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Substantial continental temperature rise
over the Paleocene-Eocene Thermal
Maximum in the Pyrenees
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The Eocene period experienced several hyperthermal events with the Paleocene-Eocene Thermal
Maximumbeing themost significant.During this event, globalmeansurface temperatureswere5–6 °C
higher and latitudinal temperature gradients were reduced compared to the late Paleocene. Unlike
marine temperature records, terrestrial archives are limited, posing challenges for testing climate
model competence in simulating the magnitude and spatial patterns of temperature change under a
high carbon dioxide climate. Here we analysedmudstone paleosols from the TrempGroup in Spain to
reconstruct soil temperatures using carbonate nodules. Clumped isotopes revealed median
calcification temperatures of 33.9 and 39.2 °C for the Late Paleocene and Paleocene-Eocene Thermal
Maximum, respectively. The findings suggest a ~5 °C summer soil temperature increase during the
Paleocene-Eocene Thermal Maximum. Continental proxy and model data indicate reduced
(0.7–0.4 °C/degree) meridional temperature gradients between 25 and 75°N latitudes, indicatingmore
uniform heat distribution across latitudes than at present.

Superimposed on the generally warm late Paleocene (LP) climate, the
Paleocene-Eocene Thermal Maximum (PETM, ~56Ma) was a
170–200 thousand year (kyr) long hyperthermal event1,2, when deep ocean
and sea surface temperatures (SSTs) were globally 4–5 °Cwarmer than over
the LP3–5. Although the PETM onset occurred near a 405-kyr eccentricity
maximum, suggesting an orbital trigger2,6, it is most likely to be driven by
geologically rapid (3–5 kyr)7 addition(s) of large amounts (~3000–10,000 Pg
C) of 13C-depletedCO2 to the carbon reservoirs of theEarth surface

7–10,most
probably originating from volcanism associated with the North Atlantic
Igneous Province11–14. Both proxy and model evidence document a sub-
stantial alteration of the hydrological cycle15–17 and intensified chemical
weathering18,19 associated with global warming over the PETM.

Not only SSTs20, but also the much sparsely available continental
temperature proxy data indicate reduced latitudinal thermal gradients21–23

and warm continental interiors24,25 under the early Eocene greenhouse cli-
mate. However, the locations where climate change over the

Paleocene–Eocene (P–E) boundary is reliably resolved using quantitative
proxy data are limited and are unevenly distributed in space26. The relatively
sparse proxy network hinders the derivation of the spatial patterns of
temperature changes across the PETM and proxy-model data comparison.
To fill one of these gaps, we provide temperature estimates using the
clumped isotope composition (Δ47) of soil carbonates (SCs) collected in the
Esplugafreda sedimentary record, Spain, a well-known and investigated
subtropical (paleolatitude ~32.3°N; Fig. 1 and Supplementary Fig. 1) con-
tinental record of climate and hydrological cycle changes across the P–E
boundary15,27–30. The upper Maastrichtian to lower Ypresian terrestrial
deposits of the Tremp Group at Esplugafreda is made up of ~250m of red/
grey/yellow mudstones with abundant paleosols, deposited in a coastal
alluvial setting15,27,31. The paleosols, which are dominantly cumulative in
nature32, contain widespread centimetre-sized, pedogenic soil nodules and
gypsum indicating a semi-arid to arid paleoenvironment with seasonal
precipitation15. The P–E boundary is located near the top of the continental
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section (Fig. 2), based on a pronounced negative carbon isotope excursion
(CIE) found in soil carbonates15,33. The CIE spans more than 15–20m of
yellow cumulate paleosols formed during the PETM (Supplementary
Figs. 2–4). The post-PETM interval in the Esplugafreda section comprises
20m of red paleosols rich in gypsum and characterised by normal soil
nodule δ13C values15,28,30.

Alluvial deposits of the Esplugafreda section were formed in a cli-
matically sensitive region at the northernmost part of the subtropical
zone, a latitudinal belt fringing the temperate climate zone. Indeed,
vertisols of the Esplugafreda Formation (EF) attest climatic regime shifts
from Mediterranean to subtropical monsoon climate over the LP31 and
even more profound climate change from temperate, humid subtropical
climate with hot summers (Köppen-Geiger climate class: Cfa) to tropical
climate across the P–E boundary34. Climatic swings of this magnitude
must have been preserved in soil carbonates, which provide the only
means of quantitatively reconstructing temperature changes and pre-
cipitation δ18O values for this key site over the LP and PETM. Carbonate
clumped isotope thermometry35,36 allows paleotemperature reconstruc-
tions without requiring independent estimates of the oxygen isotope
composition of soil water (i.e. precipitation) from which the carbonate
grew. Pedogenic carbonates are assumed to form in isotopic equilibrium
with soil CO2 and water37. Local environmental and soil conditions,
including soil temperature (Tsoil), moisture and pCO2

38, are the major
controls on the stable carbon and oxygen isotopic compositions of soil
carbonate (δ13Ccarb, δ

18Ocarb), which provide a time-integrated record of
these parameters over hundreds to thousands of years of carbonate
formation. While vegetation, soil productivity/CO2 and soil temperature
and water isotopic compositions define δ13Ccarb and δ18Ocarb

37,39, Tsoil is

the only factor that determines clumped isotope compositions of soil
carbonates (Δ47-carb)

40,41. Soil carbonate formation usually follows fre-
quent dewatering and CO2 outgassing events during warm/dry episodes
of the summer season38, causing a warm season bias in carbonate growth
and thus SC-derived clumped isotope temperatures (TΔ47-carb)

40–44.
A warm-season biased carbonate formation is likely valid for the mud-
stone paleosols (vertisols) of the Esplugafreda sedimentary record, as soil
pCO2 is dominantly controlled by cracking and shrink-swell processes in
vertisols, occurring during late spring and summer45. In summary, Δ47-

carb is a promising proxy for quantifying the magnitude of warming
recorded in continental sediments at Esplugafreda over the LP and
PETM and understanding the climatic response of the former subtropical
Pyrenean region to high CO2 conditions. Furthermore, the TΔ47-carb

proxy data can be useful to assess model competence of the Deep Time
Model Intercomparison Project (DeepMIP)46 and contribute to paleo-
climate data assimilation to improve estimates of the magnitude and
spatial patterns of climatic changes during the PETM26.

We find that the mudstone paleosols of the Esplugafreda record con-
tained carbonate nodules with internal features suggesting near-surface
precipitation and high Mn2+ content, indicating reducing conditions
potentially related to temporary aquic soil conditions. The PETM was
marked by clear CIEs of ~–2.0‰ in organic matter and –5.5‰ in soil
carbonates.Clumped isotope analyses of thesenodules revealedcalcification
temperatures being in interquartile ranges of 27.5–37.1 °C for the LP and
35.3–41.2 °C for the PETM. Calculated median soil temperatures were
33.9 °Cand39.2 °C for theLPandPETMintervals, respectively, suggesting a
significant soil warming of ~5 °C during the PETM when excluding
potential seasonal effects on carbonate formation.

Fig. 1 | Location of the Esplugafreda section in the
Tremp-Graus Basin. a Simplified early Paleogene
palaeogeography of the Pyrenean domain (modified
from Pujalte et al.28). b Outcrop map of the Tremp-
Graus Basin in the Esplugafreda and Claret sectors,
with the location of reference sections (from Payros
et al.30).
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Results
Sediment grain size, mineralogy and organic matter δ13C
The grain size distributions (GSDs) of the Esplugafreda sediments are
relatively uniform throughout the record (Supplementary Fig. 5). In general,
GSDs are uni- to polymodal, dominantly fine skewed with the mode/mean
in the coarse silt/very fine sand fraction (Fig. 3). The sediments are poorly
sorted and belong to the sandymud/muddy sand textural groups and sandy
silt/silty sand category (Supplementary Fig. 6).Mudstonepaleosols of theEF
between 140 and 110m composite depth were found to be much finer
(mean grain size (MGS): 15–35 µm) than the overlying deposits, which
exhibit significant internal variations in MGS between 20 and 80 µm
without clear grain size trends (Fig. 3).

The clay mineral assemblage of the upper Paleocene sediments is
dominated by illite and smectite (45 ± 7, 40 ± 7 wt%) with smaller amounts
of kaolinite and chlorite (7 ± 2, 8 ± 1 wt%, Supplementary Dataset 1). Clay
mineralogy of the incised valley fill resembles that of upper Paleocene
mudstone paleosols (Supplementary Fig. 7). By contrast, the PETM yel-
lowish soils are lower in illite (31 ± 6 wt%) but have more smectite and
kaolinite (48 ± 6, 12 ± 2 wt%), which is also reflected in elevated kaolinite/
illite (klt/ilt) and smectite/(illite+ chlorite) (sme/(ilt+ chl)) ratios (Fig. 3
and Supplementary Dataset 1). The Upper reddish Unit sediments show
relatively smectite-poor compositions with higher illite contents
(65–66 wt%).

Organic matter δ13C of the EF mudstone paleosols of LP age vary
around amedian (Q2) value of –25.19‰ and exhibit a weak negative trend
towards the younger sediments (Fig. 3). The incised valley fill deposits
generally showmore positive δ13Corg values compared to the underlying EF
paleosols (median:–24.86‰), with a negative excursion exceeding 1‰. The
PETM yellowish soils provide the most negative δ13Corg values in the entire
record, sometimes lower than –27‰, fluctuating around a median value of
–26.83‰. The calculatedCIEorg1 andCIEorg2 values, which are based on the
difference between the median δ13Corg values of incised valley fill (Ivf), LP
andPETMsediments, are–1.97‰ and–1.64‰, clearly identifying the body
of PETM. Paleosols of the Gypsum-rich Unit and Upper reddish Unit
display heavier carbon isotope compositions again.

Soil carbonate petrography
In general, soil carbonates originating from LP paleosols of the EF are
slightly larger (1–2 cm) in size than those of the PETM yellowish soils
(0.5–1 cm, Supplementary Fig. 8a). All investigated SCs exhibit features of
the alpha-type end-member47, dominantly consisting of dense, continuous,
non-porous micritic groundmass incorporating clay to silt-sized (Supple-
mentary Fig. 8b, d) or rarely sand-sized (Supplementary Fig. 8e) floating
framework grains. Some SCs include zones of displacive/replacive spars and
microspars potentially resulting from dissolution/recrystallisation of some
micrite (e.g. Supplementary Fig. 8d). Few SCs comprise coalesced larger
calcite crystals cementedby sparry calcite (SupplementaryFig. 8c).Cracking
features are absent. CL images of most SCs show bright, relatively homo-
geneous orange to reddish cathodoluminescence of calcite groundmass
(Supplementary Fig. 8b, d, e), sometimes with less bright or even dull
luminescence when calcites are coarser-grained (Supplementary Fig. 8c).
This latter form very rarely occurs and only in EF paleosols.

Soil carbonate stable carbon, oxygen and clumped isotope
compositions
Following a thorough review of our measurement datasets, a single sample
(ITS/W-YS7, 8-16 July 2022)was selected for which isobaric contamination
could not be excluded. Consequently, the results of this carbonate sub-
sample were not considered further. Soil carbonates of the EF yield δ13Ccarb

values between –8.55 and –5.85‰, while the PETM yellowish soil carbo-
nates are significantly more negative (–13.84 to –10.12 ‰). The CIEcarb
value, calculated as the difference between the median δ13Ccarb values of LP
(EF,–6.93‰) andPETMcarbonates (YS,–12.44‰), is–5.51‰ (Fig. 4a).A
much smaller, –1.40 ‰ difference can be observed in the oxygen isotope
compositions of these two SC populations (δ18Ocarb: –5.54 to –4.13 in LP
versus –6.15 to –5.81‰ in YS; Fig. 4), which almost disappears when SC-
derived soil water δ18O values are considered (Fig. 4b).

The statistical analysis of Δ47-based paleotemperatures (TΔ47-carb)
provide a median soil carbonate formation of 33.9 °C with an interquartile
(Q1-Q3) range of 27.5–37.1 °C during the LP (Fig. 4c, d), considering allΔ47-

carbmeasurements of EF carbonates. By contrast,muchhigher temperatures

Fig. 2 | Stratigraphy of the Esplugafreda sedimentary record. a Synthetic lithos-
tratigraphy and soil carbonate δ13C isotope profile of the Paleocene–Eocene interval
(after Payros et al.30, modified from Pujalte et al.28) with (b) a field photo of the

Esplugafreda andClaret Formationmembers in thewestern part of the Esplugafreda
sector (from Pujalte et al.28).
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were recorded by soil carbonates of the PETM yellowish soils (median:
39.2 °C), with a much higher interquartile range (35.3–41.2 °C) than over
the LP. As demonstrated by a two-sided Wilcoxon ranksum and Kruskal-
Wallis test (Supplementary Table S1), the calculated medians are different,
and the TΔ47-carb values of LP and PETM carbonates do not originate from
the same distribution at the 95% confidence level. Both the difference in the
median values (5.3 °C) and the positive shift in the interquartile range
provide evidence for significant warming of soils over the PETM.

Paleoclimate simulation results
Near-surface air temperatures derived for the paleo-location of the Esplu-
gafreda site using eight Earth system models of the DeepMIP for
280–1680 ppm atmospheric CO2 concentrations demonstrate increasing
monthly temperatures, with mean annual and summer season air tem-
peratures (MAT, TJJA) between 19.6 and 29.6 (280–1120 ppm), as well as
26.8–38.4 °C (280–1120 ppm) (Fig. 5a and Supplementary Fig. 9). Model
results indicate seasonal variations in temperature rise, with the winter
season warming being more intense than for the summer season (Supple-
mentary Fig. 10). Simulated precipitation rates do not vary much between

280 and 840 ppm CO2 levels (mean annual precipitation/MAP:
905–972mm) with the highest rates/values over the summer and early
autumn (Fig. 5b and Supplementary Fig. 11). Ensemble means of the
simulations run formore extremePETM-likeCO2 concentrations provided
smaller (1120 ppm) and much higher (1680 ppm) precipitation rates and
MAP (585 and 1372mm), especially for June to October (Fig. 5b and
Supplementary Fig. 10).

The DeepMIP models demonstrate that the meridional temperature
distribution also changes significantly with increasing CO2 concentration
(Fig. 6), particularly in the extratropical region. The simulation results are
otherwise in relatively good agreement with the continental proxy data for
the LP (2–3 × CO2) and PETM (4–6 × CO2), particularly in regions <50°N
latitude. Proxy data from higher latitudes (50–77°N) suggest that con-
tinental warming modelled at the highest CO2 levels underestimates values
that were characteristic at the Paleocene-Eocene boundary, although the
sparseness of the proxy data makes this observation uncertain. At low CO2

levels (1× CO2), the meridional (latitudinal) temperature gradient (Fig. 6a)
is around the present-day value of 0.8–1.0 °C/deg. between 25 and 75°N
latitudes. However, at higher CO2 concentrations, the thermal gradient

Fig. 3 | Grain size, clay mineralogy, soil carbonate and organic matter δ13C
compositions and soil carbonate formation temperatures of the composite
Esplugafreda record as a function of depth. AL alveolina limestone, Ivf incised
valley fill, CC claret conglomerate, YS yellowish soils, GrU gypsum-rich unit, UrU

upper red unit; kln kaolinite, ilt illite, POE pre-onset excursion, CIE carbon isotope
excursion based on δ13Ccarb and δ

13Corg. CIEorg1-2 and CIEcarb are defined in the text.
Error bars of soil carbonate calcification temperatures represent 95% CL.
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declines to ~0.6–0.7 °C/deg. between 25 and 50°N, and even to 0.4 °C/deg.
between 50 and 75°N.

Discussion
Sedimentary environment and soil carbonate formation in the
Esplugafreda record
Terrestrial deposits of the Esplugafreda and Claret Formations record
sedimentation in changing alluvial environments under a generally arid/
semi-arid climate during the LP and early Eocene28–30. Two successive
pedotypes were described in mudstone paleosols (basically vertisols) of
the EF representing Mediterranean climate with arid soil conditions
(Pont d’Orrit pedotype) followed by monsoon climate with aquic soil

conditions (Areny pedotype)31. Over the PETM, formation of the Claret
Conglomerate demonstrates a substantially enhanced hydrological cycle
and high kaolinite influx implies higher continental physical erosion
rates15,27. Our grain size data indicate that the LP and PETM paleosols are
basically very similar in terms of soil textures, but the Pont d’Orrit
pedotype is characterised by finer grain size at the base (140–110m) of
the EF. Whether this relates to the different climate regime (Mediterra-
nean, Pont d’Orrit pedotype) and/or the alluvial environment in which
these soils formed is unclear. The significantly increased klt/ilt and sme/
(ilt+ chl) ratios in the PETM yellowish soils (Fig. 3 and Supplementary
Dataset 1) further confirm observations of Schmitz and Pujalte27, and in
line with their interpretation, it is most probably attributable to higher

Fig. 4 | Stable isotope compositions and formation temperatures of soil carbo-
nates of late Paleocene and early Eocene (PETMbody) age from the Esplugafreda
record. a, b Carbon and oxygen isotope compositions and c, d clumped isotope
temperatures. See Table 1 for stable isotope data and sample information. Note that
error bars are in many cases smaller than symbols. Q2 denotes the median values,
and the carbon isotope excursion (CIE) in (a) is based on the difference of median

δ13Ccarb values of LP and PETM carbonates. Soil water δ18O data displayed on (b)
were calculated from δ18Ocarb and TΔ47-carb values as defined in Table 1. In (c, d) the
colour shadings represent the interquartile range (Q1–Q3) of the soil carbonate
temperatures (TΔ47-carb), with the median value (Q2) indicated. Error bars of soil
carbonate calcification temperatures represent 95% Cl. More information is pro-
vided in the text.
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detrital input of kaolinite and smectite from deeper physical erosion of
rocks in the hinterland.

The form and size of collected soil nodules (Supplementary Fig. 8)
and the presence of a suite of carbonate textures such as floating silicate
grains and micrite-microspar fabrics implies that the studied carbonates
originated from near-surface precipitation48. However, carbonate
nodules in mudstones may be pedogenic or the result of shallow
groundwater invasion of the vadose zone, and little or no difference exists
in their petrographic character49. The mostly bright, orange to reddish
cathodoluminescence of calcite groundmass (Supplementary Fig. 8) of

the studied carbonates is indicative of elevated Mn2+ concentrations50

and precipitation under low-Eh (i.e. reducing) conditions51. These
observations imply that the investigated nodules may have dominantly
formed in stagnant water under temporary aquic conditions, in agree-
ment with the abundant redoximorphic features in EF vertisols31 and
frequent purple mottling of the yellowish soils (Supplementary
Fig. 4c–e), demonstrating imperfectly or poorly drained paleosol
conditions52 for most of the year. As such, soil carbonates may have
formed during warmer, drier periods when soil pCO2 was reduced. In
this process, stagnant soil water became supersaturated in Ca ions,
leading to carbonate precipitation under water-logged conditions.
However, it is also conceivable that stagnant water may have potentially
disappeared completely from the soil for shorter periods. In vertisols, soil
CO2 (and soil moisture) is controlled by soil crack porosity and ulti-
mately by shrink-swell processes, which are amplified during dry periods
(typically late spring to summer)45. For these reasons, it seems very likely
that although soil carbonate Δ47 values in fine-grained soils often reflect
MAT53,54, in vertisols, shrink-swell phenomena (and cracking) are the

Fig. 5 | Simulated meteorological parameters for the paleo-location of the
Esplugafreda sedimentary record for various atmospheric CO2 concentrations.
a near-surface air temperature and (b) daily precipitation. Model data displayed are
ensemble means of eight Earth system models of DeepMIP45. Reconstructed (soil
carbonate-based) TJJA values for the LP and PETM are also shown for comparison.
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primary drivers of pedogenic carbonate precipitation. Consequently, the
TΔ47-carb values are most likely warm-season biased temperatures.

CIE recorded in organic matter and soil carbonates
Estimates of the PETM carbon cycle perturbation rely on the magnitude of
CIE associated with this hyperthermal event1. However, there is a dis-
crepancy between CIE values preserved in marine sediment organic matter
(2–5‰)1 and continental soils (3–7‰)55. Likewise, terrestrial organicmatter
and soil carbonates record systematic differences in CIE magnitudes56. In
our δ13Corg dataset, both the LP and PETM sediment carbon isotope values
are slightly more negative than those measured by Manners et al.55 for the
Esplugafreda record, but the calculated CIEorg1 (–1.97‰, Fig. 3) is in good
correspondence with the previously established CIE magnitude of ~2‰.
This provides further evidence that the yellowish soils represent the body of
PETM. More positive values around –25‰ of the Gypsum-rich Unit
potentially mark the recovery phase of the PETM28,30. A striking feature of
the δ13Corg record is the more positive values of incised valley fill sediments
compared to the EF paleosols and the ~1.5‰ negative shift within the Ivf
deposits. The so-called pre-onset excursion (POE), which marks the first
massive carbon release right before the PETM10, was identified in Ivf
carbonates33. Considered in isolation, the negative δ13Corg excursion in Ivf
sediments resembles the POE. However, even the most negative values of
this potential POE are not more negative than most of the δ13Corg of EF
paleosols (Fig. 3).Thus, in contrast toδ13Ccarb ofTremblin et al.33, ourδ13Corg

dataset does not provide unambiguous evidence for the appearance and
preservation of the POE in the Esplugafreda record. Unfortunately, soil
carbonates were not found in and analysed from the Ivf sediments.

Compared to the organic matter δ13C record, the δ13Ccarb values
obtained from SCs yield a more than 2 times larger average CIEcarb
(–5.51‰, Fig. 4a), although this value was calculated from SCs collected in
the mudstone paleosols of the EF (LP) and yellowish soils (PETM) and did
not include carbonates from Ivf sediments. This is surprisingly consistent
with a CIEcarb of –5.7‰ recorded in paleosol carbonates at Polecat Bench,
Bighorn Basin, Wyoming10. The 3.9‰ difference in CIEorg2 and CIEcarb in
our records exceeds that (~2‰) preserved in organic matter and soil
nodules in paleosols of the Bighorn Basin56. The discrepancy between CIE
values based on δ13Corg and δ

13Ccarb in the interpretation of Gallagher et al.
56

ismost probably caused by increased soil respiration rates and/or a seasonal
shift in carbonate formation and less likely by soil methane oxidation.

Soil water δ18O and temperature reconstructions for the
LP/PETM
Measured soil nodule δ18Ocarb values indicate a relatively small, 1.4‰
negative shift (calculated from the medians) in SCs formed over the PETM
compared to LP nodules (Fig. 4a, d). This is, however, an effect of calcifi-
cation temperatures, as the calculated δ18Osoil-w values representing local
precipitation δ18O only reflect minor changes (median offset: –0.31‰) in
the source water oxygen isotope compositions (Fig. 4b). Absolute δ18Osoil-w

values dominantly vary within the range of ~–3 to +3‰ for both SC
populations of LP and PETM age. The limited shift in precipitation δ18O
across the P–E boundary is basically very similar to modelled surface ocean
Δδ18O (–0.5 to –1‰) around the Iberian Peninsula over the LP to PETM57

and may indicate that precipitation sources did not change much in this
interval.

SC calcification temperatures (TΔ47-carb) for both intervals (LP and
PETM) were found to be in a broad range between 20.5 ± 9.3 and
58.2 ± 8.9 °C (error: 95% CL), with interquartile ranges of LP and PETM
carbonates within 27.5–37.1 and 35.3–41.2 °C (Fig. 4c). While some SCs
were found to be relatively homogeneous in terms of recorded formation
temperatures (e.g. ITS-EF sc 5.3 or ITS/E-YS9, Table 1), others were het-
erogeneous with significant internal variations in TΔ47-carb exceeding
10–15 °C (e.g. ITS-EF sc 19.9, ITS/E-YS13). Repeat measurements on SCs
yielding very low or high TΔ47-carb values (e.g. ITS/W-YS10, ITS/E-YS13 or
ITS-EF sc 26.40) usually gave calcification temperatures close to or within
the interquartile range of TΔ47-carb values characteristic for the central

groups of carbonates. The effect of (1) isobaric contaminants and (2) kinetic
fractionation are among the potential reasons for the sometimes large
internal variations of TΔ47-carb. Geological reasons may include (3) repre-
cipitation of micritic carbonate during shallow burial and subsequent
exhumation of Esplugafreda sediments, (4) carbonate growth at changing
depths in the paleosols over hundreds to thousands of years of nodule
formation, and (5) a seasonal shift in SC growth.

It is well-known that N2O, hydrocarbons, chlorinated hydrocarbons
and sulphur-bearing contaminants may cause isobaric interference during
Δ47 analyses of CO2

58–60. A recent study demonstrated that nitrate-derived
NO2 constitutes an isobaric interferent for the extracted CO2 for some
carbonates,which cannot be effectively removedduringgaspurification and
may cause –Δ47/+Δ48 bias, leading to an overestimation of formation
temperatures61. In our soil carbonate clumped isotope dataset, no clear
relationship was found between Δ48 WG (PBL) and calcification tempera-
tures (Supplementary Fig. 12 and Supplementary Datasets 3-4). This
observation implies that a robust correlation between themeasured elevated
Δ48 WG (PBL) values and possible nitrate contamination of the studied
carbonate samples cannot be demonstrated with the analytical system
employed. Since Fiebig et al.61 found that the ETH-3 standard is affected by
nitrate contamination a bleaching experiment was performed in October
2024 using 1ml 2.5%NaOCl on 30mg ETH-3 sampleswith a reaction time
of 8 h. Altogether, 20 replicates of bleached ETH-3 were measured, using
non-bleached ETH-3 (along with ETH-1 and ETH-2) as standard during
the data processing. As shown in Supplementary Table 2, the Δ47 values of
bleached (0.618 ± 0.013‰) and non-bleached (0.613 ± 0.006‰) ETH-3
statistically overlap with the reference Δ47 value of ETH-3 (0.6132‰).
Considering these findings, the elevated temperatures obtained for some
carbonates are unlikely to be the result of nitrate contamination or at least
this cannot be detected using our measurement system. Consequently, no
objective criteria were found to exclude these values from the
interpretations.

Regarding explanation (2)CO2 degassing via bicarbonatedehydration,
which is the dominant reaction at typical soil pH levels during carbonate
precipitation, may often result in disequilibrium isotope signatures with 13C
and 18O enrichment and lower Δ47 values in calcite relative to the expected
equilibrium isotope composition44,62,63. Guo64 developed a model of kinetic
isotope fractionations associated with bicarbonate dehydration. This model
predicts that, at 25 °C, for every 1‰ increase in calcite δ18O, there is a
corresponding 3.26‰ increase in δ13C and a ~0.022‰ decrease in Δ47.
Given thefindings ofGuo64 the sometimes substantial (>10 °C) temperature
variations measured in certain soil carbonates are predicted to result in
several permil shifts in δ13C and δ18Owithin a single carbonate. By contrast,
soil carbonates were found to be very homogeneous in terms of carbon and
oxygen isotope compositions (Table 1). Furthermore, an anomalous
increase in calcification temperatures (lower Δ47) due to kinetic fractiona-
tionwould be expected to be associatedwith higher δ13C and δ18O values for
these sub-samples. However, such a positive relationship appears not to be
evident in the data shown in Fig. 4c, d. Thus, while kinetic effects cannot be
ruled out entirely for the unusually high calcification temperatures, they do
not appear to be significant for these subsamples.

As for explanation (3), several SCs incorporate zones of sparry calcite,
and while we focussed on micro-sampling micritic carbonate, potentially
unintentionally sampled fractions of sparry calcite invisible at that scale.
Regarding explanation (4), it may have a limited effect on SC temperatures
as the development of cumulate soils is associated with low sedimentation
rates (0.05–0.5mm/yr)31,32. Therefore, considering continuous aggradation
and zero surface erosion of soils, a growing nodule gets to a deeper position
in the soil profile at a rate of 5–50 cm/1000 years, leading to a small to
moderate (on the order of <~5 °C) temperature effect especially when for-
mation occurs >30–50 cm41. Explanation (5) will be discussed below.

Since we consider all the reported data in Table 1 analytically correct
(except for one, see above) we calculated soil temperatures from the full
dataset, yielding median values of 33.9 and 39.2 °C for the LP and PETM.
According to this scenario, the full range of TΔ47-carb is considered valid,
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Table 1 | Carbon, oxygen and clumped isotope compositions of soil carbonates frommudstone paleosols of the Esplugafreda
and Claret Formations, Esplugafreda sequence, Spain

Sample code Section Depth (m) Composite depth (m) Analysis period N δ13Ccarb [VPDB, ‰] ±1 SD

Yellowish Soils / Claret Formation [PETM body]

ITS/E-YS1 ITS/east/sec. #4 4.3 39.3 7–16 Jul 2022 14 −11.68 0.13

ITS/E-YS1 ITS/east/sec. #4 4.3 39.3 17–22 Jul 2023 10 −11.64 0.16

ITS/E-YS1_d1 ITS/east/sec. #4 4.3 39.3 2–6 Oct 2023 11 −12.01 0.11

ITS/E-YS1_d2 ITS/east/sec. #4 4.3 39.3 2–6 Oct 2023 12 −12.45 0.12

ITS/E-YS1_d3 ITS/east/sec. #4 4.3 39.3 3–7 Oct 2023 12 −12.63 0.02

ITS/E-YS3 ITS/east/sec. #4 3.7 38.7 3–8 Feb 2023 12 −13.20 0.04

ITS/E-YS5 ITS/east/sec. #4 3.1 38.1 2–19 Jul 2022 15 −10.36 0.14

ITS/E-YS7 ITS/east/sec. #4 2.5 37.5 4–9 Feb 2023 12 −10.12 0.17

ITS/E-YS9 ITS/east/sec. #4 1.9 36.9 1–18 Jul 2022 15 −11.22 0.15

ITS/E-YS9_d1 ITS/east/sec. #4 1.9 36.9 3–7 Oct 2023 12 −13.12 0.13

ITS/E-YS9_d2 ITS/east/sec. #4 1.9 36.9 3–7 Oct 2023 12 −12.49 0.08

ITS/E-YS9_d3 ITS/east/sec. #4 1.9 36.9 3–7 Oct 2023 12 −12.29 0.06

ITS/E-YS13 ITS/east/sec. #4 0.7 35.7 2–19 Jul 2022 15 −12.58 0.17

ITS/E-YS13 ITS/east/sec. #4 0.7 35.7 18–22 Jul 2022 12 −12.53 0.08

ITS/E-YS13 ITS/east/sec. #4 0.7 35.7 29 Aug–3 Sep 2023 11 −12.42 0.05

ITS/W-YS2 ITS/west/sec. #6 16 36 9–16 Jul 2022 15 −11.51 0.11

ITS/W-YS4 ITS/west/sec. #6 14 34 8–16 Jul 2022 15 −12.18 0.06

ITS/W-YS7 ITS/west /sec. #6 11 31 8–16 Jul 2022 17 −12.35 0.06

ITS/W-YS7 ITS/west/sec. #6 11 31 3–8 Feb 2023 12 −13.45 0.03

ITS/W-YS10 ITS/west/sec. #6 8 28 1–18 July 2022 16 −13.84 0.02

ITS/W-YS10 ITS/west/sec. #6 8 28 29 Aug–2 Sep 2023 11 −13.74 0.03

Esplugafreda Formation vertisols [late Paleocene]

ITS-EF sc 5.3 ITS/east/sec. #5/prof. #1 5.3 61.3 2–19 Jul 2022 12 −6.36 0.06

ITS-EF sc 5.3 ITS/east/sec. #5/prof. #1 5.3 61.3 5–11 May 2023 12 −6.29 0.06

ITS-EF sc 6.6 ITS/east/sec. #5/prof. #1 6.6 62.6 24 Oct–8 Nov 2023 11 −8.55 0.14

ITS-EF sc 26.40 ITS/east/sec. #5/prof. #1 26.4 82.4 12–16 Jul 2022 15 −6.39 0.05

ITS-EF sc 26.40 ITS/east/sec. #5/prof. #1 26.4 82.4 4–10 Feb 2023 12 −6.69 0.07

ITS-EF sc 10.7 ITS/east/sec. #5/prof. #2 10.7 98.7 4–9 Feb 2023 12 −7.43 0.07

ITS-EF sc 19.9 ITS/east/sec. #5/prof. #2 19.9 108.9 2–19 Jul 2022 15 −7.08 0.03

ITS-EF sc 19.9 ITS/east/sec. #5/prof. #2 19.9 108.9 6–11 May 2023 10 −7.02 0.02

ITS-EF sc 19.9 ITS/east/sec. #5/prof. #2 19.9 108.9 24 Oct–8 Nov 2023 11 −7.47 0.10

ITS-EF sc 21.2 ITS/east/sec. #5/prof. #2 21.2 110.2 25 Oct–9 Nov 2023 12 −6.68 0.14

ITS-EF sc 29.2 ITS/east/sec. #5/prof. #3 29.2 118.2 25 Oct–9 Nov 2023 10 −7.32 0.11

ITS-EF sc 35.7 ITS/east/sec. #5/prof. #4 35.7 124.7 25 Oct–9 Nov 2023 8 −6.93 0.13

ITS-EF sc 35.7 ITS/east/sec. #5/prof. #4 35.7 124.7 9–16 Apr 2024 15 −6.98 0.36

ITS-EF sc 36.95 ITS/east/sec. #5/prof. #4 36.95 125.95 25 Oct–9 Nov 2023 8 −6.16 0.07

ITS-EF sc 47.9 ITS/east/sec. #5/prof. #4 47.9 136.9 4–9 Feb 2023 9 −5.85 0.04

δ18Ocarb

[VPDB, ‰]
±1 SD δ18Ocarb

[VSMOW, ‰]
±1 SD Δ47-carb [I-

CDES, ‰]
±1SE ±95% CL T47-

carb [°C]a
±1SE ±95% CL δ18Osoil-w

[VSMOW, ‰]b
±1SD

−5.92 0.06 24.81 0.06 0.534 0.010 0.020 47.6 4.9 8.8 0.72 0.05

−5.91 0.07 24.82 0.07 0.553 0.011 0.022 40.0 5.0 9.1 −0.64 0.06

−6.01 0.04 24.72 0.04 0.562 0.005 0.010 36.3 2.9 4.4 −1.43 0.04

−6.06 0.05 24.67 0.05 0.559 0.008 0.015 37.6 3.7 6.2 −1.23 0.05

−6.08 0.03 24.65 0.03 0.550 0.009 0.018 40.9 4.3 7.6 −0.64 0.05

−6.15 0.05 24.58 0.05 0.564 0.008 0.016 35.6 3.7 6.3 −1.69 0.05

−5.94 0.10 24.80 0.10 0.567 0.007 0.014 34.4 3.4 5.7 −1.70 0.05

−6.11 0.12 24.62 0.12 0.569 0.011 0.021 33.9 4.6 8.2 −1.97 0.07

−5.84 0.06 24.90 0.06 0.546 0.009 0.017 42.6 4.1 7.1 −0.08 0.05

−6.02 0.06 24.71 0.06 0.568 0.006 0.011 34.1 3.0 4.7 −1.84 0.04
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including seemingly anomalous values. Provided that formed close
(<20 cm) to the soil surface, some TΔ47-carb values exceeding 40 °C may
record real Tsoil due to radiative heating of the ground surface

40,41 under the
extreme warm conditions and sparse vegetation30 of the LP and PETM at
Esplugafreda. Based on the above figures, a significant soil temperature
warming on the order of ~5 °C is obtained for the PETM, provided that
there was no significant seasonal shift in SC formation between the LP and
PETM intervals.

Comparison of proxy-based and simulated temperatures: impli-
cations for PETMwarming and latitudinal temperature gradients
Simultaneous air and ground surface temperature measurements demon-
strate a strong coupling between these two climatic parameters under
modern climatic conditions65. The temperature difference between the two
variables was found to be 2.47 K on average, exhibiting a seasonal variation
with ~1–4 K difference over the winter and summer seasons due to chan-
ging incident solar radiation66. Subsequent studies concluded that soil
radiative heating is limited, <2 K for clayey soils67 and <3 °C for most soils
below50 cm68. In another study,Molnar69 established relationships between
Tsoil andMAT (ΔTsoil–MAT) for various land surface covers on theoretical
grounds andusingFLUXNET2015datasets.Dependent on surfacewetness/
aridity,ΔTsoil–MATwas found to be between 1 and 4 °C for shrublands and
1–3 °C for grasslands. However, these values are given for the soil surface,
while soil nodules do not usually form close to the ground surface
(<20–50 cm). Based on this fact and previous evidence for sparse vegetation

and prevailing arid/semi-arid climate with seasonal precipitation at the
Esplugafreda site over the LP and PETM intervals30,31, we considered a
Tsoil–air temperature difference of 0–3 °C to put our Tsoil average values in a
paleoclimate modelling context.

Mean summer air temperatures at the Esplugafreda site must have
been around 30.9–33.9 °C over the LP, calculatingwith themedian TΔ47-carb

value and subtracting 0–3 °C as discussed above. In comparison with
DeepMIP model ensembles of near-surface air temperatures (Fig. 5), these
values agree well with the summer season temperatures (TJJA) of the
DeepMIP× 2 simulation for aCO2 concentration of 560 ppmand is slightly
lower than those of DeepMIP × 3 (840 ppm), which is closer to the
900 ± 100 ppm CO2 estimate for the pre-PETM interval70. For the PETM,
the mean summer air temperature is estimated to be 36.2–39.2 °C (same
approach), in good correspondence with both the DeepMIP ×4 and ×6
(1120 and 1680 ppm) simulation results for the summer season. As such,
this provides evidence for a summer seasonbias for SCgrowth,whichwould
be expected considering the warm temperatures and excessive evaporation
anddrying (potentially after larger precipitation infiltration events44; Fig. 5b)
during the June to August period simulated for the study region in front of
the Pyrenees71. Since themean soil and air temperatures obtained fromboth
SC populations of LP and PETM age seem to reflect summer season tem-
peratures, it is less likely that the temperature differences reconstructed
between the LP and PETM intervals at Esplugafreda would have been
caused by a significant seasonal shift in carbonate formation. Thus, the

Table 1 (continued) | Carbon, oxygen and clumped isotope compositions of soil carbonates from mudstone paleosols of the
Esplugafreda and Claret Formations, Esplugafreda sequence, Spain

δ18Ocarb

[VPDB, ‰]
±1 SD δ18Ocarb

[VSMOW, ‰]
±1 SD Δ47-carb [I-

CDES, ‰]
±1SE ±95% CL T47-

carb [°C]a
±1SE ±95% CL δ18Osoil-w

[VSMOW, ‰]b
±1SD

−6.01 0.03 24.73 0.03 0.553 0.009 0.017 39.9 4.1 7.1 −0.74 0.05

−5.99 0.04 24.75 0.04 0.557 0.009 0.018 38.4 4.1 7.2 −1.00 0.05

−6.03 0.12 24.71 0.12 0.510 0.009 0.018 58.2 5.0 8.9 2.42 0.04

−6.14 0.17 24.59 0.17 0.576 0.008 0.016 31.4 3.6 6.0 −2.48 0.06

−5.99 0.08 24.75 0.08 0.550 0.009 0.018 41.1 4.3 7.5 −0.51 0.05

−5.84 0.06 24.90 0.07 0.549 0.007 0.013 41.6 3.5 5.7 −0.27 0.04

−5.95 0.08 24.78 0.08 0.550 0.008 0.015 41.0 3.8 6.4 −0.48 0.05

−6.33 0.11 24.40 0.11 0.610 0.011 0.021 19.8 3.9 6.9 −5.00 0.10

−5.97 0.03 24.76 0.04 0.570 0.007 0.013 33.5 3.2 5.2 −1.91 0.05

−5.84 0.03 24.90 0.03 0.512 0.010 0.019 57.3 5.2 9.3 2.46 0.05

−5.81 0.08 24.94 0.08 0.561 0.012 0.023 36.9 5.0 9.1 −1.10 0.07

−4.54 0.05 26.24 0.05 0.571 0.009 0.017 33.1 3.9 6.7 −0.56 0.06

−4.52 0.07 26.26 0.07 0.569 0.007 0.014 33.9 3.4 5.6 −0.37 0.05

−5.46 0.05 25.30 0.05 0.562 0.012 0.024 36.6 5.2 9.4 −0.81 0.07

−4.47 0.08 26.31 0.08 0.527 0.009 0.018 50.7 4.6 8.0 2.72 0.05

−4.59 0.08 26.19 0.08 0.593 0.009 0.017 25.3 3.6 6.1 −2.14 0.07

−4.95 0.08 25.81 0.09 0.588 0.007 0.016 27.0 3.2 5.3 −2.17 0.06

−4.57 0.08 26.21 0.08 0.564 0.010 0.020 35.7 4.4 7.7 −0.09 0.06

−4.60 0.04 26.18 0.04 0.559 0.005 0.011 37.5 3.0 4.6 0.23 0.04

−4.77 0.06 26.00 0.06 0.596 0.009 0.018 24.4 3.8 6.5 −2.49 0.08

−4.55 0.05 26.23 0.06 0.607 0.014 0.028 20.5 5.0 9.3 −3.08 0.12

−5.44 0.06 25.31 0.07 0.574 0.012 0.023 31.8 4.7 8.5 −1.71 0.07

−5.41 0.04 25.35 0.04 0.517 0.010 0.019 54.9 4.9 8.8 2.50 0.04

−5.54 0.11 25.20 0.12 0.524 0.008 0.016 51.8 4.3 7.3 1.82 0.04

−4.13 0.04 26.67 0.04 0.569 0.008 0.015 33.9 3.6 6.1 0.02 0.05

−4.47 0.04 26.32 0.04 0.585 0.007 0.014 28.0 3.2 5.2 −1.47 0.06

ITS Italian section, sec. section, prof. profile, N number of replicates from the same sample powder, d1-d3 points of internal transect across the carbonate
aSoil carbonate formation temperatures were calculated with the unified Anderson et al.90 Δ47–T calibration
bOxygen isotope compositions of the soil water (=precipitation) was calculated from the Δ47-based formation temperatures and the calcite-water fractionation factor of Kim and O’Neil102
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~+5 °C mean warm-season anomaly between the LP and PETM found at
Esplugafreda is regarded as a robust estimate, which matches well the
simulated range of 4–6 °C of mean summer temperature warming in this
region26,71. A recent study has reconstructed a slightly smaller warming of
~3 °C between the POE (24.2 ± 1.0 °C) and the PETM (27.0 ± 0.8 °C) using
the hydrogen andoxygen isotope compositions of smectites72.However, this
is not an estimate for the summer season, rather, it represents the difference
in MATs. In order to make a comparison of the PETM temperature values
reconstructed by the two different methods, we use the MAT-TJJA rela-
tionship calculated from the DeepMIPmodels (see Supplementary Fig. 13).
The smectite-based MAT of 27.0 ± 0.8 °C reconstructed by Jaimes-
Gutierrez et al.72 yields a TJJA value of 34.8 ± 3.7 °C, which statistically
overlaps with the mean TJJA range of 36.2–39.2 °C calculated from soil
carbonates in this study.

The available continental temperature proxy data indicate that the late
Palaeocene, and in particular the PETM, was not only a period of sig-
nificantly higher temperatures than the present day, but that the climate at
the Palaeocene-Eocene boundary was characterised by a more even dis-
tribution of heat across latitudes than at present21. The latest Eocene
DeepMIP climate models clearly demonstrate this reduced meridional
surface temperature gradient22,46,73, showing relatively good agreement with
the continental proxy data (Fig. 6). In particular, models run for CO2 levels
typical of the LP and early Eocene demonstrate a significantly reduced
temperature gradient (0.4–0.5 °C/deg.) for the region between 50 and 75°N
latitudes. However, the proxy data suggest an even smaller continental
thermal gradient, closer to the latest estimate (~0.3 °C/deg.)23.

Methods
Depositional setting, stratigraphy and sampling
The Tremp-Graus Basin developed as a piggy-back basin during the early
Paleogene74, which was located at ~32.3°N paleolatitude and preserves
terrestrial clastic deposits, informally named “Garumnian” (formally:
Tremp Group) and composed of the Thanetian to early Ypresian age
Esplugafreda and Claret Formations28,75. These continental deposits inter-
finger to the west with lacustrine and shallow marine carbonates30 and are
under-/overlain by the transitional Aren Sandstone Formation (Maas-
trichtian) and the shallow marine “Alveolina limestone” (lower Ypresian)
(Fig. 1 and Supplementary Fig. 1)28.

The 165–350m thick, alluvial EF is made up of cumulative red mud-
stonepaleosols (Fig. 2, SupplementaryFigs. 2 and3) andcontains numerous
multi-episodic channel-like bodies of calcareous conglomerates and cal-
carenites (Schmitz and Pujalte, 2007). The paleosols contain abundant
centimetre-sized soil nodules and gypsum, and the two pedotypes (Pont
d’Orrit andAreny) recognised by Basilici et al.31 belong to the vertisol order.
An erosion surface associated with the incision of a valley network defines
the boundary between the Esplugafreda and Claret Formations28,29.

The 10–70m thick Claret Formation is composed of a suite of mud-
stones, sandstones, and conglomerates, with local gypsum accumulations
and consists of five members28. Member 1 comprises the deposits, mostly
grey calcarenites and marlstones to red marls, infilling several incised
valleys30. Member 2 is a 0.5-7m thick30, extensive, sheet-like conglomeratic
unit with clasts dominantly in the 20–40 cm range28, called the Claret
Conglomerate (CC) (Supplementary Figs. 2–4). TheCC has been suggested
to be deposited either by braided rivers29,63 or an alluvialmegafan15, the latter
interpretation implying a dramatic change in the hydrological cycle at the
PETM onset. Member 3, the Yellowish Soils (YS), is up to 20m thick and
consists of yellowish silty mudstones with purple mottling (Supplementary
Fig. 4) and dispersed, small-sized (0.5–1 cm) carbonate nodules, with
intercalated sandstone bodies28,30. Member 4, the Gypsum-rich Unit (GrU),
is represented by red mudstones with gypsum occurring either as veins,
root-like concretions, or centimetre sized nodules28. Member 5, the Upper
reddish Unit (UrU), which only exists at Esplugafreda, is up to 17m thick
and is made up of red mudstone with dispersed carbonate nodules. The
overlying “Alveolina limestone” (AL) is a time-transgressive marine unit,
which onlaps member 5 at Esplugafreda30.

Bulk sediment samples were collected in ~1m resolution for grain size,
mineralogical and organic matter carbon isotope analyses from sections
#1–3 and 5 (Supplementary Figs. 1 and 2), representing the Esplugafreda
and Claret Formations. A composite profile was created using sections #1, 2
and 5, with the Claret Conglomerate being the reference horizon, while
sedimentological and geochemical data from sections #3 and #7 are not
discussed in this study. Soil carbonates for clumped isotope analyses were
exclusively collected in section #5 (EF) in irregular intervals and sections #4
and #6 (Claret Formation, Member 3: Yellowish Soils) in ~0.3 and ~1m
resolution (Supplementary Fig. 2). Most paleosols of the EF and the yellow
soils are cumulative in nature, implying that these soil profiles are generated
by slow and continuous sedimentation32. This process leads to gradual
overprinting as the soil profile aggrades and the paleosol profile boundaries
are diffuse and not marked by deposits or erosional surfaces31. Conse-
quently, the depth of soil carbonate formation cannot be constrained.

Grain size and mineralogical analyses
Prior to laser diffractionmeasurements, samples (~3 g)werepretreatedwith
10ml 20% H2O2 and 10ml 10% HCl to remove organic matter and car-
bonates. Subsequently, samples weremixedwith 10ml of 0.05 NNa(PO3)6,
and ultrasonicated for about 1min.Grain size of bulk sediment sampleswas
analysed using a Malvern Mastersizer 3000 laser diffractometer at the
Szentágothai Research Centre (SRC), University of Pécs. This instrument
has a measurement range of 0.01–3500 μm, divided into 100 size bins.
Constants of 1.33 for the refractive index of water, 1.544 for the refractive
index of solid phases, and an absorption index of 0.1 were applied. Bulk
grain size analyses reported in this study are the averages of three successive
laser diffraction runs, and the Malvern Mastersizer 3000 software (version
3.10) was used to transform diffraction data to grain size based on the Mie
Scattering Theory. Grain size statistics (mean, median) and the volume
percentage values of various grain size fractions were calculated from the
Mastersizer 3000 software outputs using the latest 9.1 version of
GRADISTAT76.

Bulk and clay mineralogical analyses were performed at the Institute
for Geological and Geochemical Research (IGGR, HUN-REN Research
Centre for Astronomy and Earth Sciences, Budapest). The clay fraction
(<2 μm) was separated by wet sedimentation after hydrogen peroxide and
acetic acid treatments by adding 10% H2O2 and 10% CH3COOH to the
samples sequentially until suspension no longer effervesced. The remaining
material was then sedimented on glass slides for X-ray diffraction (XRD)
analysis following amodifiedUSGSmethodology77. Sampleswere subject to
ethylene-glycol solvation (at 60 °C, overnight) and heating at 550 °C (1 h)
for diagnosing smectite and kaolinite. XRDmeasurements were performed
on a RIGAKUMiniflex 600 equipment at 45 kV voltage and 35mA current
applying agraphitemonochromatorwithCuKα radiation.The2θ rangewas
set to 2–70° and a counting speed of 0.05°/2 s was applied for the analyses.
The Rigaku PDXL2 software was used for phase identification based on the
ICDD database. Quantitative analyses of bulk mineralogy were carried out
with full profile fitting combined with Rietveld refinement using the Sir-
oQuant V4.0 software. Clay mineral compositions were determined on
sedimented samples by semi-quantitative phase analysis following the
method of Biscaye78.

Petrography
Internal structures of half-cut soil carbonates were investigated by a Nikon
SMZ 800N stereomicroscope. Cathodoluminescence (CL) analysis of SCs
was performed using a Reliotron cold-cathode equipment mounted on a
Nikon E600 polarizing microscope. The equipment operated at 5–10 kV
accelerating voltage and 0.4–1.2 mA current. CL images were obtained
using a defocused electron beam and a Nikon Coolpix 4500 digital camera
with automatic exposure.

Organic matter carbon isotope analysis
Bulk sediment samples (~2.5 g each) were powdered and treated with 10%
HCl to remove carbonates until the effervescence (CO2 formation) ceased.
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Subsequently, the samples were centrifuged and washed three times in
distilled water and dried in an oven at ~60–65 °C. The dried samples were
powdered again and 2.5-3mg aliquots were packed in Sn capsules for stable
carbon isotope measurements performed at the IGGR. Samples were
combusted using an Organic Elemental Analyzer (Thermo Scientific,
Rhodano, Italy) and the yielded gases were transferred via a Conflo III into
an isotope ratio mass spectrometer (Delta V Advantage, Thermo Finnigan)
operating in continuous flow mode with a carrier gas of He+O2 and flow
speed of 90ml/min. A two-point linear normalisation was applied to
recalculate raw isotope values to the VPDB scale79 by measuring reference
standards IAEA-CH-6 (δ13C: −10.45‰) and IAEA-CH-7 (δ13C:
−32.151‰)80. Standard deviation of the reference standards were <0.06‰
(IAEA-CH-6, n = 114) and <0.05‰ (IAEA-CH-7, n = 116) for δ13C. Each
unknown sample wasmeasured three times and the average carbon isotope
ratios of the bulk organic matter are reported in permil (‰) using the δ-
notation.

Soil carbonate carbon, oxygen and clumped isotope analyses
Stable carbon, oxygen and clumped isotope analyses of soil carbonates were
performed at theHUN-REN Institute forNuclear Research (ATOMKI), on
a Thermo ScientificTM 253 Plus 10 kV high-resolution Isotope Ratio Mass
Spectrometer following phosphoric acid digestion at 70 °C using a Thermo
ScientificKiel IVautomatic carbonate device,which is coupledby inert silica
coated capillary to the IRMS. For the digestion, 3 drops of 1.95 g/cm3

phosphoric acid were applied on each carbonate sample. An additional
ThermoScientific™PoraPakUnit is installed between the two coldfingers of
theKiel IVdevice, thefirst onebeing awater trapandcoldfingerwhereas the
secondone is a preparation coldfinger. The role of the PoraPak column is to
decrease organic contamination of the extracted CO2 gas. This column is
filled with PoraPak™ Q 50–80 mesh porous polymer adsorbent and sealed
with glass wool at both ends. The trap operation temperature is –30 °C and
an hour long regeneration process is done at 120 °C following the mea-
surement of a full sample magazine. After cryogenic purification the CO2

gas ismeasured against a working CO2 gas (Linde AG, δ
13CV-PDB = –3.9‰,

δ18OV-PDB = –12.5 ‰, purity = 99.998%) for m/z 44-49 in micro-volume
inlet mode and following the long integration dual inlet (LIDI) method81,82.

Aliquots of 100–140 μg of each unknown sample, collected using a
dental drill from the visually most homogeneous, micritic parts of the soil
carbonates, were replicated 8–16 times (12 on average) and measured
alongside carbonate standards (100–110 μg). For somecarbonates a second/
third aliquotwas also used representing a different sub-sample of the sample
powder from the same drilling. For two carbonates (ITS/E-YS1 and YS9),
numerous independent samples were drilled at several points across the
carbonate interior (labelled d1-d3 in Table 1), and thus these aliquots
represent different domains of the same soil carbonate.

The pressure-sensitive baseline (PBL) correction method of Bernas-
coni et al.83 was applied to correct the raw beam signals for negative back-
groundcausedby secondary electronsonhigherFaraday-cupdetectors.The
PBL correction algorithm, which is implemented in the Easotope software
(Release 20190125)84, used peak scans at four different intensities. Our
methodology followed the full carbonate-based standardisation scheme85

using the ETH-1, ETH-2, and ETH-3 InterCarb calcite standards86. Con-
sequently, Δ47 values are presented on the I-CDES scale (Intercarb-Carbon
Dioxide Equilibrium Scale)86. Corrections for ion-source non-linearity
effects were done using measured ETH-1 and ETH-2 values, while the
transfer function to I-CDES was determined using ETH-1, ETH-2, and
ETH-3. IAEA-C2was used as amonitoring sample to determine long-term
reproducibility, which was found to be between 0.030 and 0.032‰ (1 SD)
during themeasurement periods. The 1 SD uncertainties of ETH-1, 2 and 3
carbonate standards ranged between 0.029–0.032‰, 0.028–0.032‰ and
0.029–0.031‰. Alongside the clumped isotope analyses, the conventional
carbonate stable isotope compositions of the studied samples were also
determined using ETH-1, ETH-2 and ETH-3 as normalisation standards87.
The applied δ18O (70 °C) acid fractionation factor for calcite was
1.00870904388.

Data evaluation, standardisation, and analytical error propagations of
clumped isotope measurements were performed following the CO2

Clumped ETH PBL replicate analysis method using the revised IUPAC
parameters for 17O correction89. Soil carbonate calcification temperatures in
°C were calculated using the Δ47-temperature calibration of Anderson
et al.90. The temperature uncertainties were propagated from the 95%CL of
the Δ47 value and the uncertainties of the calibration equation.

Paleoclimate simulation data
For a qualitative comparison of the soil carbonate Δ47-based temperatures
with paleoclimate model outputs, paleotemperature and precipitation data
were obtained from standardised simulations of the early Eocene climate,
carried out in the framework of the DeepMIP46. Simulation data used
represent ensemble means of eight Earth system models run for different
atmospheric CO2 concentrations (DeepMIP 1×-4 and 6×: 280, 560, 840,
1120 and 1680 ppm), plus an associated preindustrial control simulation
(piControl: 280 ppm CO2). Model data were specifically extracted for the
paleolatitude of the Esplugafreda site using the DeepMIP online interface at
https://data.deepmip.org/91. For the calculation of simulated continental
heat distribution and meridional (latitudinal) thermal gradients, 2m air
temperature data of all available model runs for each scenario were con-
sidered. Note that the number of simulations varies for the different
scenarios46.All simulationswere bilinearly interpolatedonto a commongrid
with 3.75° longitude × 2.5° latitude to compute an ensemble mean for each
scenario. Then, the zonal mean and standard deviation of the ensemble
mean continental temperature were calculated.

Proxy data of LP and PETM continental paleotemperatures of the
northern hemisphere are from published literature including leaf physiog-
nomic data23,92,93, the MBT′/CBT organic mineral soil temperature
proxy25,94–96 and lignite brGDGT data97, as well as mammal δ18O98, smectite
δ18O and δ2H72, and soil carbonate clumped isotope data24,99. The primary
criteria for selecting proxy data were that it should be chronologically well-
defined for the LP or PETM period and indicative of MAT or TJJA. Paleo-
latitude of each proxy site was calculated using paleolatitude.org100 with the
Vaes et al.101 paleomagnetic reference frame.

Data availability
All data reported in this paper are available in the Zenodo repository at
https://zenodo.org/records/15629019. Paleoclimate model data in the fra-
mework ofDeepMIP is freely available via theCEDAdata archive91 (https://
archive.ceda.ac.uk/about/).
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