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The Palaeocene–Eocene Thermal Maximum (PETM) was a global warming 
event of 5–6 °C around 56 million years ago caused by input of carbon into 
the ocean and atmosphere. Hydrothermal venting of greenhouse gases 
produced in contact aureoles surrounding magmatic intrusions in the North 
Atlantic Igneous Province have been proposed to play a key role in the PETM 
carbon-cycle perturbation, but the precise timing, magnitude and climatic 
impact of such venting remains uncertain. Here we present seismic data and 
the results of a five-borehole transect sampling the crater of a hydrothermal 
vent complex in the Northeast Atlantic. Stable carbon isotope stratigraphy 
and dinoflagellate cyst biostratigraphy reveal a negative carbon isotope 
excursion coincident with the appearance of the index taxon Apectodinium 
augustum in the vent crater, firmly tying the infill to the PETM. The shape of 
the crater and stratified sediments suggests large-scale explosive gas release 
during the initial phase of vent formation followed by rapid, but largely 
undisturbed, diatomite-rich infill. Moreover, we show that these vents 
erupted in very shallow water across the North Atlantic Igneous Province, 
such that volatile emissions would have entered the atmosphere almost 
directly without oxidation to CO2 and at the onset of the PETM.

The Palaeocene–Eocene Thermal Maximum (PETM)1,2 was a period of 
transiently elevated global temperatures marking the earliest Eocene 
(~56 million years before present (Ma)) that lasted for ~200,000 years3,4 
and had a profound influence on the global climate and ecosystems5,6. 
The PETM is of particular interest because it provides an example 

from the geological record with multiple similarities to present-day 
global warming associated with anthropogenic greenhouse gas emis-
sions. Multi-proxy analysis of globally distributed sediment cores 
has shown that global surface temperatures rose by 5–6 °C during 
the PETM onset2,7, exceeding even the worst-case Intergovernmental 
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via volatile–water interactions, thus enhancing short-term (decadal) 
atmospheric warming, as CH4 has a much more powerful greenhouse 
effect than CO2 (ref. 18). Therefore, further coring of NAIP HTVCs is 
required to assess the role of thermogenic degassing on the Palaeo-
cene–Eocene carbon cycle, to provide a more precise age control and 
constrain the palaeowater depths that these vents erupted at.

Rapid HTVC formation and infill
High-resolution three-dimensional (3D) seismic data document a shal-
low HTVC on the Modgunn Arch offshore Norway, a location less than 
10 km from the rift axis of the Møre Margin (Fig. 1a). The HTVC con-
sists of an approximately 400-m-deep and 200- to 240-m-wide feeder 
system that extends vertically from a sill complex at the bottom to a 
funnel-shaped seafloor crater at the top (Fig. 1b). The sill complex con-
sists of several interconnected intrusions that extend at least 5 km later-
ally and that are probably several tens of metres thick, given their very 
high seismic amplitudes in the exploration 3D seismic data (Fig. 1b).  
The Modgunn Vent crater is approximately 80 m deep with respect to 
the surrounding palaeoseafloor. The seismic data show two styles of 
crater infill (Fig. 2). First, there are infilling strata that dip towards the 
centre of the vent, either draping or downlapping at the bottom and 
truncated at the top by an erosional unconformity. Second, there is a 
doming of these reflections in the central part of the vent. The dome 
is covered by onlapping reflections, suggesting mobilization and 
uplift of the crater infill after deposition. The seismically incoherent 
feeder system and the funnel-shaped seafloor depression are typical 
for HTVCs on the Norwegian Margin12,16,20,21. Similar feeder systems 
have been described in outcrops in the Karoo Basin (South Africa), 
where they consist of fragmented sedimentary rocks altered due to 
fluid migration and high temperatures13. The funnel shape and aspect 
ratio of the Modgunn Vent crater is similar to diatreme-crater systems 
in maar volcanoes22,23 and blow-out craters due to drilling accidents24–26 
(Extended Data Fig. 1), indicating rapid initial formation by fluid over-
pressure release. The continuous nature of the infilling strata in most 
of the crater suggests undisturbed sedimentation and limited fluid 
migration after formation, as opposed to fluid escape systems that 
have been active for thousands of years27.

International Ocean Discovery Program (IODP) Expedition 39628 
drilled five boreholes up to 200 m below the seafloor and through the 
crater infill in the Modgunn Vent (U1567A–C and U1568A and B). The 
boreholes are situated along a 500-m-long transect from the crater 

Panel on Climate Change representative concentration pathway 8.5 
scenario for temperature rise over the next few centuries8. The PETM 
is globally associated with a −2‰ to −7‰ carbon isotope excursion 
(CIE)9. The CIE onset was relatively rapid, followed by a plateau and 
protracted recovery period9. Mass-balance calculations indicate that 
the CIE onset was caused by the injection of up to 12,000 gigatons (Gt) 
of 13C-depleted carbon over a geologically rapid time frame of only a 
few thousand years10,11.

The widespread emplacement of magmatic intrusions into sedi-
mentary basins during the formation of the North Atlantic Igneous 
Province (NAIP) around 56 Ma has been implicated as a potential car-
bon source for instigating the PETM2,12 (Fig. 1). Sill intrusions would 
have rapidly volatilized organic matter in surrounding sediments, 
transporting, among others, CH4 and CO2 to the surface by hydrother-
mal and explosive activity13,14. Geophysical observations show more 
than 700 potential hydrothermal vent complexes (HTVCs) on the 
mid-Norwegian margin alone12, and observations from other basins 
with less extensive seismic coverage such as the East Greenland margin 
indicate that they were also affected by sill intrusions and hydrother-
mal venting15. Detailed seismic interpretations placed the majority of 
the HTVCs close to the Palaeocene–Eocene palaeosurface16, hinting 
at a temporal correlation between thermogenic degassing and PETM 
hyperthermal conditions. Sill–sediment interactions are common fea-
tures in continental large igneous provinces, and several studies have 
invoked thermogenic degassing as the cause of warming and extinction 
events associated with other large igneous provinces in the geological 
record13,17,18. Although the hypothesis that contact metamorphism of 
sedimentary basins could cause major environmental disturbances has 
gained substantial traction in recent years, definitive confirmation on 
the basis of field localities and precise geochronological records was 
lacking. Even in the comparatively recent NAIP, only a single borehole 
had previously been drilled into an HTVC, but it was not cored. The  
20 samples from around the vent base in this borehole (6607/12-1)  
appear to show that this vent was active during the PETM CIE19.  
However, these well-cutting samples cannot be used to precisely deter-
mine the formation time of the HTVC; because of fall-in, there is signifi-
cant uncertainty from which depth in the borehole materials derive. 
The water depths at which these vents formed and emitted carbon into 
the water column is crucial to the resulting atmospheric CH4 and CO2 
fluxes. A shallow-water or subaerial vent will release gaseous carbon 
directly into the atmosphere, leading to less oxidation of methane 
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Fig. 1 | HTVCs on the mid-Norwegian margin. a, Structural elements46. Purple 
colours, extrusive volcanic elements related to continental break-up; green 
colours, Cretaceous basins; black dots, hydrothermal vents; grey, oceanic 
crust. Yellow dots, Deep Sea Drilling Project, Ocean Drilling Project and 
Integrated Ocean Discovery Program drill sites. For complete legend, see ref. 46.  

Inset shows location of study area. b, Three-dimensional view of seismic 
reflection data showing the relationship between volcanic intrusions (sills) 
and the palaeoseafloor depressions formed by the hydrothermal venting.  
BVU, interpreted Base Vent Unconformity. Industry 3D seismic data courtesy 
of TGS under a Creative Commons license CC BY 4.0.
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rim to almost the centre of the vent next to the dome structure (Fig. 2).  
This unique drilling profile recorded high sediment core recovery 
(303.35 m or 82.9% and 239.37 m or 91.83 % for sites U1567 and U1568, 
respectively), allowing detailed and unparalleled characterization of 
the crater infill. The infill consists of two lithological units (IV and V) 
dominantly comprising very dark grey to black diatomite. Ubiquitous 
ash layers are present throughout the vent fill, attesting to the common 
occurrence of surface or shallow-water explosive volcanism during this 
period29 (Fig. 3). The boreholes of the sites U1567 and U1568 did not 
penetrate any hyaloclastite deposits or intrusive magmatic rocks. The 
Palaeocene and PETM sections of U1567, in the outer peripheral part of 
the vent fill, include well-preserved laminated diatomite, whereas the 
thicker mudstone sequence of U1568, proximal to the vent dome, is 
characterized by diagenetically altered ash-rich diatomite with much 
poorer siliceous microfossil preservation. We do not observe evidence 
for alteration by high-temperature fluids in the recovered sedimentary 
record. However, operational safety precautions prevented drilling at 
the centre of the vent, and such signatures, if present, could be confined 
to the central and deeper parts of the crater that we were not allowed 
to drill. Core catchers collected within the vent infill (lithological units 
IV and V; Fig. 3) yielded the dinoflagellate cyst (dinocyst) PETM-marker 
taxon Apectodinium augustum30. For the same samples, stable carbon 
isotope analyses of bulk organic matter (δ13Corg) show a characteristic 
negative CIE of ~2‰ compared with the underlying strata, documenting 
in situ infill of the crater following the onset of the PETM31 (Supplemen-
tary Fig. 1). The presence of graded ash beds and sub-millimetre-scale 
laminated (altered) diatomite all suggest rapid and largely undisturbed 
infill consistent with the seismic observations.

Timing of HTVC formation
The greenish mudstones below the crater infill (Unit VI) contain the 
dinoflagellate cyst (dinocyst) taxon Alisocysta margarita, giving a late 
Palaeocene age for the host rock sediments in which the vent formed. 
Stable carbon isotope analyses of bulk organic matter (δ13Corg) from  
Unit VI samples show steady values of ~−25.8‰ (Fig. 3). Analysed  
samples from lithological Unit IV and upper part of Unit V (Fig. 3) yielded 
the dinocyst PETM-marker taxon Apectodinium augustum30 (Extended 
Data Tables 1–4). The first occurrence and consistent appearance of 

the diatom Hemiaulus proteus in these strata further supports a PETM 
age32. The lowermost samples of Unit V, which are also interpreted as 
vent infill, show continued stable δ13Corg values matching those in Unit VI 
and do not contain PETM-marker taxa. Around 10–15 m above the base 
vent in boreholes U1567B and U1567C is an ~6‰ drop in δ13Corg, mark-
ing the PETM CIE onset. Upwards, this is followed by a more moderate 
(~2‰) negative excursion compared with the underlying pre-PETM 
strata, documenting further infill of the crater following the onset 
of the PETM31 (Fig. 3 and Extended Data Fig. 2). The overall CIE shape 
appears to be influenced by a switch from predominantly marine to ter-
restrial sedimentary organic matter that was observed directly above 
the most negative δ13Corg values (Fig. 3). Palaeocene–Eocene terrestrial 
and marine organic matter are ~4‰ offset33, whereby, in contrast to 
present day, marine organic matter is more 13C-depleted compared with 
terrestrial organic matter34. When compared with age-equivalent sam-
ples with similar organic matter characteristics, it is clear that both the 
terrestrial and marine organic matter-dominated samples show δ13Corg 
values most consistent with those previously observed for the PETM 
CIE body33 (Supplementary Information and Extended Data Fig. 2). The 
shape of the CIE also matches that observed in a core from the northern 
North Sea35, the closest studied section to the Modgunn locality. The 
recovery phase of the CIE appears to be absent at the Modgunn sites, 
and we therefore argue that the vent formation occurred just before 
the onset of the PETM CIE and that the crater infill occurred throughout 
the latest Palaeocene and earliest phases of the PETM.

The erosional unconformity that forms the top of the vent infill 
is overlain by lithological Unit III, which consists of dark grey to 
brownish mudstones with concomitant occurrences of the dinocyst 
taxa Glaphyrocysta ordinata, Hystrichosphaeridium tubiferum and  
Deflandrea oebisfeldensis, and infrequent Membranilarnacia  
compressa (Supplementary Information). This assemblage indicates 
a middle early Eocene (<50 Ma) age for the unconformity and the 
sediments onlapping onto the dome structure36, implying that the 
Unit IV to Unit III erosional unconformity corresponds to a hiatus of  
>5 Myr. The seismic onlap relationship of the sediments above the 
unconformity and the dome structure furthermore indicate that 
remobilization and uplift of some of the crater infill occurred within 
~5 Myr after the crater was infilled.
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the top vent reflection, indicating shallow water depth shortly after vent filling. 
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Seismic data were depth converted, with 1,600 m s–1 corresponding to average 
P-wave velocity measured in the boreholes.
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A shallow-water carbon source
The high-resolution 3D seismic data document the extent of the ero-
sional unconformity that truncates the top of the vent infill and the 
host rock in its vicinity (Fig. 2). The unconformity is present through-
out most of the high-resolution 3D seismic cube coverage, but it is 
more difficult to discern in the lower-frequency exploration 3D seis-
mic data that cover the entire region (Fig. 1b). Nevertheless, regional 
conventional 3D seismic data show that the unconformity is present 
within an approximately 20 by 30 km wide area on the Modgunn Arch 
at the transition between the Vøring and Møre basins. Although deep 
marine erosion may form unconformities in exceptional oceano-
graphic settings37, the fact that the unconformity on Modgunn Arch 
is laterally extensive and formed in a marginal basin is direct evidence 

for a shallow-water or even a short-lived subaerial setting during the 
earliest early Eocene.

The inferred shallow-water depth of the Modgunn HTVC is sup-
ported by the distinctly coastal marine palynological and diatom 
assemblages in the vent infill. Organic microfossils are overwhelm-
ingly dominated by terrestrial elements (pollen, spores, heterogeneous 
transported land plant materials, alongside dinocysts with coastal to 
restricted marine to coastal ecological affinities such as Glaphyrocysta, 
Hystrichosphaeridium, Cerodinium, Senegalinium and Deflandrea 
spp.38) of lithological units IV and V (vent infill). The diatom assemblage 
that accumulated in the crater is dominantly coastal marine, neritic 
and typified by abundant and diverse Hemiaulus spp. as well as Scep-
troneis, Syndropsis and Grunoviella spp., which are often associated 
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with benthic or floating macroalgae39. There is ample evidence for 
(near-) coastal conditions, but we find no evidence for sedimentary 
redistribution by wave action, constraining the water depth inside the 
crater ring to below wave base, often assumed ≳30 metres (ref. 40).

Implications for PETM origin
The observation that the Modgunn Vent formed under shallow marine 
conditions implies that its impact on climate was significantly greater 
than if it had formed in the deep sea. Magmatic intrusion-related  
hydrothermal systems release both CO2 and CH4 (ref. 41), but for  
submerged systems, it is well documented that the water column acts 
as an efficient filter for CH4 as most is oxidized to CO2 in the water  
column before reaching the atmosphere42. While on decadal–centen-
nial timescales CH4 is 25 times more potent a greenhouse gas than 
CO2, its atmospheric residence time is short (~9 years), after which it 
is oxidized to CO2

43. Therefore, direct and rapid addition of CH4 to the 
atmosphere results in greater initial warming and has a greater impact 
on climate and surface carbon feedback processes than does carbon 
emitted as CO2

44. Thus, the original CH4/CO2 ratio in HTVC volatiles, 
the rate of CH4 and CO2 venting and water depth are all highly relevant 
for the climatic effects of hydrothermal venting45.

Although we do not constrain the overall amount or the specia-
tion of the carbon that was emitted by NAIP-related sill emplacement 
beyond the estimates by Svensen et al.12, our findings provide direct 
evidence that widespread HTVCs erupted in very shallow marine  
settings of the northern North Atlantic region around the time of  
the PETM. The characteristic CIE as recorded in δ13Corg appears to 
be positioned within the rapidly deposited vent infill but above the 
crater base. As this is observed in several, but crucially not all, bore-
holes in the transect, it is most likely that the studied vent formed 
just before the onset of the PETM and refilled during the onset and 
body of the CIE. The high-resolution C-isotope curve from Site 
U1567C places the CIE onset 11–15 m above the vent base (Fig. 2), 
which paired with exceptionally high sediment and ash accumulation 
rates indicate that the vent formed probably only a few millennia 
before the PETM onset (Supplementary Information). Notably, the 
stratigraphic record of this early infill is missing near the centre of 
the HTVC (U1568A) (Fig. 3), which could imply sediments could not 
accumulate there until around millennia after crater formation due 
to ongoing hydrothermal activity and/or slumping into the (active) 
crater centre

The shallow marine setting allowed for efficient injection of 
methane and other volatiles into the atmosphere at the time of forma-
tion. The Modgunn Arch is close to the ocean–continent boundary 
and therefore among the HTVCs on the mid-Norwegian margin that 
are closest to the rift axis, suggesting that many other vents were 
in equally shallow water or even above sea level at this time. This is 
supported by similar shallow near-coastal conditions reconstructed 
using palynological analyses of the cuttings obtained from the only 
other HTVC that has so far been drilled on the Norwegian Margin (well 
6607/12-1; refs. 12,19). The direct and rapid injection of large volumes 
of hydrothermal gases, including methane, into the atmosphere at 
this time increases the potential impact of hydrothermal venting on 
global climate. Most important, our constraints on both the timing 
and environment of venting in the Northeast Atlantic are conclusive 
evidence for hydrothermal venting immediately before the PETM 
onset, and therefore it probably played a major role in driving hyper-
thermal conditions.

Online content
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Methods
Seismic processing and interpretation
The high-resolution 3D seismic data were acquired in summer 
2020 on board the Norwegian RV Helmer Hanssen using the P-Cable  
system47. This system consists of fourteen 25-m-long hydrophone cables 
spaced 12.5 m apart perpendicular to the ship’s steaming direction48. 
Each hydrophone cable contains eight receiver groups with a group 
interval of 3.125 m. Two mini-GI airguns with a total volume of 90 inch3  
provided seismic energy with high frequency and relatively large band-
width (20–400 Hz) at a shot interval of 6 s. The dominant frequency of 
the seismic data is at 170–180 Hz. The 3D seismic data were processed 
applying a standard, well-established processing sequence48,49. The 
sequence consists of removal of bad channels, geometry assignment, 
tide static and residual static corrections, compensation for ampli-
tude loss (spherical divergence), de-ghosting in the pre-stack domain, 
band-pass filter, 3D binning at 6.25 × 6.25 m and normal moveout cor-
rection, mean stack, 3D spatial filtering to further reduce noise and 
3D Stolt migration using a constant average water velocity. Seismic 
interpretation used the commercially available KingdomSuite seismic 
and geological interpretation software from S&P Global50 and the Pet-
rel software from Schlumberger51. All five boreholes (U1567A–C and 
U1568A and B) at Modgunn Vent were integrated with the 3D seismic 
data to identify key stratigraphic marker horizons Top Palaeocene 
and Top early Eocene as well as vent infill and the top vent unconform-
ity using the P-wave velocities measured on the cores and within the 
boreholes.

Biostratigraphy
For most pre-Quaternary core-catcher samples from holes U1567A 
(n = 21), U1567B (n = 9), U1568A (n = 25) and additional samples from 
U1568B (n = 2), approximately 5–10 cm3 (~10 g) of sediment was taken 
for palynological processing with strong acids (HCl and HF). Shipboard 
processing followed a shortened version of standard palynological 
laboratory protocols52. Samples were first soaked in a small volume 
(~5 ml) of 10% HCl to dissolve minor amounts of carbonate before 
addition of a larger volume (~25 ml) of 38–40% HF to partly dissolve 
silicates, all in 50 ml plastic centrifuge tubes. After cold HF digestion 
on a vortex shaker for ~2–4 h, samples were centrifuged at ~3,200 
rotations per minute to separate the residue from HF and facilitate 
decanting the supernatant. Subsequently, the residues were treated 
twice with 30–35% HCl to remove any silica gels that may have formed 
and finally rinsed twice with demineralized water to neutralize any 
remaining acids. After each of these steps, samples were centrifuged, 
and supernatants were decanted. The residues were then sieved to 
remove large and small organic and residual mineral particles using 
250 μm and 15 μm nylon sieves and an ultrasonic bath. The fraction 
between 15 and 250 µm was concentrated again using a centrifuge 
and mounted on glass microscope slides using glycerine jelly as the 
mounting medium and finally sealed with nail varnish for more perma-
nent conservation. Each slide was entirely analysed for age-diagnostic 
species36,53 using a Zeiss transmitted light microscope at ×100–400 
magnification and, when sample quality permitted, for a broad descrip-
tion of the palynofacies.

Shipboard analysis of biosiliceous microfossils was largely from 
smear slides using Zeiss transmitted light microscopy at ×630 and 
×1,000 magnification, with selected samples sieved at 15 µm after 
disaggregation with 15% H2O2. Post-expedition analyses followed the 
slide preparation method of Warnock and Scherer54. Analysis of in situ  
diatomite laminations was carried out on board using a Hitachi TM-3000 
scanning electron microscope. Further details on the biostratigraphic 
analysis are provided in the Supplementary Information.

Carbon isotopes
The total organic carbon (TOC) and stable carbon isotope ratios 
(δ13Corg) of each sample were determined by powdering and 

decalcifying using 1 M HCl for 72 h. The samples were oven dried at 
50 °C and re-homogenized. Between 5 and 15 mg of decalcified sample 
was transferred to tin capsules and loaded into a Costech Analytical 
Zero-Blank Autosampler. The δ13Corg measurements and TOC concen-
trations were analysed using a Thermo Fisher Scientific Flash Elemental 
Analyzer, coupled to a Thermo Fisher Scientific DeltaV Isotope Ratio 
Mass Spectrometer at the CLIPT Lab, University of Oslo. Each sample 
was run in duplicate to test reproducibility, which was <0.06‰ and 
<0.01 wt% for δ13Corg and TOC, respectively.

Data availability
All data are freely available through the IODP data base (https://web.
iodp.tamu.edu/LORE) except for the industry 3D seismic data (AMN17) 
shown in Fig. 1. For access, contact TGS, Oslo (Reidun.Myklebust@tgs.
com). Source data are provided with this paper.
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Extended Data Fig. 1 | Same-scale comparison of seismic reflection profiles of 
the Modgunn Vent crater and the Figge Maar blow-out crater in the German 
North Sea. a. Seismic reflection profile of the Modgunn Vent crater with its 
base marked by a red dashed line and down-lapping seismic reflections indicate 
episodic infill of the crater originally ~80 m deep. b. Seismic reflection profile of 
the Figge Maar crater with time-converted bathymetric grids from 1995 and 2018 
and an original crater floor reconstruction from 1964 revealing the rapid infill 
of up to 25 m of sediments within a period of only 54 years. The refilling of the 
37 m-deep Figge Maar blow-out crater in the southern North Sea demonstrates 
how quickly eruption induced seafloor depressions can be refilled and may 

serve as a partial analogue for the Modgunn Vent (Thatje et al., 1999). For the 
Figge Maar blow-out crater, the strong currents in a shallow water sediment-rich 
environment provided enough material to fill much of the depression within half 
a century. Although these conditions imply the Figge Maar infill was likely far 
more rapid than could be the case for the Modgunn Vent crater, the depositional 
geometries are very similar to those indicated by seismic reflections within the 
Modgunn Vent crater. The similar seismic geometries suggest that the crater 
formed rapidly and some of the material displaced during crater formation may 
have provided the lowermost crater infill.
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Extended Data Fig. 2 | δ13Corg values from previously published PETM 
and Early Eocene strata relative to terrestrial palynomorph abundance 
(Arctic Coring Expedition (ACEX), Site M0004a. The black (background) 
line represents the organic matter source mixing line as determined in Sluijs & 
Dickens33. This line (in ‰) takes the form of ax + b = 0.044 ✕ terrestrial pollen 
(%) – 27.3. The PETM mixing line is 3.9‰ offset from the Paleocene–Eocene 
background, reflecting the approximate size of the PETM CIE33. To facilitate 

comparison with the new isotope data, ACEX data flagged as ‘PETM CIE’ are 
limited to the interval where Apectodinium augustum occurs consistently31. 
The Paleocene samples of Unit VI and V (Holes U1568A, U1567B and U1567C) 
are shown as box-whisker plots (white) and were determined to contain 
approximately equal proportions of marine and terrestrial organic matter 
(~50%). The marine-dominated samples (U1567B and U1567C; red box plots)  
show the expected ~4‰ CIE previously reconstructed for the ACEX samples33.
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Extended Data Table 1 | Occurrence of dinoflagellate cysts and age assessment at Sites 1567A

Detailed information is available in the digital supplement SI Paly supp. U1567-U1568.xlsx.
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Extended Data Table 2 | Occurrence of dinoflagellate cysts and age assessment at Sites 1567B

Detailed information is available in the digital supplement SI Paly supp. U1567-U1568.xlsx.
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Extended Data Table 3 | Occurrence of dinoflagellate cysts and age assessment at Sites 1568A

Detailed information is available in the digital supplement SI Paly supp. U1567-U1568.xlsx.
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Extended Data Table 4 | Occurrence of dinoflagellate cysts and age assessment at Sites 1568B

Detailed information is available in the digital supplement SI Paly supp. U1567-U1568.xlsx.
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