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Large igneous province activity drives oceanic
anoxic event 2 environmental change across
eastern Asia
R. Takashima1✉, D. Selby2, T. Yamanaka 3, Y. Kuwahara4, H. Nakamura5, K. Sawada 5, M. A. Ikeda 5,

T. Ando6, K. Hayashi7, M. Nishida8, T. Usami9, D. Kameyama8, H. Nishi10, A. Kuroyanagi 1 &

B. R. Gyawali 11,12

During mid-Cretaceous Oceanic Anoxic Event 2, significant increase of atmospheric carbon

dioxide concentrations from the eruption of the large igneous provinces is hypothesized to

have induced a humid climate and an elevation in nutrient runoff from continents to the

oceans, resulting in oxygen depletion in the ocean. However, hitherto there is limited insight

into the driving factors of Oceanic Anoxic Event 2 from the Pacific and Asian continental

margins, even though the former and the latter were the largest ocean and landmass at that

time. Here, a multiproxy analysis for the Oceanic Anoxic Event 2 interval of the Yezo

Group –deposited on northwestern Pacific along the active Asian continental margin– is

interpretated to identify seven volcanic pulses, five of which may have elevated humidity,

weathering intensity, and vegetational change in the eastern margin of Asia. Moreover,

oxygen depletion occurred simultaneously in the northwest Pacific. Given that these envir-

onmental changes in the eastern margin of Asia were penecontemporaneous with the global

carbon burial intervals during Oceanic Anoxic Event 2, the elevated nutrient supply from the

Asian continental margin to the Pacific Ocean may have, in part, contributed to the worldwide

depletion of oxygen of the ocean during Oceanic Anoxic Event 2.
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Oceanic Anoxic Event 2 (OAE2) occurred between 94.5
and 93.9 million years ago and was caused by rapid
warming due to the massive release of CO2 associated

with the eruption of the large igneous provinces (LIPs)1. The
expansion of anoxic environments and acidification and eutro-
phication of the global surface ocean during OAE2 led to the
significant faunal turnover of marine microbiota2. The features of
OAE2, for example, a decline in dissolved oxygen in the global
ocean because of increased seawater temperature, atmospheric
CO2 levels, and nutrient inputs to the ocean have also been
observed as one of the most recent state-of-changes in Earth’s
history since the 1950s3. Therefore, OAE2 has long been studied
extensively to predict future climatic and environmental changes
to our current warming Earth. Various techniques have been used
to investigate the evidence for global warming during the Cre-
taceous period and the underlying mechanisms responsible for
the resulting environmental changes and ecosystem impacts.
Consequently, our understanding of OAE2 has significantly
improved over the past few decades. However, certain issues
remain unresolved.

First, although there is little doubt that LIPs are associated with
the onset and persistence of OAE2, various LIPs, such as the
Caribbean LIP, High Arctic LIP, Madagascar Flood Basalt, and
2nd Ontong Java Plateau have been found to have erupted during
the temporal framework of OAE2 (Fig. 1A); it has not been
determined, which LIP or LIPs caused the environmental change
and to what extent4,5. Second, OAE2 is marked by a cooling and
re-oxygenation interval known as the “Plenus Cold Event
(PCE)6”. Additionally, there is disagreement about whether this
cooling is attributable to a decrease in igneous activity or an
increase in organic carbon burial5,7. Third, continental weath-
ering may have affected the persistence or cessation of OAE2 and
raised the high temperatures after OAE2 despite the demise of
LIP activity. However, it is unclear whether the continental crust
or basalt weathering was more influential5,8,9 or both. Fourth, the
impact of OAE2 on terrestrial fauna and flora remains poorly
demonstrated, except for SE France10.

Furthermore, our understanding of the impact of OAE2 on the
Pacific Ocean is limited compared to the Tethys Sea and the
Atlantic Ocean. Recently, it has been shown that the continental
margin of the Pacific maintained relatively oxic conditions during

OAE211,12. Although the Pacific Ocean was the largest ocean
during the Cretaceous and the locus of the major LIPs, such as the
Caribbean LIP and Ontong Java Plateau, its influence on the
global carbon cycle and climate during OAE2 remains poorly
understood.

The Yezo Group, which is exposed in northern Japan, was
deposited approximately at 45˚ N along the Asian active con-
tinental margin in the northwestern Pacific Ocean (Fig. 1A). The
Saku Formation of the Yezo Group, which is exposed in the
Omagarizawa Creek (OC) section, contains a 445-m-thick
interval of OAE2 in short-definition and a 590-m-thick interval
in long-definition (Fig. 2)13, which may be one of the thickest
OAE2 strata in the world. The OAE2 of the OC section mainly
comprises mudstone with intercalated turbidite sandstones. The
Yezo Group is significant because the mudstone contains abun-
dant terrigenous detritus and marine macro and microfossils11,14.
Therefore, it is essential to understand not only the marine
environment of the northwestern Pacific Ocean but also the
terrestrial floral and climatic changes in its hinterland of the
eastern Asian continent.

Additionally, numerical modeling of the Cretaceous climate
demonstrated that the basin of the Yezo Group and its hinterland
were located in areas associated with the highest precipitation
levels during elevated levels of pCO2 (Fig. 1B)15. Considering
extremely high-sedimentation rates of the strata in the OC sec-
tion, multiproxy analyses, such as initial osmium-isotope com-
positions (187Os/188Os-–Osi) and carbon isotopes, clay mineral
crystallinity, and organic- and inorganic geochemistry of the Yezo
Group in the OAE2 interval, can resolve the previously men-
tioned problems and the land-ocean relationships to LIP activities
in the northwestern Pacific Ocean.

Results and discussion
Stratigraphy of OAE2 in the Yezo Group. The analyzed interval
in the OC section is composed mainly of three lithological units.
The lower unit (0–220 m level) is mainly mudstone with occa-
sional intercalation of thin-bedded (1–5 cm thick) turbidites. The
middle unit (220–310 m level) is characterized by frequent
intercalation of thick-bedded (10–30 cm thick) turbidite sand-
stones. The upper unit is mostly dark gray mudstone with
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Fig. 1 Paleogeographic and precipitation maps during Late Cenomanian. A Late Cenomanian palaeogeographic map43 illustrating studied section,
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is ten times pre-industrial level15.
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sporadic intercalation of thin turbidite sandstones. Although the
occurrences of the age-diagnostic microfossils are quite sporadic
in the sequence under study, several important index species of
planktic foraminifera and calcareous nannofossils have been
identified (Fig. 2). In addition to the biostratigraphy, carbon and
osmium isotope stratigraphy allows a detailed correlation
between the representative OAE2 reference sequences (SH#1 and
Portland cores) of the Western Interior Basin (WIB)7,13,16,17 and
the Saku Formation in the OC section (Figs. 1A, 2). Here, we have
divided the δ13C curve of the OAE2 interval into five segments, as
shown for the Eastbourne section18 (Fig. 1A): The five segments
are named the first build-up, trough, second build-up, plateau,
and recovery (Fig. 2). The base of first build-up segment is
important because it defines the onset of OAE2. The first build-
up segment at Eastbourne section, defined by ref. 18, shows a large
positive shift in the overall trend of δ13C, but it is accompanied
with a few minor positive peaks in its lower part. Therefore, in
our studied section, we place the base of first build-up segment at
the 155 m level where the overall positive trend starts, although
the prominent positive excursion occurs between 175 and 188 m
(Fig. 2). We further have referred to an interval of the δ13C curve
ranging from the onset of non-radiogenic osmium isotopic values
to the first build-up as the “Precursor” segment. This segment is
characterized by two sets of minor negative and positive peaks in
δ13C profile.

Based on the detailed stratigraphic correlation between the OC
section and cores of WIB, the OAE2 interval in short-definition13

in the OC section is measured to be 445 m thick, making it one of
the thickest known OAE2 intervals (Fig. 2). With no known
hiatus, the sedimentation rate of OAE2 in the OC section is
estimated to be as high as 73–117 cm/kyr. The upper PCE interval
(second build-up segment), which corresponds roughly to a
220–320 m interval, frequently shows intercalation of thicker
turbidite sandstones. This intercalation of thicker turbidites and/
or channel conglomerates in the upper PCE interval are also
demonstrated at other sections in the Yezo Group11,19, indicating
a possible eustatic sea-level fall and basin-ward migration of
submarine fans, and propagation of incised valleys. Although
local tectonic uplift around the Yezo basin during this period
cannot be ruled out, a contemporaneous sea-level fall has also
been reported from Mexico20 and WIB17.

Magmatic activity around Oceanic Anoxic Event 2. The tem-
poral relationship between magmatism during the OAE2 period
has been extensively evaluated utilizing Osi stratigraphic
profiles1,5,7,13,21–23. Our study of the OAE2 interval in the OC
section is consistent with other sections, in that it shows a shift to
nonradiogenic Osi before the onset of OAE2, followed by similar
values up to the late phase of OAE2 (the Precursor to the lower
part of the Plateau segment). This is then followed by a gradual
increase to more radiogenic Osi values toward the end of OAE2
(upper Plateau to Recovery segment). However, our high-
resolution Osi profile reveals four short-lived minor increases in

Fig. 2 Chemo- and biostratigraphic correlation of OAE2 interval. A chemostratigraphic correlation (δ13Corg, 192Os, Osi) of three OAE2 interval sites of
Portland core21, Colorado, SH#1 core13, Utah, USA, and Omagarizawa Creek, Hokkaido, Japan. The five segments, named the first build-up, trough, second
build-up, plateau, and recovery, are divided based on δ13C curve proposed by ref. 18.
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Osi (at the 140–150, 180–190, 210–230, and 240–260 m levels),
suggesting a quiescence in magmatic activity and/or an increase
in continental weathering. In addition, we found two brief but
prominent trends to lower Osi (at the 460–480 and 630–680 m
levels) through the stratigraphic interval, recording a gradual
increase in Osi in the latter phase of OAE2 (Fig. 3). Similar trends
are also identified from the International Ocean Discovery Pro-
gram (IODP) Site U1516 core recovered from the Mentelle Basin
in eastern Indian Ocean23 (Fig. 1A), indicating magmatic activ-
ities during the latter phase of OAE2. Although the magnitudes of
decrease are not prominent, the Portland core also shows slightly
lower Osi at the same horizons (Fig. 2).

The common osmium abundance (presented as 192Os) has
been used as a proxy for magmatic activity across the OAE2
interval5,7,23–25. The Osi values and 192Os contents in the OC
section are negatively correlated, and 192Os contents, as with
previous OAE2 sections, are inferred to detect fluctuations in
magmatic activity. To eliminate differences in the sedimentation
rate, we also present 192Os/Al (Fig. 3) since the studied sequence
is mainly controlled by terrigenous input. The 192Os and 192Os/
Al data indicate seven pulses of magmatic activity (MP1–7) that

are punctuated by an increase in 192Os/Al and a decrease in Osi
(Fig. 3). Since 192Os abundance ranges typically between 10 and
30 ppt in the upper Cenomanian to lower Turonian in the Yezo
Group21, intervals of a magmatic pulse corresponding to OAE2
are characterized by high 192Os abundance (>100 ppt; Fig. 2).

This study identifies seven magmatic pulses (MP1–7) asso-
ciated with the OAE2 interval. The first magmatic pulse (MP1) is
found just above the initial shift to non-radiogenic Osi, before the
onset of OAE2. The same pulse is also found in the SH#1 core
and is considered to indicate the first igneous activity just prior to
the onset of OAE2 (Fig. 2). The second pulse (MP2) occurs in the
first build-up segment and is characterized by the highest value in
192Os/Al and 192Os, indicating the largest magmatic activity of
the OAE2 interval. The corresponding pulse was observed in
Portland21 and SH# cores13 (Fig. 2) as well as the Tibetan Tethys
sediment at Gongzha section (Fig. 1A)23, showing the highest
192Os contents in their sequence in former two cores. The MP3
and MP4 are very short-lived peaks and are contained in
the trough segment. Although the MP3 was not detected in the
Portland and SH#1 cores due to lower sample resolution, the
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MP4 was identified in the SH#1 core (Fig. 2). A brief but distinct
increase in Osi was observed just above MP4, suggesting a
temporary reduction of igneous activity and/or strengthening of
continental weathering.

The fifth pulse (MP5) is marked by a broad peak spanning
from the Second build-up to the lower Plateau segment, and a
corresponding peak is seen at the Portland and SH#1 cores and
the Tibetan Tethys sediment23. After this peak, either global
continental weathering began to predominate, or magmatism
waned based on the gradual increase in Osi after this pulse
(Figs. 2, 3).

The MP6 and MP7 are short-lived peaks in the upper Plateau
and middle Recovery segments, respectively, coincident with
distinct more nonradiogenic Osi (Fig. 3). These two pulses which
were also identified from Portland core (Fig. 2) and Mentelle
Basin23 (Fig. 1A) and maybe a global signature, suggests that
igneous activity was intermittent during the late stages of OAE2
and may have contributed to the persistence of a warm climate in
the latter part of and after OAE29.

Based on the correlation between 192Os/Al and cooling
episodes of the PCE shown in Fig. 3, the first cooling interval
of PCE coincides with a shift to lower 192Os/Al and a more
positive δ13C between MP2 and MP3. This suggests that
decreased magmatic activity and increased global carbon burial
may have induced the first cooling phase of PCE5. On the other
hand, the latter cooling interval of PCE is characterized by a
higher 192Os/Al of MP5 and a positive excursion of δ13C,
indicating that the outgassing of CO2 from magmatic activity
overwhelmed global carbon burial during the Second build-up
segment.

Changes in precipitation, chemical weathering, and vegetation
in the eastern margin of the Asian continent during OAE2.
According to numerical modeling15, the hinterland of the Yezo
Group (eastern margin of the Asian continent) was characterized
by one of the highest precipitation areas during elevated pCO2

levels (Fig. 1B). The illite crystallinity index provides a useful
indication of the intensity of precipitation or continental
moisture26,27. Specifically, the modified Lanson index (MLI)
has been applied to reconstruct changes in precipitation of the
Indian Monsoon during the Last Glacial Maximum on the
southern slope of the Central Himalaya27. The MLI of the OAE2
interval in the OC section (Fig. 3) is a significant demonstration
of the linkage among terrestrial climate, continental runoff, and
dissolved oxygen level of the ocean in the Asian continental
margin in response to LIP activity and intensity. The MLI’s five-
point moving average curve shows a significant increase in MLI
during MP1, which could indicate an increase in volcanic out-
gassing of LIPs that led to a humid climate in the eastern margin
of Asia, as supported by numerical modeling15 (Fig. 4A). In
contrast, the first build-up, trough, and second build-up segments
experienced a relatively arid climate, despite magmatic activities
(MP2 and 3). The global expansion of ocean anoxia resulted in
the massive burial of organic carbon, leading to a decrease in
pCO2 that could have contributed to the arid conditions in the
eastern Asian continental margin. Despite a relatively arid
interval, a significant increase in MLI is observed in the horizons
of the latest phases of MP2, MP4, MP5, and MP6, indicating that
humidity increased in response to the LIP activity (Fig. 4A).
Furthermore, the MLI shows an overall increase throughout the
Plateau segment, and it remains relatively high during the
Recovery segment (Figs. 3, 4C). This trend is consistent with-
the continuation of warm and humid conditions during the
latter stages and after the OAE2 interval, as previously
documented9,28–30.

Chemical weathering plays a crucial role in OAEs as it controls
the supply of nutrients from the land to the ocean and the uptake
of CO2. Global chemical weathering fluxes from continental arcs
have been shown to dominate over the past 400Myr31. Therefore,
it is essential to reconstruct the weathering history of the Yezo
Group during OAE2 since it was accumulated along the Asian
continental arc. The K/Rb ratio of mudstone is a key proxy for
assessing the level of chemical weathering32, even though
potassium and rubidium have similar ionic radii, potassium has
a stronger bonding force than rubidium. Hence, rubidium is more
readily leached, with a higher ratio indicating increased
progression of chemical weathering of the continental crust.
Although there is a slight lag, the increase in K/Rb corresponds
with the magmatic pulses, except for MP3. The K/Rb trend also
shows a similarity with the angiosperm/gymnosperm index
profile. The MLI curve occasionally diverges from the K/Rb
trend, especially during the earlier stage of OAE2. This could
suggest that chemical weathering during OAE2 may have been
influenced by vegetation and pCO2, rather than precipitation,
along the Asian continental margin. Additionally, high K/Rb
values are observed in the precursor and first build-up segments,
whereas the values gradually decrease above the trough segment.
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This decline in K/Rb suggests that chemical weathering decreased
during the latter phase of OAE2 along the eastern Asian margin.
This trend is like the trend observed in δ7Li, which reflects global
silicate weathering intensity33. The decline in chemical weath-
ering in the upper part of OAE2 is consistent with the high sea
surface temperature that persisted despite the decrease in
magmatic activity during the latter part of and after OAE2
(Fig. 4)9,33.

Angiosperm/Gymnosperm index (AGI) is calculated as the
aromatic triterpenoid/diterpenoid ratio (ar-AGI)34 rather than
aliphatic compounds (AGI)35 to better represent the source
vegetation in the studied samples predominated by aromatic
terpenoids. The sudden and rapid increase in diversity and
geographic spread of angiosperms occurred in mid-
Cretaceous36–38, making the AGI of the OC section (Fig. 3)
important in understanding the impact of climate change on the
evolution of vegetation during OAE2. The proportion of
angiosperms increased from the Precursor to the first build-up
segment (Fig. 4A). However, gymnosperms rapidly became
dominant during the trough segment (Figs. 3 and 4B), followed
by increased angiosperms in the Second build-up and the Plateau
segment (Fig. 4A, C). However, they returned to the preOAE2
AGI values during the Recovery segment. The tendency of
gymnosperm expansion during the cool and dry periods of the
first half of the PCE is opposite to that observed in the Vocontian
Basin (Fig. 1A), where the gymnosperms flourish during the wet
maximum of OAE2. In contrast, to the Vocontian Basin which
was in an arid climatic zone during the mid-Cretaceous, the Yezo
Group hinterland was in a wet climatic zone10. The extremely
humid conditions may have caused the expansion of angiosperms
or increased the number of aquatic plants among angiosperms.
Although there are very few studies on the changes in terrestrial
vegetation during OAE2, the limited data illustrate large
variations in vegetation both locally and regionally during
OAE2, suggesting different regional responses. Interestingly, the
AGI in the Yezo Group does not show significant differences
before and after OAE2, suggesting that OAE2 itself may not have
contributed directly to the expansion of angiosperms, at least in
the eastern Asian continental margin.

Dissolved oxygen in the northwestern Pacific along the Asian
continental margin. The degree of pyritilization (DOP) is a
useful indicator of the dissolved oxygen levels or redox conditions
in the bottom waters. It is calculated as the ratio of iron in pyrite
to the total amount of iron in the sediments. The DOP boundary
values are <0.45, 0.45–0.75, and >0.75, indicating oxic bottom
water conditions, restricted bottom water conditions, and euxinic
bottom water conditions, respectively39. According to the pre-
vious studies on the Yezo Group, the DOP of the OC section
suggests that the northwestern Pacific Ocean was largely oxic
throughout the OAE2 interval11. However, there are four inter-
vals in the section where the oxygen concentration decreased.
Notably, two of these intervals coincide with the global carbon
burial intervals of the first and second build-up segments
(Fig. 4A). These observations indicate that while the northwestern
Pacific was largely oxic during OAE2, there were periods of
decreasing oxygen concentrations, particularly during the carbon
burial intervals.

The first peak of DOP occurs in the same horizon as the MP1
of the Precursor segment. In contrast, this horizon is accom-
panied by only a minor positive shift in δ13C. Although the δ13C
curve at this horizon demonstrates that global carbon burial was
insignificant, higher DOP may represent a global oxygen
depletion that preceded OAE2 because thallium isotopic ratios
(ε205Tl) indicate anoxia on the seafloor had already begun 40,000

years before the onset of OAE240. The timing of the four dysoxia
peaks coincides with weathering intensity proposed by elevated
K/Rb in the OC section, suggesting that increased nutrient supply
from the eastern margin of the Asian continent may have also
contributed to the expansion of global ocean anoxia (Fig. 4A).
Indeed, numerical modeling studies for OAEs demonstrate that
increased nutrient supply from the continents to the oceans is a
necessary condition for the expansion of anoxia in the
oceans41,42. Since eastern Asia was one of the largest land masses
during the mid-Cretaceous43, increased runoff could have
contributed to the significant nutrient export to the ocean and
the expansion of global anoxia.

Methods
Sampling procedure and microfossil analysis. Approximately
500 mudstone samples from the Yezo Group were collected at
0.3- to 5-m-stratigraphic intervals. Dry sample aliquots of 400 g
were disaggregated using sodium tetraphenylborate plus sodium
chloride. The disaggregated sediment was washed over a 64-µm
sieve and dried at 50 °C. Foraminiferal specimens (all) and wood
fragments (more than 100 fragments per sample) were removed
from the processed samples. Nannofossils were viewed using
simple smear slide preparations.

Carbon isotope. Collected wood fragments were washed in
methanol in an ultrasonic bath before immersion in 1 N HCl acid
for 24 h. The wood fragments were then dried and crushed to
powder. The carbon isotope of the total organic carbon in the
acid-treated powdered wood samples was then measured using a
mass spectrometer (IsoPrime, GV Instruments) in line with an
elemental analyzer (EuroEA3000, EuroVector) at the Tokyo
University of Marine Science and Technology. Each sample was
run in duplicate. Carbon isotopic ratios were expressed in ‰,
relative to the Vienna Pee Dee Belemnite standard. The precision
of the δ13C measurements was ±0.1‰.

Osmium isotopes. Fresh, unweathered, vein bereft samples of
~250 g were collected from outcrop of the OC section. From these
samples between 30–50 g were cut using a rock saw and polished
using a grinding/polishing machine to remove any cut marks and
potential metal contamination. Samples were then dried at 50 °C.
The samples were powdered (~30 μm) in ceramic containers
using high-purity crushing techniques. The ceramic containers
were cleaned using high-purity sand, then washed and finally
rinsed with ethanol. The prepared powders were analyzed in the
Source Rock and Sulfide Geochronology and Geochemistry
Laboratory at Durham University utilizing isotope dilution
negative ion mass spectrometry44. In brief, sample powders
(~1.0 g), together with a known amount of mixed 185Re+ 190Os
tracer solution were digested in sealed Carius tubes with 8 mL of
0.25 g/g CrO3 in 4 N H2SO4 for ~48 h at 220 °C, principally
leaching hydrogenous Re and Os (i.e., organic matter). The Os
fraction was isolated and purified via chloroform extraction with
back reduction into HBr and CrO3·H2SO4-HBr microdistillation.
The Re fraction was isolated via NaOH-acetone extraction and
anion chromatography. Isotopic ratios of samples and solution
standards (Re STD and DROsS) were measured in negative mode
on a Thermo Triton thermal ionization mass spectrometer
(TIMS) in the Arthur Holmes Laboratory at Durham University.
Running average values for 187Os/188Os and 187Re/185Re solution
standards to the time of these analyses (6/2016–7/2019) were
0.16092 ± 0.00045 (1 σ; n= 680) and 0.59862 ± 0.00186 (1 σ;
n= 486), respectively. Total procedural blanks during this study
were 14.3 ± 3.9 pg and 0.09 ± 0.01 pg (1σ S.D., n= 6) for Re and
Os, respectively, with an average 187Os/188Os value of 0.24 ± 0.02
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(n= 6). Initial osmium ratios (Osi) are calculated at age of
94.0 Ma for the Cenomanian–Turonian stage boundary13 using
the present-day measured 187Re/188Os and 187Os/188Os values of
samples and the 187Re decay constant (λ= 1.666 × 10−11yr−1 45.

X-ray fluorescence (XRF) analysis. About 5 g of fresh mudstone
was dried at 50 °C for 24 h and ground to <38 μm with a Mul-
tibeads Shocker pulverizer. Pressed powder samples were deter-
mined bulk element compositions using a wavelength-dispersive
XRF instrument (S8 Tiger, Bruker) at the Technical Division,
School of Engineering, Tohoku Univeristy. The relative standard
deviation was less than 1.5 %.

The degree of pyritization (DOP). The dry combustion method
measured the total sulfur content using an elemental analyzer
(YHS-11, Yanaco) at Tohoku University. The reactive part of Fe
was extracted following the method of ref. 39, by mixing 100mg
of a finely ground sample with 5 ml of 1 N HCl for 24 h. Mea-
surements were determined with Inductively coupled plasma
atomic emission spectrometry (ICPS-8100, Shimadzu) at the
Hokkaido Industrial Research Institute. The DOP was calculated
using the equation DOP= Fepyrite/(Fepyrite+ Fereactive). Pyrite-
bound Fe (Fepyrite) was approximated by multiplying the S con-
tent by 0.871.

Clay mineral analysis. The clay sample used to estimate the illite
crystallinity was separated from each powdered sample in the OC
section by gravity sedimentation and was formed into the XRD
clay cake by the filter transfer method46. X-ray diffraction (XRD)
measurements were performed on a Rigaku X-ray Diffractometer
RINT 2100 V, using CuKα radiation monochromatized by a
curved graphite crystal in the step scan method. The decom-
position procedure ref. 26 of the obtained XRD patterns was
performed with a program XRD MacDiff47. The illite crystallinity
was estimated using a modified Lanson index (MLI)26 deter-
mined using the decomposition data.

Biomarker analysis. Lipids were extracted with methanol,
dichloromethane–methanol (1:1), and dichloromethane. The
extract was separated into four fractions by silica gel column
chromatography: F1 4 ml hexane, F2 4 ml hexane–toluene (3:1),
F3 4 ml hexane–ethyl acetate (9:1), and F4 4 ml ethyl
acetate–methanol (1:1). The hydrocarbon fractions (aliphatic F1
and aromatic F2) were analyzed by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 7890B GC coupled
with an Agilent 5977 A MSD. An Agilent J&W DB-5HT column
(30 m × 0.25 mm × 0.1 μm) was used with He as carrier gas with
a flow rate of 1 ml/min. The oven temperature program was
50 °C (4 min) to 310 °C at 4 °C/min (held 20 min). Ionization
energy was set to 70 eV. With the same analytical conditions, an
Agilent 6890 N GC coupled with an Agilent 5975B Inert XL
MSD was used for 24 of 90 samples48. Compounds were
assigned using NIST14 and in-house spectral libraries, pub-
lished spectra34. Peak areas were normalized to those of d62-
triacontane and d50-tetracosane (F2) internal standards
added before the separation and GC-MS analysis. Semi-
quantification of biomarkers was performed based on the
relative peak areas of n-alkanes (m/z 57), hopanes (m/z 191),
steranes (m/z 217), and plant-derived di- and triterpenoids
(characteristic ions34).

Data availability
The data set underlying this research is available at https://doi.org/10.1594/PANGAEA.
964200.
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