
communications earth & environment Article

https://doi.org/10.1038/s43247-024-01874-x

No paleoclimatic anomalies are
associated with the late Eocene
extraterrestrial impact events

Check for updates

Bridget S. Wade & Natalie K. Y. Cheng

Two distinct extraterrestrial impacts events struck the Earth less than 25,000 years apart in the late
Eocene, approximately 35.65 million years ago. These resulted in the Popigai (northern Siberia) and
Chesapeake Bay (eastern North America) impacts structures, the largest of the Cenozoic era. To
examine the paleoclimatic consequences attributed to the late Eocene Chesapeake and Popigai
extraterrestrial impact events, we present multispecies planktonic and benthic foraminiferal oxygen
(δ18O) and carbon (δ13C) isotope records. Here we generate data from the Gulf of Mexico, Deep Sea
Drilling Project Site 94 covering 35.85 to 35.49million years ago. No isotopic anomalies or excursions
were recorded across the impact horizons. However, ~100,000 years before the impacts, a negative
0.75‰δ18O shift occurs in planktonic foraminifera, coincidentwith a 0.25‰positive change in benthic
foraminifera. We interpret this as a warming of ~2 °C in the surface ocean, accompanied by 1 °C deep
water cooling, but thesemodifications are before and not coeval with the impact horizons. Despite the
close succession of two or more large extraterrestrial impact events within a short space of time (less
than 25,000 years), our study from the Gulf of Mexico indicates no detectable paleoclimatic response.

The late Eocene was a period of climatic change, where the Earth’s descent
into an icehouseworldwaswell-underway in the formof deepocean cooling
and ephemeral glaciations in Antarctica1. During the late Eocene, the Earth
received heightened amounts of extraterrestrial matter as indicated by the
discovery of numerous impact craters and an elevated helium-3 influx that
lasted over 2myr2–5. Marine and terrestrial sediments across multiple geo-
graphical locations worldwide bear the imprints of two distinct impact
events of late Eocene age. Geochemical and biostratigraphic data have
associated the two horizons with the Popigai (northern Siberia) and the
Chesapeake Bay (eastern North America) impact structures. These are the
two largest known impact craters of the Cenozoic5–7 with diameters of ca.
100 and 40–85 km, respectively5,8–10. These two separate bolide events
occurred within <25 kyr of each other11–13 and each event generated
approximately 1 billion metric tons of silicate glass spherules that were
deposited as distal impact ejecta material14. Geochemical evidence suggests
that these impacts most likely had asteroidal origins4,10,15.

The impact event that produced the Chesapeake Bay crater has been
identified as the source of the late Eocene North American (NA) tektite
strewnfield8,16. Silicate glass bodies devoid of crystalline structures known as
tektiteswere produced from themelting andquenchingof target rocks upon
impact14,17. NAmicrotektites and tektite fragments have been discovered in
land sediments and in several deep-sea sediment cores18. A separate impact
ejecta layer is characterised by the presence of crystallite-bearing spherules14.

As clinopyroxene is the major crystalline phase of these spherules, they are
referred to as clinopyroxene-bearing spherules or cpx spherules19. High-
resolution stratigraphic analysis has made it clear that the cpx spherules
belong to a separate impact ejecta layer that occurs at a stratigraphically
older level (<25 kyr) compared to the NA microtektite impact
horizon11,13,18,20. The cpx horizon has been associated with the Popigai
impact structure and the cpx layer coincides with an Ir anomaly. The Ir
anomaly is another distinguishing feature of the Popigai impact horizon, as
there is no Ir peak at the NA microtektite horizon13,14,21,22. Cpx spherules
have been observed in the northwest Atlantic Ocean, Caribbean Sea and
Gulf of Mexico, where NA microtektites were also discovered14,23. Cpx
spherules have also been found in deep-sea sediment cores from the
equatorial Pacific and Indian Oceans, as well as in the Atlantic sector of the
Southern Ocean14,23. The widespread geographic distribution of cpx
spherules suggests that the cpx strewnfieldmay be global in extent9. Further
minor impact events also occurred during this time interval5,12,24–28, though
the age, size, extent, and correlation of othermicrospherule andmicrotektite
horizons has been controversial29.

That two large extraterrestrial impact events occurred in such close
succession (<25 kyr) raises questions about how the planet might have
responded and presents an unusual opportunity to examine the effects of
these events on Earth’s climate. Large impacts could release enough energy
to alter climate and life on a regional or even global scale20,21 and thus it
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would not be unreasonable to expect some environmental perturbations to
occur. However, there has been controversy on the nature and direction of
any environmental deviations attributed to the impact events. Prior inves-
tigations into the climatic response and effects of the late Eocene impacts
have been limited to benthic and bulk carbonate stable isotope
analyses23,30–32, microfossil assemblages27,33–35 and organic molecular paleo-
thermometer TEX86

36. The results have been divergent about the impact-
induced climatic responses, with accelerated cooling23,30,36, transient warm
episodes31 and shifts in oceanic productivity23,32.

Previous studies have suggested a cooling pulse occurred near or at the
impact horizons. The supporting evidence includes a fall in the abundance
of shallow and warm water planktonic foraminifera species and a marked
increase in a cool-water dinoflagellate species across or soon after the impact
horizon at the Massignano section, Italy34,35. Positive excursions in δ18O
values are recorded across the impact clastic layer in the SouthernOcean23,30.
TEX86 sea surface temperatures indicate substantial (3–5°C) but transient
cooling in the East Tasman Plateau and North Sea Basin, associated with
magnetochron C16n.1n1,36, though no microspherules were recovered at
either of those sites. Thesefindings suggest that the late Eocene impactsmay
have induced a period of accelerated cooling, superimposed on the general
temperature decline of the late Eocene.

Conversely, some studies found evidence for a transient warming
episode across the impact horizons. A short warming was suggested by a
negative shift in bulk carbonate δ18O values coinciding with the impact
horizons at theMassignano section, Italy31. In Prydz Bay (Southern Ocean)
mean annual temperatures derived from vegetation proxies increase across
an interval correlated to the impact horizons37, but in other studies no
temperature change was found32. Contradictory conclusions were also
drawn regarding the effects the late Eocene impacts may have had on ocean
productivity. With both an increase in surface water productivity
suggested30 and a decrease in carbon export productivity32 across the impact
horizons.Thus, no coherent story canbedrawn so far regardinghow the late
Eocene impacts have influenced Earth’s climate on the short and long term.

To explore any connection and unify our understanding of the
paleoclimatic response to the late Eocene impact events, we conducted high
resolution (~11 kyr) multispecies planktonic and benthic foraminiferal
stable isotopic analyses across the late Eocene impact horizons from Deep
SeaDrillingProject (DSDP)Site 94,Gulf ofMexico (Fig. 1).We selected this
site because it exhibits the well-documented signatures of two late Eocene
impacts that correspond to theNAmicrotektite and cpxhorizons14,38, aswell
as yielding abundant foraminiferal specimens39. Our objectives were to: (1)
determine the upper ocean paleoceanographic conditions related to the late
Eocene impacts using multispecies planktonic foraminifera living at dif-
ferent ocean depths; (2) document deep ocean paleoceanographic change
through a benthic foraminifera stable isotope record; (3) add to, affirm, or

amend the existing understanding of late Eocene impact-related paleocli-
matic perturbations.

Results and discussion
To track the number of impact microspherules across the sampled interval,
and to supplement the study of ref. 14, we performed our own micro-
spherule count from the >125 μm size fraction. Microtektites have not been
distinguished from microkrystites in this study and thus all recovered
spherules should be considered under the broader category of micro-
spherules (both microtektites and crystalline-bearing microkrystites). We
recovered a total of 4999 microspherules from the 26 samples (Supple-
mentary Table 140). Microspherules (Fig. 2) are typical of those previously
described from the late Eocene9. They are usually <1mm in size, and occur
primarily spherical, although ellipsoid, teardrop and dumbbell forms and
fragmentshave alsobeen found (Fig. 2). Inmost samples themicrospherules
count is low with less than 50 microspherules. We found a high abundance
(>50 microspherules/10 cm3) between samples 15 R/3/135–137 cm and
15 R/3/89–91 cm (416.36 to 415.90m below seafloor [mbsf]). Our peak
concentration of microspherules at 15 R/3/109–111 cm (416.10mbsf),
where 3395 microspherules were recovered (Fig. 3), coincides with the
younger of the two late Eocene impacts i.e., the NA microtektite horizon
associatedwith the Chesapeake Bay impact14. The highest abundance of cpx
spherules at Site 94 is 18 cmbelow theNAmicrotektite horizon at 416.28m,
associated with an Ir anomaly14,38 and determined to correspond to the
Popigai impact event (Fig. 3)14.

Paleoceanographic change 100 kyr prior to the impact horizons
Wepresent the first high resolution,multispecies stable isotope record from
planktonic and benthic foraminifera across the late Eocene impact horizons
(Fig. 3). The selection of planktonic species was made due to different
calcification depths, such that our record reflects signals across various
ocean habitats. We based our determination of calcification depths on
published isotope analysis. Pseudohastigerina micra and P. naguewichiensis
(grouped here as Pseudohastigerina spp.) were selected as mixed-layer
dwelling species with no algal photosymbionts41,42. Turborotalia cocoaensis
was a thermocline dweller42–44, and Cibicidoides eocaenus is a benthic form,
classified as epifaunal45.

Wefind evidence of paleoceanographic change in theGulf ofMexico at
a stratigraphic horizon approximately 100 kyr older than the impact events
(Fig. 3). Based on the age-depth model (Supplementary Table 2), the trend
started around approximately 35.75Ma where benthic foraminifera δ18O
andδ13Cbecomesmorepositive, andPseudohastigerina δ18Obecomesmore
negative (Fig. 3). The shift is especially prominent in pseudohastigerinid
δ18O (−0.77‰)with a smaller change inT. cocoaensis (−0.39‰), indicating
upper water column warming of ~2 °C. The convergence of δ18O values of

Fig. 1 | Location of DSDP Site 94 and the Chesa-
peake and Popigai impact structures. Dashed line
indicates the geographic extent of the North
American tektite/microtektite strewn field (redrawn
after ref. 9).
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Pseudohastigerina and T. cocoaensis suggests a disruption in water column
structure, with reduced stratification. The negative planktonic foraminiferal
δ18O change occurs at the same time as an increase in benthic foraminifera
δ18O of 0.23‰, suggesting a 1 °C cooling of deep waters. The negative δ18O
shift in the planktonic foraminiferal record, and the positive benthic for-
aminifera δ18O increase at 35.75Ma, serves to expand the planktonic to
benthic δ18O gradient. We interpret these modifications as a cooler and
younger deep water mass entering the Gulf of Mexico, accompanied by
warming and greater mixing of the upper water column. After the ocea-
nographic shift at approximately 35.75Ma,δ18Ovalues ofPseudohastigerina
and T. cocoaensis overlap and are more variable (±0.30‰) (Fig. 3), indi-
cating aprolonged interval of upperwater columnmixing. Sedimentological
records from Southern Ocean sites also suggest invigoration of surface and
bottom water circulation around this time1.

No paleoceanographic anomalies at the impact horizons
We find themost positive δ18O value in benthic foraminiferaC. eocaenus of
0.79‰ occurs at 416.0mbsf (Supplementary Table 140). Whilst this is the
sample immediately after the NA tektite event, corresponding to the Che-
sapeake impact, δ18O values then swiftly return to ~0.5‰ and fluctuate
around this value until the top of the studied interval (Fig. 3). The stable
isotope record displays no other trends that appear to correspond to the
peak concentrations of NA microtektites or the Ir anomaly. Our stable
isotope results from Site 94 do not record any major perturbations to the

climate or environment associated with the late Eocene impact horizons
(Fig. 3). It does not appear that the paleoceanographic trends (or absence of)
in our record coincide in character with the warm pulse or cooling asso-
ciated with the late Eocene impact ejecta interval as reported by other
studies23,30,31,35–37. The oceanographic shift recorded in this investigation at
35.75Ma (Fig. 3) does not correspond with the impact horizons and is
approximately 100 kyr and 120 kyr prior to the cpx and NA tektite layers,
respectively. Therefore, these paleoceanographic alterations in the Gulf of
Mexico of minor deep water cooling, coupled with surface water warming
andmixing are not related to the Popigai and Chesapeake impact horizons.

No clear shifts or trends in δ13C were found across the dataset (Fig. 3).
Our multispecies δ13C record from Site 94 is unremarkable, with minimal
variation and no obvious excursions to suggest a perturbation in ocean
productivity across the examined interval. We find no evidence for the
negative 0.5‰ δ13C excursion in bulk-carbonate recognised by some pre-
vious studies30,32 associated with the cpx and Ir layer. The release of carbon
dioxide from marine hydrates as suggested by ref. 31 should produce a
global negative signal in δ13C values, and no such excursion was noticeable
throughout our δ13C record. Therefore the δ13C excursion may be short-
lived, restricted to the Southern Hemisphere or not a global event.

Conclusions
Conflicting results have been drawn about the climatic and environmental
effects of the late Eocene extraterrestrial impacts. While previous studies

Fig. 2 | Z-stacked light microscope images of
microspherules from DSDP Site 94. Specimens 1,
4, 5, 12 from 15 R/3/109–111 cm; 2, 7, 8, 9, 10, 11
from 15 R/3/50–52 cm; 3, 6 from 15 R/3/31–33 cm.
All scale bars = 100 μm.
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have suggested accelerated cooling or warming events to have been directly
inducedby the lateEocene impacts, our studydidnotfindanyperturbations
to the climate or to ocean productivity that correlate stratigraphically with
either the NA or the cpx impact horizons. The diverging results of cooling
and warming recorded in previous studies could be explained by the lower
sampling resolution in former works, or global heterogeneity in climatic
expression due to the invigoration of ocean currents in the late Eocene1,46.
We find surfacewaterwarming anddeepwater cooling at a stratigraphically
older level, approximately 100–120 kyr before the two impact horizons.We
thus conclude the absence of any climatic perturbations associated with
either of the two lateEocene impact events.However,wenote thatwhilst our
sampling resolution (~11 kyr) is enhanced compared to previous investi-
gations, modelling studies of the expected global climatic response to the K/
Pg Chicxulub impact suggest radiative changes occur on much shorter
timescales (<25 years)47. Our study indicates that there is no longer term
(>10 kyr) climate shift related to the close succession of extraterrestrial
impacts, though shorter-term (<10 kyr) climatic response may have
occurred. Although two large extraterrestrial impacts struck in close tem-
poral space in Earth’s history, they seem to have left the planet unscathed.

Materials and methods
Sample material and processing
DSDPLeg10, Site 94 (24°31’N,88°28’W) is situated in theGulf ofMexicoon
the continental slope of the Yucatan platform (water depth of 1793m)48

(Fig. 1). The core consists of foraminiferal nannofossil ooze. Our study from
Site 94, Core 15, Sections 3 and 4 spans 2.8m and covers the late Eocene
impact ejecta interval. Both cpx spherules and microtektites have been
found at Site 94. Aprevious study14 sampled core 15 of Site 94 and recovered
over 8500 impact spherules across the impact layer zone. They delineated
the separateNAmicrotektite horizon and the cpx spherule horizon,with the
highest abundance of cpx spherules at 416.28m, at the same depth of an Ir
anomaly14.

Twenty-six 10 cm3 samples fromSite 94, core 15, Sections 3 and 4were
examined at 10 cm-intervals (417.84–415.01mbsf). The sedimentary
material was soaked in distilled water and washed under running water
through a 63 µm sieve and oven dried at <40 °C. Samples were then re-
washed and dried using the same method. Foraminifera are abundant and
recystallised. Calcite precipitation is observed on microspherules in some
samples.

High resolution multispecies stable isotope analysis
For each sample, a total of three foraminiferal species that correspond to
different ecological habitats were selected for isotope analysis. Specimens of
P. micra and P. naguewichiensis were selected from the 125–250 µm size
fraction and T. cocoaensis, and C. eocaenuswere selected from the >250 µm
size fraction. Specimens that had infilling or showedheavy calcificationwere
avoided. All foraminifera were ultrasonicated for 2 s prior to isotopic
analyses.

Fig. 3 | Multispecies foraminiferal stable isotopes across the late Eocene impact
horizons at DSDP Site 94, Gulf of Mexico.Depth in metres below seafloor (mbsf).
PF = Planktonic foraminifera zone. There is a core gap between 416.4 and
416.8 mbsf. Distribution ofmicrospherules recovered above the 125 µm size fraction
(this study). The North American microtektite layer, cpx layer and Ir peak are
labelled14,38. Stable isotope data of Pseudohastigerina spp. (P. micra and P.

naguewichiensis) (blue open circles), Turborotalia cocoaensis (red triangles) and
benthic Cibicidoides eocaenus (black squares) across late Eocene impact horizons.
Points are raw data, the line is a 3-point moving average. An interval of oceano-
graphic change is highlighted, see text for discussion. Stable isotope data spans across
a period of approximately 360 kyr.
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Foraminifera were analysed at the Bloomsbury Environmental Isotope
Facility (BEIF) at University College London on a Thermo DeltaPLUS XP
continuous-flow Gas-ratio mass spectrometer attached to a Thermo Gas
Bench II device. Precision of all internal (BDH) and external standards
(NBS-19) is ±0.06‰ for δ13C and ±0.10‰ for δ18O for the planktonic
foraminiferal samples, and ±0.02‰ for δ13C and ±0.06‰ for δ18O for the
benthic foraminiferal samples. All isotope values are normalised to NBS-19
and reported in per mil in the δ notation relative to the Vienna Pee Dee
Belemnite (VPDB) (Supplementary Table 140).

The variability in the δ18O record is relatively low (Fig. 3). The range
between maximum and minimum δ18O values in Pseudohastigerina, T.
cocoaensis and C. eocaenus are 0.79, 0.76 and 0.55‰, respectively. Benthic
foraminifera C. eocaenus δ18O fluctuates between 0.24 and 0.79‰, with
more negative values at the base of the studied section, increasing by 0.23‰
at 416.94mbsf. From the bottom of the studied interval until ~417.0 mbsf,
pseudohastigerinids and T. cocoaensis δ18O are separated by approximately
0.40‰. However, δ18O values converge at ~417.0mbsf, caused by a negative
shift of 0.77‰ in Pseudohastigerina δ18O values across depths 417.14 to
416.84mbsf, corresponding to a 40 kyr interval. Our benthic record does
not reflect this trend, and benthic δ18O values increase by 0.12‰. Pseudo-
hastigerinids recordδ18O signatures 0.50‰morepositive thanTurborotalia
cocoaensis in the lower (older) part of our record, possibly reflectingahabitat
shift in pseudohastigerinids.

Carbon isotope values of Pseudohastigerina, T. cocoaensis, and C.
eocaenus show minimal variability across the sampled interval (Fig. 3).
BenthicC. eocaenus δ13C varies between 0.91 and 1.40‰. There is a trend to
more positive values in the younger sediments. Pseudohastigerinid δ13C
varies between 0.90 and 1.38‰ and T. cocoaensis fluctuates by 0.67‰
between 1.18 and 1.85‰. Planktonic foraminiferaPseudohastigerina andT.
cocoaensis have consist trends in δ13C (Fig. 3) with a 0.35‰ offset. The δ13C
difference between benthic foraminifera C. eocaenus and planktonic for-
aminifera Pseudohastigerina changes through the dataset. At the bottom of
the sampled interval (417.84–417.05mbsf) benthic foraminifera δ13C is
more negative thanPseudohastigerinaby0.10‰.However, this relationship
alters at 416.94mbsf (35.73Ma), and benthic foraminifera δ13C are more
positive than Pseudohastigerina by 0.06‰. The change to more positive
benthic δ13C correspondswith enhanced benthic δ18O values and a negative
shift in Pseudohastigerina δ18O.

Depth habitats
Ecological and environmental preferences influence the stable isotopic
values of foraminifera. The stable isotope signal of planktonic foraminifera
reflects where the foraminifera calcify in the water column. As δ18O is
temperature-dependent, species that reside in the warmer surface waters
will have more negative δ18O values than forms that have a deeper depth
habitat. Carbon isotopes also vary through the water column. Photo-
synthesis in surface layers preferentially removes the 12C from the ambient
water, while respiration and bacterial activity reintroduces 12C back into the
deeperwaters, thus producing a decreasing carbon isotopic profile down the
water column. Size-related metabolic fractionation is also known to affect
the δ13C in smaller-sized foraminifera (i.e., those that are <150 µm), pro-
ducing δ13C values are more negative than in the larger forms49–51.

Our δ13C to δ18O profile is in generally good agreement with the pre-
viously published ecological trends of different depth habitats. Pseudohas-
tigerina micra and P. naguewichiensis have relatively negative δ13C
signatures for a planktonic foraminiferal species, plotting close to benthic
foraminiferalC. eocaenus values. The results are consistent with the isotopic
characteristics of the small-sized (<150 µm) foraminifera such as members
of the genus Pseudohastigerina incorporating metabolic light carbon into
their tests. This pattern of depleted δ13C has been observed in many small
sized foraminifera, such as late Oligocene Cassigerinella chipolensis, Globi-
gerinita juvenilis, Tenuitella munda51, and consistent with previous obser-
vations of Pseudohastigerina from the middle-late Eocene and early
Oligocene41,42,52–54. However, in terms of δ18O profiles, previous studies from
the fromTanzania suggested that pseudohastigerinids had an uppermixed-

layer habitat41,42,54, but our data indicate a deeper depth. Pseudohastigerinids
withmore positiveδ18O than co-occurring turborotaliidswere also recorded
from Eureka E67-128 (Gulf of Mexico) and Site 366 (equatorial Atlantic)52.
The shift to more negative δ18O could reflect a shoaling in depth habitat of
pseudohastigerinids as suggested by ref. 53.

Age Model
We use the Shipboard biostratigraphy48, augmented with postcruise
biostratigraphy27 to produce an age-depthmodel and update the planktonic
foraminiferal biostratigraphy to the astromagnetochronology of ref. 55
(Supplementary Table 2). All sediments studied are younger than Top
Globigerinatheka semiinvoluta and thus the entire studied record is within
the Globigerinatheka index Highest Occurrence Zone (Zone E15)56,57. The
biostratigraphy is very consistent with studies from theMassignano section
(Italy)58. Based onour age-depthmodel, our 2.8 m sampled section stretches
over a period of approximately 360 kyr from 35.85 to 35.49Ma. This gives a
temporal resolution of ~11 kyr between samples. A sedimentary void is
present at the base of 15R-3 and the top of 15R-4 between depths of 416.4 m
and 416.8m, resulting in a sampling gap.

Although the cpx layer has not been radiometrically dated, magne-
tostratigraphic studies indicate that the cpx spherule layer and accom-
panying Ir anomaly occurs within mid magnetochron 16n.1n23,32,59,
indicating a magnetochronologic age of 35.43Ma (as per ref. 60). The
revised age for C16n.1n as per ref. 55 (which is also consistent with
GTS202061) is 35.718–35.580Ma, suggesting a magnetochronologic age of
the cpx event as 35.65Ma. The Popigai impact crater has been dated
through the 40Ar/39Ar method and found to have an age of 35.7 ± 0.2Ma62.
The radiometric age of the Popigai crater is thus consistent with the revised
magnetostratigraphic derived ages of the cpx layer.

The Site 94 age model indicates the NA microtektite layer at 416.1m
has an age of 35.63Ma, which is in good agreement of radiometric dates of
35.4 ± 0.6Ma, 35.5 ± 0.3Ma, 35.3 ± 0.2Ma by refs. 63–65, respectively.
Previous biostratigraphic studies indicate that the cpx layer is ~10–20 kyr
older than the NA microtektite layer5,11,20,22. The temporal separation
between the two horizons in our study is 23 kyr.

The extraterrestrial impact interval (Sections 3 and 4 of core 15)
bears no signs of sediment reworking or unconformity48. A hiatus was
suggested in 15R-4 by ref. 39 however, this was based on the close
succession of the extinction of Globigerinatheka semiinvoluta and the
base of Turborotalia cunialensis (Globorotalia cerroazulensis cunialensis
in ref. 39). However, the base of T. cunialensis is problematic due to
taxonomic inconsistencies between authors and differentiating
T. cunialensis from other species within the Turborotalia genus56. Thus
the base of T. cunialensis was not used in more recent zonations56,57 and
we excluded this bioevent from our age model (Supplementary Table 2).
Our updated age model and new sediment core images do not indicate a
hiatus.

Data availability
The foraminifera stable isotope data andmicrospherule counts generated in
this study are provided in Supplementary Table 1. These data are also
uploaded to the NERC EDS National Geoscience Data Centre (https://doi.
org/10.5285/a0b6a773-1d18-4ced-a57e-06f8d67428b9)40.
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