of its
timing with contemporaneous environmental perturbations that certainly
caused Oceanic Anoxic Event (OAE) 1a* and associated marine biotic crises
and evolution’. However, because earlier studies linking this early Aptian
LIP volcanism to global environmental change relied on spotty radiometric
ages from the topmost parts of the OJN, there is appreciable uncertainty in

the chronology of OJN activity’. Biostratigraphic data from just above the
basalt basement at several drill sites suggest that the formation of OJP and
the early Aptian environmental crises were almost simultaneous”, although
recent “’Ar-’Ar dating suggests much younger radiometric ages for OJP
(~117-108 Ma)’.

Recently, Os and Pb isotopic studies of pelagic sedimentary sections
have provided clues to the history of LIP volcanism that are directly inte-
grated with information on palaeoenvironmental changes recorded in the
same sequences™'’. At the time of OAEla, Os isotopic data from marine
sedimentary sequences have been demonstrated to have shifted sharply,
signifying an abrupt influx of mantle-derived Os*'". Coeval Pb isotopic data
from silicate fractions (***Pb/**Pb, 2“Pb/**Pb, and **Pb/**Pb) have been
applied as tracers of LIP activity with the capability to differentiate among
several basaltic flow types (e.g., Kwaimbaita [kw] /Kroenke [kr]-type basalts
and the overlying minor Singgalo [sg]-type basalts on OJP, and high-Ti and
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Fig. 1 | Palaeogeographic reconstruction of the Pacific Ocean at 120 Ma™’. The
paleo-locations of the Ontong Java Plateau, Manihiki Plateau, and Hikurangi Pla-
teau that comprise the Ontong Java Nui, together with Deep-Sea Drilling Project
(DSDP) Site 463 and other DSDP/Ocean Drilling Program (ODP) sites discussed in
the text are shown. The dashed circle represents the reconstructed location of the
Cretaceous ocean island volcanoes.

low-Ti type basalts on MP)"’. Although Os isotope studies have successfully
established the evolution of seawater Os isotope across OAEla, which is
supported by reproducible results from different ocean basins, the Pb iso-
topic approach is still uncommon despite its unique potential for detailing
the volcanic history of OJN.

At deep-sea drilling project (DSDP) Site 463, a series of borehole cores
were recovered from a pelagic carbonate succession in the Mid-Pacific
Mountains, ~3000 km to the northeast of OJN (Fig. 1). This deep-sea section
contains an exceptionally complete sedimentary record of Pacific OAEla
that has been the subject of a number of multidisciplinary studies'~", yet Pb
isotopic studies are still critically lacking. In this regard, the lower Aptian
sequence at Site 463 is intriguing because it contains tuffaceous sediments.
The tuffaceous sediments have previously been inferred to have been
derived from volcanic eruptions at OJN'; further, potentially correlative
volcanic ash layers have been reported from Site 167 (Magellan Rise) and the
Calera Limestone (California)" (Fig. 1). However, no specific geochemical
assessments have been made to identify the provenance of the ash
deposits'*"”. Here, we present a Pb isotope dataset from the Aptian suc-
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Fig. 2 | New Aptian Pb isotopic profiles of silicate fractions from DSDP site 463
and a compilation of published and new §"°C,,,;, and Os data. Lithology is based
on ref. 16; biostratigraphy is based on refs. 13,19; §”Cc,y, data with chemostrati-
graphic segments (Apl-Ap15) are based on refs. 13,17,19, and this study; and Os
isotopic data are from this study and refs. 11,19. The interval of Globigerinelloides
algerianus zone is slightly modified based on the newly acquired foraminiferal
specimens (Supplementary Fig. S5). Here, according to depth information reported
inref. 16, the basal 10 cm of Core 70 overlaps with the underlying Core 71. To resolve

the overlap, we adjusted the previously reported depths of Core 71, Sections 1 and 2
by adding +10 cm. Because there is a 10 cm core gap at the top of Core 71, Section 3,
we used the previously reported core depths for the samples from lower than Core
71, Section 2'°. Abbreviations: mbsf meter, below seafloor, CIE carbon isotope
excursion, OAE oceanic anoxic event, OJN Ontong Java Nui, BAR Barremian, kw/kr
Kwaimbaita/Kroenke, sg Singgalo, G. Globigerinelloides, L. Leupoldina, trocoid.
trocoidea, P. Paraticinella, M. Microhedbergella, minig. miniglobularis, reni. reni-
laevis, T. Ticinella.
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Fig. 3 | Detailed view of the critical lower Aptian interval at DSDP Site 463 (Core
71-Section 2 to Core 70-Section 7). TOC and CaCOj profiles are compilations of
published data by ref. 13. Data for §"°C,,, are from ref. 13; data points enclosed by

A Pre-CIE

the dotted line are §"°C,y1, values of samples with anomalous Sr isotope ratios
affected by selective diagenesis'’. The Os isotopic data are from ref. 11 and this study
and the Pb isotopic data are from this study.

cession at Site 463 that we use, together with updated carbon (8"°C,y,) and,
Os isotope ("Os/**Os) profiles and a biogeochemical model of global
carbon (C) and phosphorus (P) cycles, to explore the evolution of OJN
volcanism and its causal relationship with OAEla. We show that the vol-
canic ash layer just below the organic-rich interval at Site 463 indicates brief
but intensive volcanic emissions from OJN prior to the onset of the OAEla.

Results and discussion
Litho- and chemostratigraphy of DSDP site 463
DSDP Leg 62 recovered a core at Site 463 with a Barremian to Aptian
(Lower Cretaceous) sedimentary sequence consisting mostly of lime-
stones and marlstone rich in calcareous microfossils'® (Fig. 2). As sum-
marized elsewhere", a characteristic lower Aptian organic-rich interval
(621.45-615.53 meter below seafloor [mbsf], or possibly up to
604.46 mbsf) with total organic carbon (TOC) contents of up to ~8%
occurs in the Globigerinelloides blowi-Leopoldina cabri planktonic for-
aminiferal zones, in the NC6 calcareous nannofossil Zone, and 11.9 m
above the top-of magnetic Chron MO (Fig. 2). Given these reasonable
chronostratigraphic constraints, as well as the dominance of marine
organic matter, this organic-rich interval can be correlated to the Tethyan
organic-rich interval (Selli Level) and considered in a strict sense as the
sedimentary expression of OAE1a"" (Fig. 2). The high-resolution carbon
isotope stratigraphy record" ™" (Supplementary Table S1) confirmed that
the peak of organic carbon burial in Core 70 partially overlaps but mainly
post-dates a negative carbon isotopic excursion (CIE) (§"°C segment
Ap3-Ap4). By assuming a constant sedimentation rate throughout
OAEla, the duration of the negative CIE can be estimated to be
~300-400 kyr, which roughly corresponds to the previous estimate based
on cyclostratigraphy (~370kyr'®). As noted above, several tuffaceous
limestone intervals are present in the lower Aptian sequence at Site 463
(~628.2-587.3 mbsf), and a major such interval crosses the Core 71/70
boundary (~623.46 to 621.4 mbsf)'® (Figs. 2, 3).

Previous studies reported detailed secular Os isotope variations across
OAElaand OAE1b at DSDP Site 463'"”. We use these data in combination

with newly generated data to complete the high-resolution Aptian Os iso-
tope stratigraphy in the central Pacific (Fig. 2 and Supplementary Table S2).
The pre-OAEla interval at this site is characterized by a large shift in
seawater '“Os/"**Os from the background level of ~0.5 to the highly non-
radiogenic ratio of ~0.2 (Bottini et al."" and this study). Extremely low
"WOs/"™Os ratios (~0.15) are recorded in the negative CIE. Above the
OAEla interval, "’Os/"®Os ratios gradually shift to more radiogenic values
(~0.5), and this shift continues to the Aptian-Albian boundary. The Aptian
Os isotopic trend at DSDP Site 463 is mostly consistent with trends reported
in Tethyan regions"'"”’. The lack of small-scale Os isotopic shifts toward the
lower ratios associated with regional oceanic anoxic events reported in the
Tethys (i.e., the Wezel and Fallot Events), may maybe due to non-recovery
in coring gaps (Fig. 2).

Provenances of volcanic ash at DSDP Site 463
The Pb isotope data from the silicate fractions of tuffaceous layers at Site 463
(Fig. 2) are highly intriguing because all three studied Pb isotopic systems
(*"Pb/***Pb;, *“Pb/**Pb;, and *®*Pb/**Pb;: Supplementary Table S3 and
Supplementary Fig. S1) shift towards less radiogenic values in concert with
the negative CIE and Os isotope shift. However, in an expanded view (Fig. 3),
a meaningful offset of the Pb isotope anomaly is discernible relative to the
8"Cear, and Os isotope shifts. To facilitate discussion, we define two phases
within the CIE: (1) CIE(OIS) is the phase when the Os isotope ratio is shifting
toward lower values (~625.0-623.3 mbsf), and (2) CIE(OIB) is the phase
characterized by low bottom Os isotope ratios (623.3-621.25 mbsf) (Fig. 3).
The Pb isotope compositions in the pre-CIE (gray triangles), CIE(OIS)
(blue diamonds), and post-CIE (black circles) phases plot within or close to
the data field for continental dust™** (Fig. 4). By contrast, the data associated
with the CIE(OIB) phase that spans the major tuffaceous limestone interval
(~623.46-621.4 mbsf) are distinctly shifted toward less radiogenic Pb iso-
topic compositions (yellow and red squares in Figs. 2-4 and Supplementary
Fig. S2). This variation is well illustrated by the **"Pb/***Pb;~***Pb/**Pb plot
(Fig. 4c), which shows the data trending obliquely to the continental dust
trend and instead sub parallelling the OJP-HP-MP data array.

Communications Earth & Environment| (2024)5:155



https://doi.org/10.1038/s43247-024-01310-0

Article

1981 |(8 postcie Ty
O Post-CIE (kwikr) % g > ,.
(a) BCIE(OB) (sg)  “-o-=e=e
O CIE (OIB) (kwlkr)
| | @ cIE©Is) Dust
5 57T\ A PrecEE
=
a v
D. gJaPis:msm
< 156 g
o
I
~~
£
o
N~ L
N 155
IS
15.4
175 19.0
28T (3 postore Sames Wit
(b) O Post-CIE (kwkr) pesod
B CIE (OIB) (sg) ===+ Dust
O CIE (OIB) (kwkr)
_ | | ®cIE©IS)
g 0 J
= (463, 70-7, 21-23)es
= B 5 OJP eastern
o] ; - margin
o
< 385
=]
I
=S
L
0.
B 3o}
3%
cAT L ASE
e ¢ - 2
s> Pacific MORB
375 2o d i ,
175 18.0 185 19.0
206pp/204Pp iyjtial
® Post-CIE
217 3 ’
(C) O Post-CIE (kw/kr) & ﬁ/a,;‘gples_w“h,
B CEE (OIB) (sg)  --rr======*
215 0 CIE (OIB) (kw/kr) h‘MhPT_
_ @ CIE(OIS) __ (o
g 213 A Pre-CIE \ " .
=
f 2.1 OJP .:_“’ (463, 70-CC, 21-23)
© (kw ,kr)
I gy (4681707, 21-23)
209
N ®)
o%‘ 2,07 Lyra )
o g ‘\,b,
N 0\)5\ S
2.05 2
fee
203 low-l)

0.81 0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89

207Pp/206PY ipjtial

Fig. 4 | Cross plots of Pb isotopic data. a ***Pb/***Pb;—*""Pb/***Pb;, b ***Pb/***Pb;~
*%Pb/***Pb;, and ¢ *"Pb/***Pb;-*"*Pb/***Pb; from DSDP Site 463 (this study), super-
posed on data fields of continental dust’"*, Shatsky Rise”**, Hikurangi Plateau
(HP)™, Kroenke (kr) type basalt of Ontong Java Plateau (OJP)*', Kwaimbaita (kw)
type basalt of OJP*', Singgalo (sg) type basalt of OJP***', OJP eastern margin®, Lyra®,
and Manihiki Plateau (MP)****>**% Because it is difficult to determine the Pb
isotopic values of Cretaceous continental dust, we showed those modern Asian dust
and potential South American dust source’"* for reference. Pb isotopic ratios of
Pacific Mid-Ocean Ridge Basalt (MORB) are based on ref. 86. The Pb isotopic data of
dust have been corrected to 120 Ma by using U/Pb =0.1315 and Th/Pb = 0.5861"".
The dashed lines in a and b represent mixing lines between average Pb isotopic
compositions of sg-type OJP basalt and those of silicate fractions of pre-CIE sedi-
mentary rocks from DSDP Site 463. See Figs. 2 and 3 for the data classification with
respect to CIE.

Post-depositional processes may explain the shift to less radiogenic Pb
isotope signals during the CIE. Some published non-leached Pb isotopic
compositions of altered kw-OJP volcanic glasses from the Eastern Salient
and Nauru Basin exhibit extremely non-radiogenic values (Supplementary
Fig. $3)*", which have been attributed to a secondary alteration. Cenozoic
to Late Cretaceous seawater generally has more radiogenic Pb isotopic
compositions than these basaltic rocks®®. Thus, interaction with hydro-
thermal fluids with unradiogenic Pb isotopic value may have caused such a
shift to lower, unradiogenic Pb compositions. However, unlike in the pre-
vious studies, the hydrogenous fraction was removed by CH;COOH and
HCl leaching before the Pb isotopic analysis. In addition, the measured and
initial Pb isotopic compositions of our samples show similar stratigraphic
variations with small age corrections throughout the section (Supplemen-
tary Fig. S1). We therefore deduce that the observed Pb isotopic variations
mostly reflect the original Pb isotopic signals of the silicate fractions.
However, we also note that the reproducibility of U/Pb within the tuffaceous
interval, CIE(OIB), (463_70-7_21-23 and 463_70-CC_21-23) is not good
(Supplementary Table S3), and there is a negative correlation between
*%pb/*™Pb; and U/Pb ratios (r*=0.75) (Supplementary Fig. S4). The
anomalously low values and negative correlation are especially obvious for
samples with high U/Pb ratios (>0.4) (Fig. 4). Because U/Pb is used for the
age corrections of 206ph /24Py, variations of U/Pb ratios due to insufficient
leaching of hydrogenous U could have caused the over age corrections of
*%Pb/**Pb, particularly in samples with U/Pb ratios >0.4. Nevertheless, even
when excluding these samples with high U/Pb ratios, the shift to the
unradiogenic ***Pb/**Pb values remains obvious for the remaining data
(Fig. 4). In contrast to the negative correlation of **Pb/**Pb; with U/Pb
ratios, no meaningful correlations were observed in 27ph/2Pb,—U/Pb and
*%pb/**Pb~Th/Pb for samples with U/Pb ratios <0.4 (Supplementary
Fig. S4). The lack of correlation indicates that the impact of age-correction is
minor compared to the inherent variations in *”Pb/***Pb; and **Pb/**Pb;
values between samples”.

The subparallel trend of the silicate fraction data to the OJP data array
in the *”Pb/**Pb;-"*Pb/**Pb; plot, and the systematic variation in the
2pb/2*Pb—>"Pb/**'Pby, and **Pb/***Pb;—***Pb/***Pb; cross plots, may indi-
cate variable inputs from the OJN volcanism. First, the Pb isotope com-
position of the lowest sample from the major tuffaceous limestone (i.e., the
oldest sample in the CIE(OIB) phase: 623.37 mbsf: yellow square in
Figs. 2-4) is noteworthy for plotting close to the fields of the kw/kr-type OJP,
HP, Nauru Basin, Shatsky Rise, low-Ti MP, and Pacific oceanic ridge basalts.
Of these, the kw/kr-type OJP basalt is the dominant rock type of the OJN.
Subaerially erupted volcanic clasts that are compositionally similar to kw-
type basalt are known from the Eastern Salient of OJP**** and hyaloclastites
with kw-type chemical composition are present in the sedimentary
sequences in the Nauru Basin (DSDP Site 462) and East Mariana Basin
(Ocean Drilling Program [ODP] Site 802)* (Fig. 1). Furthermore, the Pb
isotopic compositions of the lowest tuffaceous sample are similarly close to
those of low-Ti basalts, one of the major basalt types on MP* (Fig. 4). OJP
source-derived younger Lyra Basin basalts also exhibit similar Pb isotopic
composition to the lowest tuffaceous sample (Fig. 4). These observations
suggest that the most probable sources of the lowest ash layer in the main
tuffaceous interval (623.37 mbsf) were kw/kr-type OJP and/or low-Ti type
MP magma although limited evidence suggests that subaerial eruption may
have occurred during the main phase of OJP formation.

In contrast, the Pb isotope compositions of samples from the main
part of the major tuffaceous limestone interval (in the CIE(OIB) phase) plot
toward those of the sg-type OJP basalt or the high-Ti type MP basalt
(623.01-621.40 mbsf: red squares in Figs. 2-4 and Supplementary Fig. S2).
Some samples show anomalously unradiogenic isotopic ratios compared to
the sg-type OJP basalt. As explained above, these unradiogenic values could
be artifacts of over-age corrections due to modified U/Pb ratio of the ori-
ginal silicate fraction. Nevertheless, even when excluding samples with high
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U/Pb ratios (>0.4), the trend towards the sg-type basalt can be observed
(e.g., 463_70-6_50-52) (Supplementary Table S3), which still supports our
suggestion that the Pb isotopic composition of volcanic ash approach that of
sg-type OJP basalt. The geochemical features of the sg-type OJP basalt and
the high-Ti-type MP basalt are almost identical, and they may have been
derived from a similar magma source”. Notably, some high-Ti basalts on
the MP (High Plateau: DSDP Site 317) may have formed at shallow water
depths or even subaerially™. Therefore, we conclude that volcanic eruptions
of sg-type OJP or high-Ti-type MP magmas were likely responsible for the
marked Pb isotope anomaly within the CIE(OIB) phase. Indeed, a vitric tuff
with a sg-type chemical composition has been reported from Site 1183 on
the High Plateau of OJP (Fig. 1 and Supplementary Fig. S3). In addition, the
Pb isotopic compositions of the silicate fraction from coeval sedimentary
rocks on Shatsky Rise (ODP Site 1207) also show a shift toward an sg-type
OJP basalt/high-Ti MP basalt composition, suggesting input of OJN-
sourced volcanic ash (Fig. 1 and Supplementary Fig. S3)'. These sedi-
mentary rocks may correlate with the sg-like volcanic ash layer at DSDP
Site 463. A mixing model was constructed to estimate the potential effect of
sg-type ash fallout contribution to Pb isotopic composition of silicate
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Fig. 5 | Schematics diagram of Ontong Java Nui volcanism at the explosive
subaerial/shallow-marine eruption phase corresponding to CIE(OIB). The vol-
canic ash and Os-bearing volatiles originate from a volcanic eruption that formed sg-
type OJP and high-Ti-type MP basalts.
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fractions in the normal pelagic sedimentary rocks, assumed to be compo-
sitionally similar to pre-CIE samples (Figs. 3 and 4). The results show that
the isotopic composition of the silicate fractions in CIE(OIB) sedimentary
rocks from DSDP Site 463 can be explained by ~30% input of sg-type OJN
basaltic materials.

To summarize the foregoing, the occurrences of the volcanic ash layers
and the unique Pb isotopic data at Site 463 strongly suggest the presence of
volcanic material derived from explosive subaerial or shallow-marine
eruptions at OJN during the CIE(OIB) phase. Interestingly, the Pb isotopic
signal of kw/kr-type basalts, which are the dominant type on OJP, is limited
to the lowest part of the major tuffaceous limestone (yellow square in
Figs. 2-4), whereas the main part of the major tuffaceous limestone exhibits
Pb isotope signals of the later-erupted sg-type OJP or high-Ti MP basalts
(red squares in Figs. 2-4).

One probable explanation for this Pb isotopic trend is changes in the
eruption style of OJN. According to present knowledge, the kw/kr-type
basalt was emplaced during the early stage of OJP volcanism, when most of
the volcanic edifice was forming under submarine conditions™', possibly 500
to 3000 m below the sea surface (Fig. 5). An eruption in such a deep-sea
setting is unlikely to release volcanic ash over a vast area. However, shallow
to subaerial phreatomagmatic eruptions on the OJP at this time cannot be
ruled out, as exemplified by petrified wood and volcaniclastic deposit
occurrences on its Eastern Salient™. Such explosive style of eruption is also
capable of widespread dispersion of volcanic ash. For example, in the case of
the North Atlantic Magmatic Provinces (NAIP), a large amount of volcanic
ash was released by phreatomagmatic eruptions and was documented
~1900km away from the volcanic center”. Hence, phreatomagmatic
eruption of kw/kr-type magma on the OJP’s Eastern Salient™**** or else-
where on the High Plateau might have been the source of the lower part of
the major tuffaceous limestone interval in DSDP Site 463 (Figs. 2 and 3).

During the later volcanic stages, sg-type OJP/high-Ti MP basalt
erupted atop the kw/kr-type OJP/low-Ti MP basalts (Fig. 5)***. This later
volcanism certainly occurred at shallower depths, or even under subaerial
conditions when the main edifices of both OJP and MP have already been
emplaced, and may have released a large amount of volcanic ash into the
atmosphere (Fig. 5). Indeed, the High Plateau of the MP consisting of high-
Ti type basalt is suggested to have been formed under subaerial condition™.
It should be noted that the timing of this explosive sg-like magma eruption is

Fig. 6 | Results of the model calculations. This
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uncertain, because high-Ti basalts with sg-type compositions occurred on
MP both from its shallowest part* to the deeper section”>”. This potentially
deeper sg-like magma eruption on MP may imply a somewhat earlier onset
of the OJN volcanism that formed the high-Ti-type MP basalts.

An alternative source of volcanic ash at DSDP Site 463 could be the
small volcanic chains that were also active around 120 Ma™. However, these
small-volume hot-spot volcanic activities continued for several tens of
million years™, while the volcanic ash layer of DSDP Site 463 is limited to a
specific interval around the OAEla. Moreover, previously reported Pb
isotopic composition for these Cretaceous ocean island basalts is highly
radiogenic (e.g., **Pb/**Pb > ~20)*”, inconsistent with the trend of the Pb
isotopic data for the tuffaceous interval (Fig. 4). Therefore, we consider such
small hot-spot volcanic activities as unlikely source of volcanic ash at DSDP
Site 463. Explosive volcanic eruption of felsic magma from the volcanoes in
nearby subduction zone could be another candidate for the source of vol-
canic ash in the Pacific regions. However, no such active arc volcanic activity
during the Barremian—Aptian was reported so far. For example, among the
well-studied Japanese granites, Aptian felsic rocks are very limited”® and
such arc volcanism was more active at a later time”. Also, similar early
Aptian volcanic events associated with the subduction of Pacific Plate have
been reported from China, but the compilation of the U-Pb ages suggests
that the peak of volcanic events occurred at ~100, 113, and 128 Ma, which
are different from the timing of volcanic ash occurrences”. Therefore, we
consider that these volcanic events were not the source of large emissions of
CO, and volcanic ash. Due to the lack of other possible candidates, we
conclude that volcanic eruption on the OJN is the most probable source of
the volcanic ash layers.

A possible complication is that the latest “’Ar-*’Ar ages reported for
OJP basalts, previously dated to older than ~120 Ma, range from the late
Aptian to Albian (~117-108 Ma)’. However, studies of planktonic for-
aminifera and calcareous nannofossil assemblages in limestone samples
from the plateau suggest that the majority of OJP (including the same cores
from which the dated basalts were sampled) was formed by early to mid-
Aptian”, and these ages are consistent with the sedimentary ages of volcanic
ash in Pacific regions. Although the discrepancy between the radiometric
and biostratigraphic ages presents a conundrum, it is reasonable to consider
that the volcanic ash layers were derived from OJP and MP, which collec-
tively comprise OJN volcanism.

Modeling C, P, and Os cycles in response to OJN volcanic events
The close coincidence between the peak submarine-to-subaerial OJN vol-
canism (as corroborated by the Pb and Os isotopes) and the CIE suggests
that a release of isotopically light carbon, caused by degassing of volcanic
CO, with very negative §"°C values (~—6%o'"), occurred only during the
shallow-marine/subaerial volcanic phase at OJN (Fig. 2). We employed a
simplified biogeochemical box model (Supplementary Fig. 6) to simulate the
response of the global C and P cycles to the volcanism caused by OJN
eruptions. The test, which considered various levels of total C influx and
durations of the volcanism (Fig. 6), demonstrated that the negative and
subsequent positive §"°C variations across OAEla can be reasonably
explained by injecting ~1.93 x 10° GtC during the first ~400 kyr of the
volcanism (Fig. 6a, b). This estimate does not take account of other sources
with extremely negative §"°C values (such as methane hydrate or sediment-
hosted methane); therefore, it reflects an extreme scenario of volcanic
degassing only. Currently, there are no available CO, data from the original
OJN melt inclusion, probably due to degassing during the ascent of
magma’’. Nevertheless, assuming the estimated volume of OJN as
~5x10"km’ (including the extrusive and intrusive parts) and the CO,
concentration of the original melt of tholeiitic basalts as 7000 ppm, the
maximum estimation of released carbon is ~2.75 x 10° GtC*. Therefore, our
estimation falls within an acceptable range of that estimated from the OJP
volume®. This short but intensive CO, emission scenario is also supported
by other modeling studies®.

The Os isotopic record indicates that a large amount of non-radiogenic
Os was released from OJN during the CIE. In theory, the seawater

"W0s/"™0s ratio represents the balance of inputs between mantle/extra-
terrestrial non-radiogenic Os (*’Os/"®Os = ~0.12) and continental radio-
genic Os ("70s/**0s = 1.0-1.5) into the ocean reservoir. On the basis of the
broad agreement between the radiometric ages of OJN and the standard
chronology of OAEla, the non-radiogenic Os isotope shift during the early
Aptian has been linked to an input of mantle-derived Os through the OJN
volcanism®'". The '"¥Os/"**Os ratios fell to non-radiogenic values (~0.15)
during the negative CIE (Figs. 2 and 3), suggesting that the largest con-
tribution of mantle-derived Os occurred at that time (Fig. 6¢). Our Os box
model calculation indicated that ~6.4 x 10° t Os was released from OJN
during the Os isotopic bottoming-out around OAE1la, with 70% of that
being emitted during the negative CIE (Fig. 6¢). The important question
now is how such a large amount of Os was emitted into the ocean reservoir.

One possible source of the Os release is subaerial weathering of the
basaltic plateaus, but most of OJN was emplaced under submarine
conditions™. The only known evidence for a subaerial eruption is on OJP’s
Eastern Salient™ and on the Manihiki High Plateau™. To explain the non-
radiogenic shift solely by weathering of the Eastern Salient and MP basalt
flows, an unrealistically large volume of basaltic rock body (an area of
~1 x 10° km® and a height of 10-20 km) would need to have been weathered
away within ~1 million years.

Another possibility is that hydrothermal activity during the interaction
of seawater and basaltic lava*'". However, Sharma et al.* indicated that the Os
concentration of present-day hydrothermal fluids is too low to explain the
total amount of mantle-derived non-radiogenic Os emissions. In addition,
assuming that OJN had a total area of ~5 x 10°km™', an average height of
~3.6 km”, and an average Os concentration of ~100 ppt, almost all Os in the
erupted part of OJN would need to have been leached out hydrothermally.
Notably, the Re-Os system of OJP basalt is reported to have remained largely a
closed system®. Thus, the hydrothermal emission of mantle-derived Os is
unlikely by itself to explain the non-radiogenic shift of '¥Os/**Os.

The last and most plausible possibility is Os emission as volatiles
associated with volcanic eruption and degassing™. Os is a highly volatile
element when oxidized. Given that the timing of Os emission corresponded
to a volcanic CO, input during the negative CIE (Figs. 2, 3, and 6), a large
amount of volatile Os could have been released during the explosive volcanic
phase along with other volatiles. Indeed, some mantle xenoliths from the
deeper part of the OJP (>95km) were found to have extremely low Os
concentrations”; this result implies that a large amount of Os was fractio-
nated into the melt as an incompatible element. In addition, primary OJP
magmas might have formed under relatively oxidized conditions because of
recycling of oceanic crust*. Under such redox conditions, the mantle might
have effectively hosted oxidized Os that was eventually transported into the
ocean-atmosphere system with other volatiles. Although further research
on the exact oxidation process of Os is essential, we consider volcanic
degassing as the most important process for the release of a large amount of
mantle-derived volatile Os during the CIE.

As noted in the previous section, the Pb isotopic composition of silicate
fractions from the tuffaceous limestones is influenced by sg-type OJP/high-Ti
type MP. The sg-type basalts appear to be volumetrically minor on OJP, and it
is unclear if the volcanic eruptions forming these basalts (Fig. 5) could release
alarge amount of volatiles. Meanwhile, outpouring of high-Ti (sg-like) basalts
on MP appears to have occurred throughout the plateau’s formation™ and
may have culminated in subaerial eruptions, as has been reported from DSDP
Site 317 on the High Plateau”. Speculatively such sg-like explosive eruptions
may have also taken place during the initial stages of OJP formation. Direct
evidence for the occurrence of a volatile-enriched volcanic eruption at the OJP
is currently lacking, but our results, combined with volcanic stratigraphy on
MP**”, indicate that such event may have taken place during the initial
emplacement of the plateau complex prior to OAE1a event.

Possible cause of the time lag between the explosive OJN vol-
canism and OAE1a

The linkage between LIP volcanism and the onset of OAEs has been long
debated. The proposed triggering mechanism is as follows: volcanic
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degassing caused global warming and enhanced continental weathering,
which led to ocean eutrophication and eventually caused an increase in
primary productivity’. The Site 463 C, Os, and Pb isotopic data demonstrate
that a volcanic degassing event associated with explosive subaerial/shallow-
marine OJN volcanism occurred during the CIE(OIB) (Fig. 3), and this
event may have triggered an increase in primary productivity. Indeed, our
biogeochemical model projected that the accumulation of atmospheric CO,
caused by the eruption of OJN resulted in a sharp increase in surface tem-
perature (>5 K) and, hence, eutrophication of the ocean. Our best estimate
predicts a nearly two-fold increase in marine P concentrations. However,
intriguingly, the TOC contents of the tuffaceous limestone interval are low
(~0.27% on average), and they sharply increase after the end of the major
tuffaceous limestone interval (Fig. 3). One possible explanation for the time
lag between the tuffaceous interval (i.e., explosive volcanic eruption) and the
organic-rich interval (i.e,, OAEla) might be differences in the sedimentation
rate during the two intervals. If the tuffaceous limestone interval was
deposited at an unusually high sedimentation rate, the TOC contents would
have been lowered as a result of dilution of organic carbon in the sediments;
however, this possibility cannot explain the similarly low TOC contents in
the non-tuffaceous intervals deposited during the degassing event
(~625-623.5 and ~623.1 mbsf) (Fig. 3).

Alternatively, this time lag may reflect the oceanic response time
between the peak of the degassing event at OJN and the development of
eutrophic conditions sufficient to increase the primary productivity in a
Pacific open-ocean setting. Indeed, our C-P biogeochemical model calcu-
lation indicated that the peak of ocean eutrophication (ie., the peak
phosphorus concentration in seawater) occurred after the degassing event
(Fig. 6). Therefore, we propose that a threshold amount of ocean eutro-
phication must be reached before an abrupt increase in primary pro-
ductivity occurs, and that oceanic conditions in the Pacific only reached this
threshold during the late stage of explosive subaerial/shallow-marine vol-
canic eruptions. In some Tethyan sedimentary sequences (e.g., the Cau core,
Spain®; and the Cismon core, Italy”), TOC increased sharply immediately
after the onset of the CIE (i.e., the onset of the degassing event). However,
because these Tethyan sedimentary sites are closer to the continent than Site
463, these sections might have achieved the threshold more quickly than
pelagic Pacific sites.

Even after the intensive degassing event, the interval with high TOC
content continued for several hundred kiloyears, until the end of OAEla.
This prolonged period of organic carbon burial after the main degassing
event suggests that more than several hundred kiloyears are required to
restore nutrient conditions in the ocean to the background level. Indeed,
our C-P biogeochemical model calculations confirmed that high P con-
centrations and enhanced organic carbon burial continued even after
OAEla (Fig. 6). An alternative explanation is that minor volcanic events
continuing after the main volcanic pulse continuously released CO, and
caused the prolongation of OAEla. At DSDP Site 463, intermittent volcanic
ash layers have been reported until the lower part of the upper Aptian (Core
67)"° (Fig. 2). In addition, Os isotopic ratios were persistently as low as ~0.2
until the end of, or even after, OAE1a”. These pieces of evidence suggest
that minor volcanic events at OJN continuing after the main degassing
event may have contributed to the continuously high amount of organic
carbon burial. Although further understanding of the triggering mechanism
of OAE:s is essential, the intensive degassing event and the delayed and
prolonged OAEla in the pelagic Pacific region provide clues to under-
standing the spatiotemporal response of primary productivity to massive
volcanic episodes.

Method

Stable carbon isotope ratio of carbonate

The stable carbon isotope ratio of carbonate (8"°C,,4,) was determined by
isotope ratio-mass spectrometry (Delta V plus, Thermo Fisher Scientific,
USA), equipped with an automated carbonate reaction device (GasBench II,
Thermo Fisher Scientific, USA), at the Atmosphere and Ocean Research
Institute, University of Tokyo (Japan). All isotope values are expressed in

the delta notation with respect to PeeDee Belemnite (PDB), with an NBS-19
value of —2.20%o for §"*O and +1.95%o for 8"°C. The reproducibility was
estimated from the repeated measurement of the NBS-19 standard within
an analysis batch, which is typically better than 0.07%o and 0.09% for §'*O
and 8"C, respectively (1 SD) (Supplementary Table S1).

Re- and Os analysis

Cleaned samples were dried and powdered in an agate mill. After spiking
with 'Os and "**Re-rich solutions, powdered samples were sealed in the
Carius tube” with 4 ml of inverse aqua regia (mixture of 1 ml of 30 wt% HCl
and 3 ml of 68 wt% HNOs;: TAMAPURE-AA-10 from Tama Chemicals Co.
Ltd., Japan). They were heated at 240 °C for 48 hours. The supernatant was
separated from the residue by centrifugation. Os was separated and purified
from the leachate through carbon tetrachloride extraction®*’, HBr extrac-
tion, and microdistillation™. Re was separated from the leachate using Bio-
Rad AG1-X8 anion exchange resin. Abundances and isotopic ratios of Os
were determined by negative thermal ionization-mass spectrometry (TRI-
TON, Thermo Fisher Scientific, Waltham, USA) equipped by Japan Agency
for Marine-Earth Science and Technology (JAMSTEC, Japan). The Re
abundances were determined by a quadrupole inductively coupled plasma-
mass spectrometer (iCAP Qc, Thermo Fisher Scientific, USA) at JAMSTEC.
The average procedural blanks of Os were 0.6 + 0.3 pg, with '¥Os/"*Os was
0.12+0.03. The average Re-procedural blank was 5+1pg. Initial
W0s/™0s values ('VOs/'™0s;) were calculated from the measured
W03/ 0s and ""Re/"**Os values, the age-depth model of the sediments
(Supplementary Tables S2 and S$4), and the '"Re decay constant
(1.666 x 107" yr')™. Detailed analytical methods for Os isotopic analysis
were as described by ref. .

Lead isotopic analysis

The powdered sedimentary rock samples (ca. 1g) were reacted with
acetic acid (30%, TAMAPURE-AA-10 from Tama Chemicals Co. Ltd.,
Japan) in Savillex” PFA vial and they were immersed in an ultrasonic bath
for 30 minutes to remove carbonate. We repeated the process several
times. After the supernatant was removed by centrifugation, the residues
were soaked in 1M HCI and heated at 80°C for a few hours. For
carbonate-rich samples, the residues were soaked in 5 ml of 6 M HCl for
several minutes to remove carbonate completely. After removing HCl by
centrifugation, the residues were rinsed several times with ultrapure
water, which was purified and deionized with Milli-Q" water system
(Merck Millipore). The residues were then decomposed with 3.0 ml of
HF (38%, TAMAPURE-AA-10 from Tama Chemicals Co. Ltd., Japan)
and 1 mL of HNO; (68%, TAMAPURE-AA-10 from Tama Chemicals
Co. Ltd., Japan), heated in an electric oven at 110 °C for 24 hours, fol-
lowed by heating at 120 *C for 24 hours for complete decomposition. The
decomposed samples were evaporated to dryness, and the residues were
dissolved in 4 ml of 30% HCI. A portion of this solution was diluted with
3% HNO; to determine their U, Pb, and Th concentrations. The con-
centrations were determined with the quadrupole inductively coupled
plasma mas-spectrometry (ICP-MS) (Agilent 7500cx; Agilent Technol-
ogies Japan Ltd., Japan) equipped in the Geological Survey of Japan
(GS)). Drift and matrix corrections were applied using the *”Bi internal
standard intensities. After the quantitative determination of U, Pb, and
Th, the remaining solution was evaporated to dryness and redissolved
with 0.5 M HBr. The sample solutions were passed through 400 ul of
100-200 mesh anion exchange resin (AG MP-1M, Bio-Rad Laboratories,
USA) packed in polypropylene columns (Bio-Spin® column, Bio-Rad
Laboratories, USA) to separate Pb based on the method described in
ref. 56 All experimental procedures were conducted in a clean room at
the GSJ. The Pb isotope ratios were determined using the multi-collector
ICP-MS (NEPTUNE, Thermo Fisher Scientific Inc., USA) equipped in
GSJ. Pb isotopic ratios were determined using a Tl spike, NIST SRM 997,
and sample-standard bracketing. The Pb isotopic compositions of the
bracketing NIST SRM981 standards were assumed to be 16.9412 for
2pb/***Pb, 15.4988 for *"Pb/***Pb, 36.7233 for ***Pb/**Pb ratio”. The
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reproducibility of Pb isotopic analysis was confirmed by the repeated
analysis of JB2-1 (not leached). Pb isotopic values of
JB2-1 were **Pb/**'Pb = 18.3415 + 0.0023, *’Pb/**'Pb = 15.5612 + 0.0085,
%pb/*“Pb = 38.2744 + 0.0224 (n=3, 2SD), which is good agreement
with the previously reported values (**Pb/**Pb=18.3435+0.0017,
*7Pb/*Pb = 15.5619 + 0.0016, ***Pb/***Pb = 38.2784 + 0.0050)*". Average
U, Th, Pb concentrations of JB2 are 0.16, 0.28, 4.97 ppm (n = 2), which is
consistent with the previously reported values (0.1528 +0.0028,
0.2576 +0.0048, and 5.25 + 0.11)”. During the analytical session, we also
determined the isotopic compositions of SRM981 by standard bracketing
combined with Tl doping. Their average values were
2%Pb/**Pb = 16.9413 £ 0.0019,  *”Pb/**Pb = 15.4990 + 0.0020,  and
2%pb/**Pb = 36.7236 + 0.0055 (1 =5, 2 SD). The Pb isotopic ratios were
corrected by the age (120 Ma) using U/Pb for ***Pb/**Pb; and *"Pb/***Pb;
and Th/Pb for **Pb/**Pb;.

Global C-P biogeochemical modeling

Biogeochemical Model. We developed a biogeochemical model that
estimates a short-term fluctuation of the system following the
ocean-atmosphere eruption of the Ontong Java Nui. The model estimates
the time evolution of the amount of atmospheric CO,, oceanic dissolved
inorganic carbon (DIC), oceanic phosphorus (P), oceanic calcium (Ca), soil
and vegetation carbon on land, and C when the system is forced with a
CO, influx assuming the eruption of the Ontong Java Nui. In this model,
the ocean is represented by one box for the DIC and Ca cycles and three
boxes for the P cycle (Supplementary Fig. S6). The budgets of atmospheric
CO,, DIC, and Ca*" in the ocean are represented as follows:

d
Matma(pcoz):Faa+ng+ch+Fmg_FWS_FWC_Fnep,Iund (1)

4

VUC dt
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— = — 3
VOCdt([Ca ]) FWC+FWS ch’ ()

where F,, is the gas exchange rate of CO, from ocean to atmosphere; Fy,
and F,g are the degassing rate from volcanism, metamorphism, and diag-
enesis of carbonates and organic carbon, respectively; F,,, is the production
rate of CO, from the weathering of land organic carbon; F, is the silicate
weathering rate; Fy, is the carbonate weathering rate; Fyepjang is the net
ecosystem productivity on land; Foyy is the volcanic outgassing rate of CO,
owing to the eruption of the Ontong Java Nui; Fpg ocean is the burial rate of
organic carbon from the ocean; F, is the deposition rate of calcium car-
bonate from the ocean; V. is the mass of the ocean (V,,. = 1.4 x 10*' L); and
Uatm 1S the number of moles in the present atmosphere
(Hatm = 1.773 x 10 mol). The choices of the parameters are summarized
in Supplementary Method and Supplementary Table S5.

The global-mean surface temperature is estimated using a zero-
dimensional energy balance model * which considers the balance between
the incoming solar radiation and the outgoing longwave radiation to space
considering the greenhouse effect from CO, and H,O:

(1= a2 = Foyy(r), @

where a is the top-of-atmosphere albedo of the Earth, and Fopg is the
outgoing longwave radiation flux, both of which are a function of T,*', and
S(t) is the solar constant at ¢ million years ago (W m™), which is formulated

as follows®:

B M\
Sty =S, - (1 0.38 4550) (5)

The budget of phosphorus (PO,>) in the ocean is represented by three
oceanic boxes, as follows:
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where F, is the riverine phosphorus supply rate; F,qy; and Fe; are the
oceanic exchange rate of P from box i to box j via thermohaline circulation
and diffusion, respectively; f; and f;, are the areal fraction of the low-latitude
and high-latitude surface water boxes, respectively (f; = 0.85 and f;, = 0.15);
Vi and Vj, are the mass of surface ocean boxes at low and high latitudes,
respectively (V;=3.06x 10°L and V};,=0.54 x 10" L); V is the mass of
deep ocean (Vy4=1.364 x 10" L); Fgep and Fc,p are the burial flux of Fe-
bound P, and Ca-bound P, respectively; R is the C:P ratio of marine
biomass (Rppio = 106); and R, seq is the C:P ratio of organic carbon buried
in sediments, which is represented as a function of the anoxic fraction of the
ocean (funo) ™

R _ ch,ax ch,anox (9)
sed — )
. (1 - fanox)RLp,anox +fmmx ch,ox
1
f anox — (1())

1+ exp (— 12 (%7?'”) - pOz(PAL)>)

where R, ox and Rp, anox are the C:P ratio of organic carbon in sediments
under oxic and anoxic waters, respectively (Rqp,ox = 250 and Rp anox = 400)
and pO, is the atmospheric oxygen level (present atmospheric level; PAL).
Rypseda is  ~250 at the present export production flux
(Fpo,0="0.75 Pmol Cyr")®. This value approaches 400 under conditions
with high export production rates. We note here that this maximum value
could be much higher under extreme conditions during ocean anoxic
events®*, which may increase the amplitude of positive carbon isotope
excursions. Nevertheless, our global model with an upper limit of Re, eq 0of
400 successfully reproduces the positive excursions. The pO, value is fixed at
the present value (pO, =1 PAL), which would be a reasonable value for
120 Ma condition®.
The riverine P supply rate is represented as follows:

FWS + FWC . (F

= : wsc,0 + F
? FWSAO + ch,O ? ch,land

wg nep.,land)7 (11)
where Fy 0 is the present riverine P supply rate owing to weathering of
P-hosting ~ minerals in  continental silicate and  carbonate
(Frpwsco = 0.039 Tmol P yr'h), Repjand is the C:P ratio of land organic
matters (Rgpjand = 1000)”, and Fpep jand is the net ecosystem productivity of
the land ecosystem. The riverine P is consumed in the surface ocean by
primary producers. The export production rate of OC is represented as
follows™:

PO,
Fo,izeiR i'i[ ?,4 )
[PO4 ]i+yp

» V- [P0, J(i=s,h) (12)

cp,bio

where ¢ is the efficiency factor for phosphorus uptake (3.0 and 0.8 for low-
latitude and high-latitude surface water boxes, respectively) and y,, is a half

Communications Earth & Environment| (2024)5:155



https://doi.org/10.1038/s43247-024-01310-0

Article

saturation constant for the export production (y,=1.0x10°molL™).
Using the estimated export production rate, the marine net primary
productivity is calculated as follows, assuming an export production
efficiency (f,o).

F 2@

npp,ocean fpo
The burial rate of OC to the sediment is calculated by assuming a
constant burial efficiency (defined here as the ratio between burial rate and
export production rate, B,;), as follows:

(13)

(14)

At a steady state, the riverine P supply rate is equivalent to the P removal
rate by the deposition of OC, Fe-bound P, and Ca-bound P. The value of Sy, is
chosen so that the present condition is reproduced in the model (See Sup-
plementary Method). F,q4y; and Fg;; are represented as follows, respectively:

Fbg.ocean = ﬁbur ! Fpo'

Fudv,ij =T- ([PO437]]' - [PO437]1') (15)

Feii = Wi - ([PO43_]]' —[PO,7]). (16)

where T is the thermohaline circulation flux and Wy is the diffusive
exchange flux between ocean boxes i and j ((i,j) = (s, h), (h, d), (d, 5)) The Fe-

bound and Ca-bound P burial fluxes are represented as follows, respectively*:

[PO,’"]
Frop = Frpg <[PO g (17)
4 0
Fh
Feap = Feapy <_F pe ) . (18)
bg,ocean,0

where Fgepo and Fe,p g are the present values (Fep o= 0.01 Tmol Pyr™ and
Feapo=0.02 Tmol P yr™), respectively®.

C isotope budgets. The budget of °C is represented as follows:

d 13
E( Catm) :f13C,ouFaa.,T _f13C.aoFaa,¢ +f13C.ngg
+ flsC‘cch +f13C‘gFmg _flsc,atm(Fws + ch)

- (flSC‘bgngp,lund _f13C‘vegFresAlund _f13C‘saithtr,lund)

(19)

d 13
E( Cocean) :f13C4O]NFO]N +f13C7aaFrw,i _f13C4,anrw,T +f13C,athws

+ (fl3C,atm +f13C,c)ch _f13C‘thbg.,ocean _f13C‘chpc
(20)

d 13
E( Cveg) =f13C,bvegngp,land _f13C,veg(Fres.land + Ftumaver)

d
13 _
E( Csail) _f13C,vegFtwnover _f13C4saithtr,land _fISC,soilFbg,land7

@1

where f3¢ is the fraction of °C to total C in each reservoir (f;3c="C/
(*C+ "C));and F,,; and F,, | are the upward and downward counterparts
of F,,, respectively. The estimated amount of °C is converted to carbon
isotope fractionation (§"°C), as follows:

613C — (:;%) _ 17
std

(22)

where fq is the reference value of the abundance of "’C relative to *C
(fua=0.0112372).

The C isotope fractionation occurs when CO, exchanges at the air-sea
interface, when land or marine ecosystems assimilate carbon, and when
CaCO; is formed and removed from the ocean (A8 Cpc = 1.2%0). We con-
sidered the temperature-dependent isotope C fractionation, as follows**":

AP C,) = 1.2(%) (23)
A8"C,,) = 10.6 — 0.1(T, — 273.15)(%) (24)
ABBC,) = 1.6.(%) (25)

The C isotope fractionation owing to the C assimilation by land and
marine biosphere is represented as follows™":

A(513 Corg,land) = Aiand (1 - %) + bland&

a Ptl (26)

ABC ) =11.98 — 0.12(T — 273.15) + (25 — (159.5 * [PO,* "], (uM)

+ 3839)/([H2 COS]surf(HM))v (%O)

org,marine
(27 — 28)

where aj,,4 is the fractionation of C due to diffusion of air (@j,nq = 4.4%0)"%,
Diang is the net C fractionation by carboxylation (bj,nq = 27%0)”, and p, and
p; are the ambient and intercellular pCO,, respectively. The p;/p, ratio
changes in accordance with the opening of the plant’s stomata, and it tends
to be kept relatively constant in present environments, reflecting the
adjustment of the stomatal conductance by plants to maintain their optimal
condition™”. It has been pointed out, however, that p/p, ratio would
depend on many factors such as temperature and precipitation”. In addi-
tion, when the atmospheric pCO, is especially high, it may approach unity
owing to the upper limit of the stomatal resistance, assuming the breakdown
of the optimal stomatal behavior’”. Because our focus here is the responses
during the periods of high atmospheric pCO, after the Ontong Java Nui
eruption, we adopted a value of p;/p, ratio of unity.

Experiment setup. Using this model, we estimated the steady state of the
global carbon and phosphorus cycles before the eruption of Ontong Java Nui
by running the model without forcing the CO, influx supplied by the erup-
tion. We fixed the boundary conditions of the model (e.g., solar luminosity,
land area, etc.) to the condition assuming 120 Ma. The CO, emission from
the eruption of the Ontong Java Nui is given to the model from 119.3 Ma,
starting from the steady state obtained for the 120 Ma condition. We con-
ducted a series of experiments with different values of the total CO, emission
and the period of the CO, emission. We run the model with different total
CO, emissions for a sustained period of 400 kyr (Supplementary Fig. 7a). The
total CO, emission is varied from 0 to 100 % of the maximum value estimated
from the mass of the Ontong Java Plateau (1.0 x 10" g CO,; ~2.7 x 10° GtC)*,
which is given to the model at a constant supply rate. We also run the model
with different periods of the eruption of the CO, emission with the total CO,
emission of 70 % of the maximum value™. The duration of the CO, emission
is changed from 100 to 1000 kyr at each 100 kyr (Supplementary Fig. 7b).

Calculation of Os fluxes using a simple box model

The changes in the Os flux from the OJN volcanism were calculated by a
simple box model of ref. *. This model assumes the ocean as a unique Os
reservoir, and Os amount and isotopic composition of seawater reflect the
balance between continental input, hydrothermal input related to oceanic
crust, volcanic input from OJN, extraterrestrial input, and a sedimentary
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sink. These relationships are described as:

dM

% = Famt + thdr + Fcosm + FO]N - Fscd (29)
AM, R )
% = Fc(mtRcant + thdrRhydr + Fcostcosm + FO]NRO]N - FsedRsed

(30)
where M, F, and R represent the amount, flux, and Os isotopic ratio
("YOs/"*0s), and the subscripts ‘ocean’, ‘cont’, ‘hydr’, ‘cosm’, ‘OJN’, and
‘sed’” represent the oceanic reservoir, riverine input, hydrothermal input,
extraterrestrial input, input from the OJN, and sedimentary output,
respectively. We assume that R4 coincides with R,cean. The above equations
can be transformed as:
dR

ocean _

dt

[Feont(Reont — Rocean) + Fryar(Rpyar = Rocean) + Foogm(Reogm — Rocean) + Fon(Row — Rocean)]

M,

ocean

€2

Here, we used the present-day values of F o = 295 t/kyr, Reone = 1.54,
Rpyar = 0.126, Feoom=17.6 t/kyr, and Reoem =0.126 for the background
conditions before OAE1a”. In the steady background condition, we set
Fiyar = 567.4 t/kyr to match the background seawater Os isotopic values
(Rocean = 0.6). We assumed that F;.4 varies proportionally to Mcean, and set
the coefficient of proportionality at 0.056 following ref. *. We set the Os
isotopic composition of OJN as '¥Os/"*Os = 0.146 changed the Fopy to
match the observed Os isotopic data’.

Data availability

The data supporting our new findings are available within the Supplemen-
tary Tables of this article.

Code availability
The source code of the biogeochemical box model and marine osmium
model can be obtained from the corresponding author upon request.
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