
Letter
https://doi.org/10.1038/s41586-019-1543-2

Constraints on global mean sea level during Pliocene 
warmth
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Reconstructing the evolution of sea level during past warmer epochs 
such as the Pliocene provides insight into the response of sea level 
and ice sheets to prolonged warming1. Although estimates of the 
global mean sea level (GMSL) during this time do exist, they vary by 
several tens of metres2–4, hindering the assessment of past and future 
ice-sheet stability. Here we show that during the mid-Piacenzian 
Warm Period, which was on average two to three degrees Celsius 
warmer than the pre-industrial period5, the GMSL was about  
16.2 metres higher than today owing to global ice-volume changes, 
and around 17.4 metres when thermal expansion of the oceans is 
included. During the even warmer Pliocene Climatic Optimum 
(about four degrees Celsius warmer than pre-industrial levels)6, 
our results show that the GMSL was 23.5 metres above the present 
level, with an additional 1.6 metres from thermal expansion. We 
provide six GMSL data points, ranging from 4.39 to 3.27 million 
years ago, that are based on phreatic overgrowths on speleothems 
from the western Mediterranean (Mallorca, Spain). This record is 
unique owing to its clear relationship to sea level, its reliable U–Pb 
ages and its long timespan, which allows us to quantify uncertainties 
on potential uplift. Our data indicate that ice sheets are very 
sensitive to warming and provide important calibration targets for 
future ice-sheet models7.

Accurate predictions of future sea-level change hinge on our under-
standing of how ice sheets respond to changes in global temperature. 
To understand ice-sheet stability under prolonged warming (such as if 
the current level of temperature increase continues), we can use recon-
structed sea level during past periods when Earth’s climate was warmer 
than today1. The Pliocene epoch (5.33 to 2.58 million years ago, Ma) 
was the most recent extended global warm period immediately preced-
ing the inception of the high-magnitude glacial/interglacial variations 
of the Pleistocene8. The mid-Piacenzian Warm Period (MPWP), an 
interval during the Late Pliocene (3.264 to 3.025 Ma), has been used as 
an analogue for future anthropogenic warming since atmospheric CO2 
conditions were comparable to present-day values (~400 ppm)9 and 
estimated global mean temperatures were elevated by 2–3 °C relative 
to the pre-industrial period5.

Oxygen isotope ratios from benthic foraminifera10 paired with 
deep ocean temperature estimates have been used to approximate ice- 
volume-equivalent GMSL changes over the Pliocene11,12. While invalu-
able, these approaches are limited by uncertainties in the methodology 
and a number of factors (for example, post-burial diagenesis, long-term 
changes in seawater chemistry and salinity) that are poorly constrained 
and may bias the sea-level estimates3. Field mapping of palaeoshore-
lines has been a complementary approach and has provided several 
local reconstructions of Pliocene sea level13. Local estimates also exist 
for the Strait of Gibraltar, where they are based on the marginal basin 
residence time method and measurements of planktonic foraminif-
era2. Local estimates of sea level can vary considerably from the GMSL 
owing to processes such as glacial isostatic adjustment (GIA)14 and 
dynamic topography15, which can be corrected for, but have substantial 

uncertainties. Lastly, GMSL estimates have also been derived from  
climatically driven ice-sheet simulations4,7,16, but these vary notably as 
a result of model uncertainties. All these challenges have led to consid-
erable disagreement between estimates of the GMSL during the MPWP, 
with values ranging from about 10 m to over 50 m above present sea 
level (m.a.p.s.l.)1,2,12,17,18. This disparity hinders the assessment of past 
and future ice-sheet stability7.

Here we present Pliocene sea-level data from Coves d’Artà in the 
western Mediterranean (Mallorca, Spain; Fig. 1a, b) that are based on 
U–Pb absolute-dated phreatic overgrowths on speleothems (POS). POS 
offer several important benefits over other Pliocene sea-level indicators 
since they store all information needed for a meaningful sea-level index 
point: (1) precise spatial geographic positioning, (2) accurate elevation, 
(3) clear indicative meaning (their growth covers the full tidal range, 
thus having an explicit relation to past sea level; see Methods), and (4) 
an absolute age (since the crystalline aragonite/calcite often contains 
suitable uranium concentrations for robust dating19). POS are primarily 
precipitated in caves, at the water/air interface as CO2 degasses from 
brackish cave pools. The water table in these caves is, and was in the 
past, coincident with sea level, given that the caves are at most 300 m 
away from the coast and the karst topography is low. Six POS levels 
have been identified at elevations from 22.6 to 31.8 m.a.p.s.l. (uncer-
tainties in the elevation measurement and the indicative range are less 
than 1 m; Fig. 1c, Table 1). We interpret these levels as still stands, that 
is, corresponding to periods of time during which sea level has been  
stable long enough to allow the precipitation of carbonate overgrowths. 
This could occur during a sea-level highstand, lowstand or intermediate  
stand. The palaeo sea level still stands are distinctly delineated by  
POS that occur either as overgrowths covering cave walls and pre- 
existing flowstones (top and bottom insets of Fig. 1d) or are standalone 
structures on stalactites and stalagmites (middle inset of Fig. 1d).  
Based on 70 U–Pb analyses, the geochronology of these POS 
yielded ages between 4.39 ± 0.39 Ma and 3.27 ± 0.12 Ma (Table 1; 
see Methods). These are unique because radiometric-dated records 
of Pliocene sea level are entirely independent of orbitally tuned 
chronologies.

To infer the GMSL from these local observations, the POS elevations 
are corrected for GIA, which is the viscoelastic adjustment of the solid 
Earth, its gravity field, and rotation axis to changes in the ice and ocean 
load. The GIA correction is the deviation of local sea level from the 
global mean and we calculate this correction using a gravitationally 
self-consistent sea-level formulation20 paired with three GMSL scenar-
ios2,4,10 and a suite of viscoelastic Earth structures (see Methods). To 
calculate the GMSL we assume a fixed oceanic area and consider total 
ice-volume change, not only ice above the flotation level. Long-term 
deformation at passive margins due to sediment loading21 or dynamic 
topography15 can further contribute to local sea-level changes. Since 
model predictions of these processes have high uncertainties, we  
estimate bounds on the long-term deformation from sea-level indica-
tors during Marine Isotope Stage (MIS) 5 and the Upper Miocene, as 
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well as a comparison between the relative elevations of the six POS and 
the GMSL change from three GMSL curves (see Methods). To assess 
the GMSL we account for uncertainties in the elevation measurement 
and the indicative range, and correct for GIA, long-term uplift, and 
thermal expansion (Fig. 2, Table 1; see Methods). Because we correct 
for thermal expansion, our GMSL estimates throughout the text are 
sea-level-equivalent ice-volume changes. For better comparison with 
published estimates, Table 1 additionally includes GMSL estimates 
without the correction for thermal expansion. Applying all corrections 
results in a non-Gaussian distribution for our reconstructed GMSL, 

of which we report the mode (that is, the most likely value) as our 
best estimate and in parentheses the 16th and 84th percentiles as our 
uncertainty range.

Each POS-derived sea-level still stand and the temporally coinci-
dent major climatic events evidenced in either marine or terrestrial 
records are discussed in chronological order and reported in Table 1. 
The oldest sample (AR-02 at 4.39 ± 0.39 Ma) yields a GMSL estimate 
of 23.5 m.a.p.s.l. (9.0–26.7 m.a.p.s.l.). Its growth is coincident with an 
interval considered to be probably the warmest during the Pliocene 
(~4.4–4.0 Ma, the Pliocene Climatic Optimum), with global mean 

Table 1 | Sample information and results

Sample 
code

Sample eleva-
tion (m.a.p.s.l.)

Indicative 
range (m) Age (Myr)

Sample 
mineralogy

Maximum 
thickness  
(m)

GIA  
correction 
(m)

Uplift correction 
(m)

Thermal 
expansion 
correction 
(m)

GMSL  
(m.a.p.s.l.)

GMSL without 
correction for 
thermal expansion 
(m.a.p.s.l.)

AR-02 31.8 ± 0.25 0.55 4.39 ± 0.39 Calcite 0.20 1.3 ± 3.1 9.0 (2.5–19.4) 1.6 ± 0.6 23.5 (9.0–26.7) 25.1 (10.6–28.3)

AR-05 25.1 ± 0.25 1.20 4.10 ± 0.16 Aragonite 0.80 1.5 ± 3.1 8.4 (2.3–18.2) 1.5 ± 0.5 16.9 (3.5–20.2) 18.4 (4.9–21.6)

AR-11 22.6 ± 0.25 0.85 3.91 ± 0.28 Calcite 0.50 1.4 ± 3.1 8.0 (2.2–17.3) 1.4 ± 0.5 14.7 (2.0–18.0) 16.1 (3.4–19.4)

AR-15 27.3 ± 0.25 0.50 3.65 ± 0.14 Aragonite 0.25 1.7 ± 2.9 7.4 (2.1–16.2) 1.3 ± 0.5 19.5 (7.6–22.6) 20.8 (8.9–23.9)

AR-09 30.4 ± 0.25 0.70 3.50 ± 0.14 Aragonite 0.40 1.9 ± 2.9 7.1 (2.0–15.5) 1.2 ± 0.4 22.5 (11.3–25.7) 23.7 (12.5–27.0)

AR-03 23.6 ± 0.25 0.55 3.27 ± 0.12 Aragonite 0.30 1.8 ± 2.7 6.7 (1.8–14.5) 1.2 ± 0.4 16.2 (5.6–19.2) 17.4 (6.8–20.3)

The age uncertainties are reported as 2σ absolute values. Uplift correction shows the median value and the 16th and 84th percentiles in parentheses as uncertainty bounds. The GMSL shows the mode and 
16th and 84th percentiles in parentheses as uncertainty bounds. The GMSL estimates include a correction for GIA, long-term uplift, and thermal expansion. Uncertainties in these corrections are 1σ. All report-
ed corrections are subtracted from the sample elevation to obtain the GMSL. In the last column we provide GMSL estimates that are corrected only for GIA and long-term uplift, but not for thermal expansion.
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Fig. 1 | POS in Coves d’Artà. a, Map 
showing Mallorca (red circle) in the western 
Mediterranean. b, Location of Coves d’Artà on 
the island. c, Longitudinal profile through the 
lower section of the cave showing the present-
day elevation and ages of the six POS horizons 
and the sampling sites. d, POS at three elevations 
within the Infern Room with close-up views 
(insets). Maps (a, b) are available under CC 
Public Domain License from https://pixabay.
com/illustrations/map-europe-world-earth-
continent-2672639/ and https://pixabay.com/
illustrations/mallorca-map-land-country-
europe-968363/, respectively.
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temperatures roughly 4 °C higher than pre-industrial values6 and  
elevated CO2 (ref. 22) (Fig. 3a).

A GMSL estimate of 16.9 m.a.p.s.l. (3.5–20.2 m.a.p.s.l.) at 4.1 ± 0.16 
Ma is based on a core extracted from AR-05, the thickest POS hori-
zon (top inset in Fig. 1d). A pronounced expansion of the ice sheets  
(MIS Gi22/Gi20) and the associated sea-level drop was documented 
at ~4 Ma in several locations in the Northern Hemisphere23 and in 
Prydz Bay, Antarctica24. Therefore, AR-05 is interpreted to reflect a 
rather long, muted sea-level still stand that occurred before this cooler 
Pliocene interval.

Similarly, the inner part of AR-11 (bottom inset in Fig. 1d), docu-
ments a lower GMSL of 14.7 m.a.p.s.l. (2.0–18.0 m.a.p.s.l.) at 3.91 ± 0.28 
Ma. Sample AR-15 marks a GMSL of 19.5 m.a.p.s.l. (7.6–22.6 m.a.p.s.l.) 
at 3.65 ± 0.14 Ma and overlaps with the Northern Hemisphere glacial 
interval known as MIS MG 12 (~3.7–3.6 Ma), which is considered 
to represent the Early/Late Pliocene transition10,23,25. Terrestrial and 
marine data indicate that the Northern Hemisphere glaciation onset 
was around 3.6 Ma (refs 23,25), but other records from the Northern 
and Southern hemispheres suggest that relatively warm climatic  
conditions prevailed until 3.5 Ma (ref. 26). This observation is supported 

by the presence of yet another horizon formed in Coves d’Artà (AR-09) 
at 3.5 ± 0.14 Ma that indicates a GMSL of 22.5 m.a.p.s.l. (11.3–25.7 
m.a.p.s.l.).

Sample AR-03, with an inferred GMSL of 16.2 m.a.p.s.l. (5.6–19.2 
m.a.p.s.l.) documents the youngest prominent Pliocene horizon in 
Coves d’Artà with an age of 3.27 ± 0.12 Ma (middle inset in Fig. 1d), 
which probably formed at the onset of the MPWP. If one accounts for 
GIA but assumes no long-term deformation, the GMSL during the 
MPWP is predicted to be 20.6 ± 2.8 m (Fig. 2). Overall, our calculations 
are most consistent with previous sea-level estimates that are based on 
benthic foraminifera10–12 (Fig. 3b). Our results are noticeably lower 
than the GMSL based on data by Rohling et al.2 and higher than those 
based on ice-sheet modelling4 (Fig. 3b). The POS-based inferred GMSL 
for the MPWP is at the lower end of some previous estimates (25 ± 5 m 
and 22 ± 10 m)11,17 and overlaps with others (9–13.5 m)18.

The inherent uncertainties in predicting sea-level rise, when warm-
ing is triggered by future anthropogenic emissions of greenhouse 
gases, emphasize the importance of a better constraint on ice-sheet 
sensitivity to prolonged warming27. The present-day East Antarctic 
Ice Sheet is less vulnerable to warming than the Greenland Ice Sheet 
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Fig. 2 | GIA and other corrections. 
Contribution of different corrections (GIA, 
uplift and thermal expansion) and uncertainties 
when inferring the GMSL from the POS 
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Extended Data Fig. 8 for all POS). Probability 
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Fig. 3 | Pliocene sea-level and CO2 concentration 
changes. a, Model-based CO2 reconstruction21 
and relevant warm (orange bands) and cold (blue 
bands) climatic periods. b, Inferred GMSL and ice 
volume from Mallorcan POS are shown as black 
markers (age uncertainties are 2σ; the GMSL of the 
marker corresponds to the mode; uncertainties are 
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curves. PCO, Pliocene Climatic Optimum.
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and the West Antarctic Ice Sheet28. Considering this, the equivalent 
ice volume required for an MPWP GMSL of 16.2 m.a.p.s.l. (5.6–19.2 
m.a.p.s.l.) (AR-03) would indicate a near or full collapse of the modern 
Greenland Ice Sheet (7.4 m GMSL rise)29 and vulnerable sectors of the 
West Antarctic Ice Sheet (3.3 m GMSL rise)30, plus a contribution of up 
to 5.5 m from more stable sectors of the West Antarctic Ice Sheet and 
from the East Antarctic Ice Sheet. Given that the marine sectors of the 
East Antarctic Ice Sheet hold an ice volume equivalent to 19 m of GMSL 
rise31, our estimates do not require a contribution from land-based  
sectors of the East Antarctic Ice Sheet. Instead, they indicate a possible 
retreat of East Antarctic Ice Sheet in some marine-based sectors, but 
stability of land-based ice masses, which is consistent with proxies from 
Antarctica26,32 and ice-sheet models7; we are thus able to narrow in 
on closing the sea-level budget for the MPWP.

Given that global average temperatures during the MPWP were 
2–3 °C higher than pre-industrial values5 and CO2 concentration was 
400 ppm (ref. 9), our results indicate that an ice volume equivalent to 
a GMSL change of 16.2 m.a.p.s.l. (5.6–19.2 m.a.p.s.l.) may eventually 
melt (over hundreds to thousands of years) if future temperatures sta-
bilize at that level of warming. Given present-day melt patterns26, this 
sea-level rise is likely to be sourced from a collapse of both Greenland 
and the West Antarctic ice sheets. A temperature increase to 4 °C above 
pre-industrial levels is comparable to conditions during the Pliocene 
Climatic Optimum6 with a GMSL estimate of 23.5 m.a.p.s.l. (9.0–26.7 
m.a.p.s.l.), which indicates further ice melt if temperatures stabilize at 
this higher level. Thermal expansion is expected to cause additional 
sea-level rise in these scenarios.

Projections of future sea-level rise that are tuned to fit the GMSL 
during the MPWP suggest that the Antarctic contribution to sea level 
by 2100 will be either 1.05 ± 0.30 m or 0.64 ± 0.49 m, if its GMSL 
contribution during the MPWP was assumed to be 10–20 m.a.p.s.l. 
or 5–15 m.a.p.s.l., respectively (under scenario RCP8.5)7. However, 
Edwards 16 questioned the way marine ice cliff instability and hydrof-
racturing is parameterized in this work and found the latter interval 
to be more probable. Our AR-03-derived MPWP sea-level range 
(5.6–19.2 m.a.p.s.l.), which includes contributions from all ice sheets, 
is also more in line with the lower end of the estimates of DeConto and 
Pollard7. Nonetheless, this highlights (1) the need for further work to  
reduce uncertainty in MPWP GMSL estimates, and (2) the importance 
of our results for the even warmer Pliocene Climatic Optimum (9.0–
26.7 m.a.p.s.l.). These data will serve as critical inputs for future climate 
model development and calibration that will improve confidence in 
sea-level projections. Hence, deciphering the GMSL during Pliocene 
warmth is critical for our ability to forecast, adapt to, and lessen the 
effect of future global warming on humanity.
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MeThodS
POS as precise sea-level index points. POS are meaningful sea-level index points 
because they provide spatial geographic positioning, accurate elevation and abso-
lute ages. In addition, the growth of POS has a clear indicative meaning, which 
includes the ‘indicative range’, that is, the elevation range over which a sea-level 
indicator forms, and the ‘reference water level’, meaning the distance between the 
sea-level indicator and sea level33. The indicative range for POS is the vertical 
extent over which the carbonate encrustations occur and the reference water level 
is zero at the widest part of the POS (Extended Data Fig. 1). This is true because the 
widest part (maximum thickness) of the POS that formed on cave walls or other 
speleothems that are in continuous contact with the fluctuating water table cor-
responds to mean sea level, whereas the vertical spread constrains the tidal range 
(top and bottom insets in Fig. 1d). The shape of POS formed on pre-existing vadose 
(air-filled caves) speleothems depends on their size and morphology and for how 
long they were immersed in the cave’s brackish water (Extended Data Fig. 1). If, for 
example, only the tip of the stalactites become submerged, the resulting POS will 
be an asymmetric knob-like carbonate encrustation with its thickest part denoting 
the mean sea level and narrowing upward to the highest tide range (see the aster-
isked POS in Extended Data Fig. 1). Thus, the most optimal POS form when the 
speleothem is immersed throughout the full vertical tidal range, producing an oval 
(sometimes spherical) or fusiform-shaped POS (middle inset in Fig. 1d, Extended 
Data Fig. 1a). Except for AR-02, which is a knob-like POS, all the others were either 
standalone (Extended Data Fig. 1a) or cave-wall (Extended Data Fig. 1b) structures.

Prior to our sampling campaign, a detailed topographic survey was conducted 
starting from a reference point outside the cave and situated at the present sea level, 
using a SUUNTO optical clinometer and a BOSCH DLE 50 Professional laser dis-
tance meter. The errors associated with measuring the elevation of the POS levels 
relative to the mean tidal level (after correcting for the barometric pressure) are 
less than 0.25 m. Owing to the large size of some POS horizons, cores were drilled 
using a commercial cordless hand-held Hilti rotary hammer drill.
U–Pb analytical methods. Absolute isotope-dilution U–Pb ages were measured 
using a Thermo Neptune multi-collector inductively coupled mass spectrometer. 
The analytical methodology is reported in Decker et al.34. All sub-samples used 
for U–Pb measurements were clean, well crystallized aragonite or calcite pieces. 
A calibrated mixed 229Th–233U–236U–205Pb spike was used. The column chemis-
try for all of these analyses uses 1 × 8 chloride form 200–400 mesh anion resin. 
Each element isotope system was run separately. Pb runs were measured as stand-
ard-sample-sample-standard runs using the Pb standard NBS-981. 234U signals too 
small to measure in the centre Faraday cup were measured using the secondary 
electron multiplier with the gain between the secondary electron multiplier and 
Faraday cups established using the U standard NBL-112. 230Th and 232Th were also 
measured using the secondary electron multiplier and a Faraday cup, respectively, 
and a Th in-house standard. 230Th/238U was measured to check samples for U and 
Th isotope secular equilibrium.
Age calculations. Reduction of data was performed using PBDAT35 and 
ISOPLOT36. Our measured procedural blanks are 5 pg of 232Th, <0.1 fg of 230Th, 
20 pg of 238U, and ~15 pg of 208Pb. Decay constants for 238U, 235U, 234U and 230Th 
are from Schoene et al.37 and Cheng et al.38. The isotopic values for the NBS-
981 Pb standard reported by the National Institute of Standards were used in the 
sample-standard method39. U–Pb ages were corrected for initial disequilibrium 
assuming an initial 234U/238U activity of 1.75, based on the average initial δ234U 
of over 200 samples from the same island, ranging from Holocene to Pleistocene, 
dated using the U–Th method. Additionally, results of δ234U measurements of 
the present-day brackish water in which POS precipitate (as described earlier) 
indicate similar values19.

Except for AR-02, for which the 235U–207Pb two-dimensional isochron age  
was more favourable than the three-dimensional isochron ages, all other  
sample ages were calculated using the U–Pb Concordia-constrained linear 
three-dimensional isochron, which contains the most complete information on 
the concordance between the two decay schemes and common Pb (see Extended 
Data Fig. 2).

In certain plots, a limited number of discrepant data have been excluded from 
the fit, for reasons which are not under statistical control, such as non-uniform Pb 
composition and possibly variable initial δ234U. We excluded the subsamples that 
deviated markedly from the isochron lines in order to make sure that the isotopic 
analysis did not mix growth zones of domains with different ages. Considering 
that our samples precipitated in a phreatic environment, growth layers are hardly 
noticeable, so sampling along a single layer was challenging. Nevertheless, we stress 
that our analysed datasets are large enough to allow us to distinguish any discordant 
data, and as a result, the calculated ages are considered to be accurate within the 
given uncertainties. To have a superior control on the random uncertainties and 
for a better recognition of the outliers, we analysed between 9 and 15 subsamples 
for each isochron to obtain the ages, their uncertainties, and associated mean-
square-weighted deviation values.

GIA modelling. For the GIA correction we adopt a one-dimensional, self- 
gravitating, Maxwell viscoelastic Earth model20, which accounts for shoreline 
migration and the feedback into Earth’s rotation axis. Following Raymo et al.14 
we separate the GIA correction into two contributions: (1) the amount of resid-
ual deformation that is due to the most recent Pleistocene glacial cycles, and (2) 
the amount of deformation due to the smaller Pliocene ice age cycles. For both 
corrections we use a set of different Earth structure profiles that vary in litho-
spheric thickness (48 km, 71 km and 96 km), upper-mantle viscosity (3 × 1020 
Pa s, 5 × 1020 Pa s), and lower-mantle viscosity (3 × 1021 Pa s, 5 × 1021 Pa s, 7 × 
1021 Pa s, 10 × 1021 Pa s, 20 × 1021 Pa s and 30 × 1021 Pa s), producing 36 differ-
ent radial viscosity profiles. For the elastic and density structure we assume the 
seismic reference model PREM40. In this approach we neglect explicit three-di-
mensional variations in viscosity; although these unarguably exist, their pattern 
and magnitude are poorly constrained. Owing to these uncertainties and the high 
computational cost associated with these runs we follow the common approach to 
explore uncertainties in viscosity through a variety of one-dimensional viscosity 
profiles. We believe that this approach is particularly appropriate because we are 
not investigating spatial patterns in GIA (for which three-dimensional variability 
might be important), but focus on only one location.

For the two GIA contributors mentioned above we proceed as follows. (1) We 
adopt the ice history over the past 3 Myr as described in Raymo et al.14. The mod-
els indicate a positive GIA correction for most of the Mediterranean (Extended 
Data Fig. 3a), mainly due to ongoing peripheral bulge collapse associated with the 
former Fennoscandian Ice Sheet. This sea-level rise implies that Coves d’Artà is 
currently above its equilibrium sea level and that sea-level indicators that formed 
during the more equilibrated Pliocene need to be corrected downward. Using 
one possible viscoelastic Earth model (Extended Data Fig. 3a) indicates that the 
remaining adjustment at Coves d’Artà is 3.4 m. Employing all 36 model runs yield 
a mean and standard deviation of 4.5 ± 2.1 m for this location (Extended Data 
Fig. 3).

(2) We constructed new ice models by scaling the height of present-day ice 
sheets to reproduce a given ice-volume curve. We set up three different ice models 
based on the LR04 benthic stack10, the local sea-level reconstructions by Rohling 
et al.2, and the ice-sheet model by de Boer et al.4. Uncertainties will be assessed 
by considering these three ice models rather than propagating uncertainties in 
each of them. However, we acknowledge that large uncertainties exist for each 
approach and these will be considered in the long-term deformation component 
(see Methods section ‘Estimating long-term deformation’). The ice-volume curves 
are constructed for each model as follows.

(1) To scale the oxygen isotope signal into ice-volume changes, we assume that 
75% of the signal is driven by ice volume (the remaining 25% is driven by tempera-
ture variations). This value is in line with Pleistocene ocean temperature estimates 
obtained using Mg/Ca ratio17,41. We further assume a scaling of 0.011‰ per metre 
of GMSL rise3,12.

(2) Rohling et al.2 used planktonic foraminifera and the marginal basin resi-
dence time method for the Mediterranean to produce a relative sea-level record for 
the Strait of Gibraltar (RSLGibobserved). They further provide a scaling to calculate 
ice volume (GMSLscaled = 1.23 × RSLGibobserved + 0.5), which is based on simu-
lations for two glacial cycles. We use this scaling as a first estimate for ice-volume 
changes. We next run the sea-level model to calculate local sea-level changes at 
the Strait of Gibraltar for a variety of viscosity models. We take the mean of these 
local sea-level estimates (RSLGibcalculated) to calculate a GIA correction (GIA = R
SLGibcalculated − GMSLscaled). Last, we use this correction to recalculate the GMSL 
estimate (GMSL = RSLGibobserved − GIA). We note that the original sea-level 
reconstruction has data gaps associated with the African monsoon. We use the 
interpolated reconstruction here, but exclude data during these gaps in our final 
comparison (Fig. 3).

(3) De Boer et al.4 used a set of one-dimensional ice-sheet simulations that 
are forced by a benthic oxygen isotope record through surface-air temperatures.  
They separately model five ice sheets (Greenland Ice Sheet, Laurentide, 
Fennoscandian, West Antarctic Ice Sheet and East Antarctic Ice Sheet) and provide 
an ice-volume reconstruction over the Cenozoic.

For times during which ice volume was lower than today, we first decrease the 
height of the Greenland Ice Sheet and West Antarctic Ice Sheet until they are fully 
collapsed before we start decreasing the height of the East Antarctic Ice Sheet.  
For ice volumes higher than today we uniformly increase the size of all ice sheets. 
Ice-rafted debris and other evidence from the Greenland continental shelf indi-
cates that an intermittent ice sheet existed on Greenland during the Pliocene, but 
that the main expansion probably happened around 3 Ma (ref. 42). This is largely 
consistent with our ice reconstructions based on the GMSL scenarios described 
above. We further tested a scenario in which only the Antarctic Ice Sheet varied 
over the model run and the Greenland Ice Sheet was not present. This introduced 
only minor differences (<0.6 m) in the GIA correction at Coves d’Artà and is 
therefore not considered further here.
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Calculations were done with a temporal resolution of 1,000 years and a spatial 
resolution up to spherical harmonic degree 256. The GMSL throughout the paper 
is directly proportional to total ice volume (not only ice above flotation) given by 
the equation:

ρ

ρ
 =

×

×
GMSL

Ice volume changes
Percentage oceanic area

ice

water

For the percentage oceanic area we use a fixed value of 71.1% and further use a 
water density of 1,000 kg m−3 and an ice density of 920 kg m−3.

The resulting GMSL and local sea-level curve for Coves d’Artà for one run is 
shown in the Extended Data Fig. 4a along with a snapshot of sea level at 3.244 
Ma (Extended Data Fig. 4b). Local sea level (coloured curves) is lower than the 
GMSL (black curves) during times when ice sheets were collapsed. This difference 
is driven by the accommodation space that is created by the collapsed marine-
based sectors. Water flowing back to these areas causes high rates of sea-level rise  
(for example, in West Antarctica), which is averaged out by an overall drawdown 
in sea level in the far field (Extended Data Fig. 4a). These runs are relative to the 
start of the model time (outside the range shown in Extended Data Fig. 4b), which 
was set to be the present-day ice configuration.

The full GIA correction is given by a combination of both effects described 
above. The resulting local sea-level prediction is shown in Extended Data Fig. 5. 
Our calculations show that local sea level tracks the GMSL relatively closely when 
the GMSL is high (Extended Data Fig. 5a) because the two contributions discussed 
above cancel out. When the GMSL is low (Extended Data Fig. 5c) the GIA signal 
is mainly driven by the ongoing adjustment to the Last Glacial Maximum, which 
means the GIA correction is positive (Extended Data Fig. 3; Extended Data Fig. 5f).

The GIA correction is given by the difference between the local sea level at 
Coves d’Artà and the GMSL (GIA = RSLArtàcalculated − GMSL). To quantify the 
GIA correction and its uncertainty for each POS we take a temporal average and 
standard deviation of all GIA models (using all three GMSL curves) over the time 
period of the sea-level indicators. We consider only corrections during interme-
diate and warm periods, assuming that these provide more favourable conditions 
for POS to form. This assumption is based on the fact that POS form during sea-
level still stands and the Pleistocene still stands occur more frequently during 
intermediate and warm periods than during glacials43. Weakening this assumption 
would lead to a slightly larger uncertainty in the GIA correction. To include this 
assumption, we identify the GMSL values (and their associated GIA correction) 
that fall within the age range of each POS, and average over the GIA correction that 
corresponds to the highest 50% of GMSL values (80% in the case of AR-03 to avoid 
a bias towards MIS M2, Extended Data Fig. 5). We combine values from the three 
ice models to calculate the mean and standard deviation in the GIA correction for 
each data point (Table 1).
Estimating long-term deformation. Mallorca is generally described as stable with 
very little to no long-term deformation44,45. However, even a small amount of 
deformation (uplift or subsidence) can substantially affect our results. We therefore 
investigate constraints on the long-term deformation of the island based on sea-
level records from other time periods. We further attempt to quantify uncertainties 
on the possible amount of uplift by comparing the relative elevations of the six POS 
to the relative GMSL change in the three curves described above2,12.

POS in Mallorca that date to MIS 5a are above present sea level today46. The GIA 
correction for this location is small and the GMSL was possibly around present 
levels but probably lower47, indicating potential uplift. POS dated to the last inter-
glacial are found at 2.15 ± 0.75 m.a.p.s.l.19. Given the uncertainties in the eustatic 
estimate during the last interglacial and the GIA correction, it is difficult to identify 
uplift or subsidence. Late Miocene reefs that crop out at 65 m above present at Cap 
Blanc48 and up to 70 m in the hinterland of Mallorca44,49 are also high compared to 
global average values (once corrected for GIA), but Late Miocene GMSL estimates 
are much more uncertain50. Given that local sea-level estimates tend to be high, 
it is unlikely that subsidence occurred at Coves d’Artà. We will therefore assume 
that the record presented here is not affected by subsidence; however, the evidence 
reported above does not exclude slight long-term uplift.

We estimate the amount of possible long-term uplift based on relative sea-level 
changes across the POS record and its comparison to the three GMSL reconstruc-
tions. Unlike our GIA calculation, uncertainties in the different GMSL curves will 
be important for this analysis and we therefore choose the following approach to 
quantify the respective uncertainties.
(1) For the GMSL curve that is obtained from the LR04 benthic record10 we widen 
the range for scaling oxygen isotope values into GMSL change to 0.008 and 0.011‰ 
per metre3,17 to produce two end-member GMSL curves. We assume that the 
mean of these two curves is the most likely estimate, and the two end-member  
curves constitute 1σ uncertainty. This results in a wider uncertainty than if 
we only assumed that the two end-members would span the range of possible  
GMSL curves. This extended uncertainty is meant to implicitly include further 

uncertainties associated with estimating the amount of oxygen isotope signal that 
is driven by ice volume versus temperature.
(2) The GMSL curve based on the data by Rohling et al.2 is obtained through the 
equation GMSL = RSLGibobserved − GIA, excluding the gaps in their planktonic 
foraminiferal dataset due to maxima in the African monsoon. We calculate the 
uncertainty at each timestep as the root mean square of the uncertainty associated 
with the relative sea-level observation (provided by Rohling et al.2) and the uncer-
tainty associated with the GIA correction for the Strait of Gibraltar that is caused 
by varying viscosity models.
(3) De Boer et al.4 do not quantify an uncertainty in their estimate, so we do not 
show it in Fig. 3. However, for our long-term deformation analysis we do want to 
attempt an uncertainty estimate. De Boer et al.4 do two sensitivity tests in which 
they vary the deep-water to surface-air temperature coupling, and the temperature 
difference for the Northern Hemisphere ice sheets. They found that their predicted 
ice volume was relatively insensitive to these variations with a largest difference 
between runs of ~3.5 m during the Pliocene. Here we assume that their best-fit 
curve represents a mean estimate and that the 1σ uncertainty is 1 m.

While the GMSL reconstructions described above and shown in Fig. 3 vary 
widely, relative changes, for example, the change in GMSL from the Pliocene 
Climatic Optimum to the MPWP could be more robust. We quantify bounds on 
the amount of sea-level change that occurred between the different POS from our 
three GMSL reconstructions. For each reconstruction we generate 500 possible 
GMSL curves, sampling the uncertainty in each of them (grey bands in Extended 
Data Fig. 6a–c are 1σ). We next bin the GMSL values that fall within the age range 
of each POS and identify values that are within a certain (average to high) percen-
tile range to reflect intermediate and warm periods. For the purpose of calculating 
an uplift rate we again assume that it is more likely that these are the periods during 
which our POS formed. We vary the lower bound between the 40th, 50th and 60th 
percentiles and the upper bound between the 90th, 95th and 99th percentiles. 
Extended Data Fig. 6a–c shows the range of GMSL values considered for each POS 
as grey boxes for a scenario of the 50th percentile lower bound and 99th percentile 
upper bound. We do a Monte Carlo simulation in which we randomly sample 
‘synthetic’ sea-level indicator elevations from the respective GMSL ranges, that 
is, we pick one random point from each grey box in Extended Data Fig. 6a–c. We 
next calculate the change in sea level in these synthetic data relative to the youngest 
data point. These changes are compared to the observed changes in sea level (GIA 
corrected) to which we add a constant uplift rate. We choose this uplift rate to be 
constant, but vary its magnitude in each iteration. This assumes that long-term 
deformation is linear to first order over the Plio-Pleistocene, which is supported by 
studies of mantle convection that show that uplift rates related to dynamic topog-
raphy are relatively constant over a few million years51. We consider the synthetic 
data to be a good fit to the observed data if their difference does not exceed 3 m 
for a given data point. This value is chosen because it is the root mean square of 
the average GIA uncertainty, the measurement uncertainty, and half the indicative 
range. We record the uplift rates that are successful, that is, produce a good fit.

Extended Data Fig. 6d–f shows histograms of these successful uplift rates for a 
scenario of 50th percentile lower bound and 99th percentile upper bound. GMSL 
curves that are based on Rohling et al.2 and the LR04 benthic record10 favour small 
uplift rates, because the variability within these curves is already large enough to 
represent the variability within the POS elevation data. However, there is a tail 
towards higher uplift rates. The GMSL curve based on de Boer et al.4 is notably 
flatter and, in order to match the elevation variability in the POS results, these data 
require a modest amount of uplift. We produce a joint distribution, in which we 
combine all successful uplift rates (Extended Data Fig. 6g). We repeat this proce-
dure varying the lower-bound and upper-bound percentiles as described above 
to obtain nine joint distributions (Extended Data Fig. 7a–i). Last, we combine the 
successful uplift rates from all nine joint distributions to obtain our final distribu-
tion, which is the basis for our long-term uplift correction (Extended Data Fig. 7j). 
The median uplift rate that we obtain is 2.0 m Myr−1 (0.6–4.4 m Myr−1; uncertain-
ties constitute the 16th and 84th percentiles). The most likely uplift rate (highest 
number of successful runs) is 0 m Myr−1. These rates are within the uncertainty 
range of uplift estimates for Mallorca based on the MIS 5e sea-level estimate52.
Correcting local sea level to obtain the GMSL. We produce a probability density  
function (PDF) for the elevation of each POS. We first take into account the uncer-
tainty of the measurement (0.25 m) and the indicative meaning (half the indicative 
range). Since we assume that these errors are normally distributed, the resulting 
PDF (blue curve, Fig. 2c) is also normally distributed. We next correct for GIA 
assuming the values shown in Extended Data Fig. 5, which results in the red curve 
(Fig. 2c). In the next step, we account for thermal expansion. We assume a linearly 
increasing effect of thermal expansion, 0.39 m of GMSL rise per degree Celsius53 
and 4 °C of warming at the beginning of the Pliocene Climatic Optimum (4.4–4.0 
Ma)6. To calculate the thermal expansion correction from this rate we require the 
age of each POS. We randomly sample the age of the POS from its uncertainty 
range. This correction is again normally distributed, resulting in a new PDF that is 
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normally distributed as well (yellow curve, Fig. 2c). Last, we account for long-term 
deformation. We use the distribution that we obtain as described above (Extended 
Data Fig. 7j) for this correction. We sample the age of the POS again to translate an 
uplift rate into the amount of total uplift. The resulting PDF (purple curve, Fig. 2c) 
is off-centred owing to the skewness in the long-term deformation distribution. We 
therefore do not quantify uncertainties as standard deviations but instead deter-
mine the mode (most likely value) as our preferred value (GMSL) and the 16th 
and 84th percentiles as error bounds. We use a kernel with 1-m bandwidth to cal-
culate the mode. Extended Data Fig. 8 shows the PDFs for the GMSL estimate for 
each POS after all corrections have been applied. Extended Data Table 1 includes 
additional percentiles of the GMSL estimate (10th, 33th, 50th, 66th and 90th) in 
line with IPCC’s likelihood scale.

Data availability
The data produced in this study are available at the NOAA (https://www.ncdc.
noaa.gov/paleo/study/27530) and Pangaea (https://doi.pangaea.de/10.1594/
PANGAEA.905851) data repositories.

Code availability
The computer code used to do the sea-level (GIA) calculation, written in MATLAB, 
is available on github: https://github.com/jaustermann/SLcode.
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Extended Data Fig. 1 | Schematic profile of a coastal cave in Mallorca 
hosting POS at different levels. a, b, Standalone (a) and cave-wall (b) 
POS structures. The asterisked POS is an example of an asymmetric knob-

like carbonate encrustation that forms when only the tip of the stalactite is 
submerged.
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Extended Data Fig. 2 | U–Pb isochrons and calculated age estimates for 
the six POS samples. a, 235U–207Pb two-dimensional isochron for sample 
AR-02; b–f, Concordia-constrained linear three-dimensional isochron for 

samples AR-05 (b), AR-11 (c), AR-15 (d), AR-09 (e) and AR-03 (f). Error 
ellipses on individual ages are 2σ.
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Extended Data Fig. 3 | GIA contribution due to ongoing adjustment. 
This GIA contribution is caused by the incomplete present-day adjustment 
to the late Pleistocene ice and ocean loading cycles. a, Model simulation 
using a viscosity structure of 5 × 1020 Pa s viscosity in the upper mantle, 
5 × 1021 Pa s viscosity in the lower mantle, and an elastic lithospheric 

thickness of 96 km. b, Standard deviation of model predictions obtained 
using 36 different radial viscosity profiles, including varying the 
lithospheric thickness. The square marks the position of Coves d’Artà. 
The figures were produced using Matlab 2015b and the m_map plotting 
package (https://www.eoas.ubc.ca/~rich/map.html).

https://www.eoas.ubc.ca/~rich/map.html
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Extended Data Fig. 4 | GIA contribution due to Pliocene ice age cycles. 
The model simulation uses a viscosity structure of 5 × 1020 Pa s viscosity 
in the upper mantle, 5 × 1021 Pa s viscosity in the lower mantle, and an 
elastic lithospheric thickness of 96 km. a, Snapshot of sea level at 3.244 
Ma (grey vertical line in b) assuming a GMSL curve based on the LR04 
benthic record10. The colour scale is chosen to diverge around the GMSL 
value of 13 m. The red square marks the position of Coves d’Artà. The 
figure was produced using Matlab 2015b and the m_map plotting package 

(https://www.eoas.ubc.ca/~rich/map.html). b, Local sea level at Coves 
d’Artà based on Rohling et al.2 (blue), de Boer et al.4 (yellow), and the 
LR04 benthic record10 (red). Respective GMSL curves are shown in black 
and mostly coincide with local sea level at Coves d’Artà (note that for the 
estimates based on Rohling et al.2 the black GMSL curve is mostly behind 
the local sea-level curve in blue). Sea level is relative to the beginning of 
this run (4.9 Ma).

https://www.eoas.ubc.ca/~rich/map.html
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Extended Data Fig. 5 | Total GIA correction. a–c, Local sea-level change 
at Coves d’Artà, as calculated from the GIA model based on the GMSL 
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et al.4 (c). Uncertainties due to Earth’s viscoelastic structure are denoted 
by grey bands. d–f, GIA correction colour coded by the GMSL value; 

standard deviations are shown as grey bands. Black markers indicate the 
GIA correction and its uncertainty for each POS. Results are for the GMSL 
curves by Rohling et al.2 (d), the LR04 benthic record10 (e) and de Boer 
et al.4 (f).
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Extended Data Fig. 6 | Uplift rate estimation. Determining the amount 
of uplift based on the best fit of observed relative sea-level changes across 
the POS to other GMSL reconstructions over the same time interval.  
a–c, GMSL curves2,4,10; grey bars are 1σ uncertainties. Boxes indicate 
the age uncertainty for each POS and the 50th and 99th percentiles of 
the GMSL values that fall within this age range. We calculate synthetic 
sea-level changes relative to the youngest POS and compare them 

to the observed sea-level changes, assuming a range of uplift rates. 
d–f, Histograms of uplift rates in which we find a good fit between 
the observed and the synthetic data. Percentiles (16th, 50th and 84th) 
are shown by vertical lines (solid line is the median, dashed lines are 
uncertainty bounds). We conducted ten million iterations for this Monte 
Carlo search. g, Histogram combining all uplift rates that resulted in a 
good fit.
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Extended Data Fig. 7 | Joint uplift rate estimation from varying the 
upper and lower cutoff. a–i, Joint histograms for a variety of lower and 
upper percentile cutoffs. The lower cutoff was varied between the 40th, 
50th and 60th percentiles (different rows), whereas the upper cutoff was 
varied between the 90th, 95th and 99th percentiles (different columns). 

Percentiles in the histograms (16th, 50th and 84th) are shown by vertical 
lines (solid line is the median, dashed lines are uncertainty bounds). 
Panel f is identical to Extended Data Fig. 6g. j, Combination of all joint 
histograms to obtain our best-estimate uplift rate used for Table 1, Fig. 2c 
and Fig. 3.
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Extended Data Fig. 8 | Reconstructed elevation of the GMSL for each 
POS after all corrections have been applied. a–f, PDFs for the GMSL 
estimate for AR-02, AR-05, AR-11, AR-15, AR-09 and AR-03, respectively. 
PDFs are constructed assuming Gaussian uncertainties for the measured 
elevation of POS, the respective indicative range, the GIA correction, 
thermal expansion and POS age (Table 1); a non-Gaussian distribution is 

obtained for the uplift correction (Table 1, Extended Data Figs. 6, 7). The 
mode (thick black line) and lower and upper uncertainty bounds (16th 
and 84th percentiles, thick dashed lines) are shown by vertical lines and 
correspond to the GMSL estimates reported in Table 1. We used a kernel 
with 1-m bandwidth to calculate the mode and PDF (thin black line).
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extended data Table 1 | GMSL estimates for different percentiles (10th, 33th, 50th, 66th and 90th) following IPCC’s likelihood scale
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