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C L I M A T O L O G Y

Exceptionally stable preindustrial sea level inferred 
from the western Mediterranean Sea
Bogdan P. Onac1,2*†, Jerry X. Mitrovica3†, Joaquín Ginés4, Yemane Asmerom5, Victor J. Polyak5, 
Paola Tuccimei6, Erica L. Ashe7, Joan J. Fornós4, Mark J. Hoggard8,3, Sophie Coulson9, 
Angel Ginés4, Michele Soligo6, Igor M. Villa10,11

An accurate record of preindustrial (pre-1900 CE) sea level is necessary to contextualize modern global mean sea 
level (GMSL) rise with respect to natural variability. Precisely dated phreatic overgrowths on speleothems (POS) 
provide detailed rates of Late Holocene sea-level rise in Mallorca. Statistical analysis indicates that sea level rose 
locally by 0.12 to 0.31 m (95% confidence) from 3.26 to 2.84 thousand years (ka) ago (2) and remained within 
0.08 m (95% confidence) of preindustrial levels from 2.84 ka to 1900 CE. This sea-level history is consistent with 
glacial isostatic adjustment models adopting relatively weak upper mantle viscosities of ~1020 Pa s. There is virtual 
certainty (>0.999 probability) that the average GMSL rise since 1900 CE has exceeded even the high average rate 
of sea-level rise between 3.26 and 2.84 ka inferred from the POS record. We conclude that modern GMSL rise is 
anomalous relative to any natural variability in ice volumes over the past 4000 years.

INTRODUCTION
Estimates of preindustrial (pre-1900 CE) Holocene global mean sea 
level (GMSL) variability provide the background state against which 
changes due to modern greenhouse warming may be calibrated 
(1, 2). Late Holocene (last 4200 years) sea level reconstructions cover 
the transition from geological to instrumental records, and, when 
highly resolved, the former can precisely determine when modern 
rates of sea-level rise began (3, 4). Probabilistic estimates based on 
data compilations have resolved centennial-scale variability in GMSL 
since ~3 thousand years (ka) ago (1, 5). However, large discrepan-
cies in these inferences for prior to 2.5 ka before the present (B.P.), 
indicate that they are poorly constrained over this earlier period. An 
accurate, highly resolved estimate of GMSL change that extends 
across the past 4 ka is thus critical for establishing both the degree of 
stability of the cryosphere during the relatively equable climate of 
the Late Holocene and the extent to which sea-level rise over the past 
century and decades is an anomalous consequence of human-induced 
global warming (6–8).

GMSL is commonly reconstructed by compiling globally distributed 
individual relative sea level (RSL) records after consideration for 
specific local to regional processes including glacial isostatic adjust-
ment (GIA), tectonics, sediment compaction, and mantle dynamic 
topography (for records extending tens of thousands of years) (3, 9, 10). 
Even at far-field sites (i.e., those that are located distant from major 

glaciation centers), the RSL signal is not immune to GIA and may 
record substantial departures from GMSL (11). Thus, in general, the 
inference of GMSL from such data is often coupled to assumptions 
regarding the two primary inputs to GIA models, global ice history 
and mantle viscosity structure. As we demonstrate herein, Mallorca, 
an island in the western Mediterranean Sea that has a long history 
of tectonic stability (the Supplementary Materials and fig. S1A) and 
hosts many littoral caves containing phreatic overgrowths on speleo-
thems (POS) (12), is a promising location for establishing a high- 
resolution time series of GMSL throughout the Late Holocene.

RESULTS AND DISCUSSION
POS data and RSL in Mallorca
POS are gaining recognition as precise still-stand sea level gauges 
that cover up to millennial time scales (13–15). Their morphologies 
include knob, spindle, or composite and depend on the length of 
the vadose speleothem upon which they grow (usually stalactites), 
the duration that it remained immersed in water, and the amplitude 
of the RSL change (Fig. 1 and the Supplementary Materials). Because 
they only form within the tidal range (~0.25 m), POS unambiguously 
capture the vertical extent [i.e., indicative range (IR)] of sea level, 
and their thickest part corresponds to the reference water level (RWL), 
which is the position of MSL (Fig. 1A) for the period of POS growth. 
These two attributes, supplemented with exact location, accurate 
elevation, and subcentury-scale uranium-series (U-series) chronolo-
gies, make POS meaningful sea level index points that allow for 
accurate and precise (decimeter-scale) RSL reconstructions (see the 
Supplementary Materials). To date, because of sample-specific ver-
tical and temporal uncertainties, only a handful of other sea level 
proxies have provided RSL records that capture well-dated, subme-
ter sea level fluctuations (16, 17).

Our Late Holocene sea level estimates (~3.9 ka B.P. to 1900 CE) 
are based on 136 new, precise U-series dates of 13 POS samples 
(table S1) obtained from eight caves along the southern and eastern 
coastline of the island of Mallorca (fig. S1B). The data show two distinct 
RSL still-stand intervals in the Late Holocene: approximately −0.25 ± 
0.1 m from ~3.89 ± 0.02 to 3.26 ± 0.01 ka (hereafter, ± refers to 2 
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unless otherwise specified) and  ~0  ±  0.05  m from 2.84  ±  0.02 to 
0.03 ± 0.004 ka, both relative to the pre-20th century GMSL (Fig. 2). 
The composite POS samples from Coves del Drac depict a distinct 
and relatively rapid sea-level rise of ~0.25 m at ~3 ka, allowing for 
the direct measurement of the elevation difference between the fossil 
POS and its modern analog (fig. S2). Thus, they represent an ideal 
single-site setting for determining the magnitude of RSL change (18). 
Moreover, most POS are composed of aragonite and can be accu-
rately and precisely dated (14). For example, samples DR-D15b and 
DR-D18b establish a paleo-RSL position at −0.25 ± 0.1 m from 3.89 
to 3.26 ka (the Supplementary Materials, Fig. 2, and figs. S3 and S4).

Sample DR-D7b exhibits some minor growth during the period 
of sea-level rise, but the main overgrowth of this POS formed at the 
preindustrial level between 2.78 ± 0.19 and 0.50 ± 0.02 ka (fig. S5). 
Similar conducive conditions for carbonate deposition at sea level 
(i.e., preexisting vadose speleothems and/or appropriate geochemical 
conditions) must have existed in other caves on the island (within 
50 km of each other; fig. S1) since 73 of the U-series ages of samples 
from seven caves contribute further evidence of near-modern sea 
level since 2.84 ka (Fig. 2 and table S1). Because of the POS shape 
and highly resolved growth rate, we report RSL estimates for each 
sample data point in the past 2840 years with 0.07-m uncertainty 
(RSL-POS; fig. S6).

A Bayesian statistical change-point model (19) applied to our POS 
data (the Supplementary Materials) estimates a sea-level rise of ~0.20 m 
(95% credible interval between 0.12 and 0.31 m) from ~3.26 to 2.84 ka 
B.P. with a mean rate of RSL change of ~0.54 mm year−1 (95% con-
fidence interval between 0.30 and 0.91 mm year−1). Our results show 
that, after that rise, RSL stayed within 0.08 m (95% confidence in-
terval) of preindustrial levels from 2.84 ka B.P. to 1900 CE (Fig. 2 
and tables S2 and S3). Except for the sea-level rise event between 
3.26 and 2.84 ka, the aggregated results show only a few short gaps 
of up to 150 years between sample ages from the past 4000 years. 
The 0.35-m length of individual POS and their near-continuous 
growth preclude the possibility of sea level oscillations larger than 
0.35 m on centennial time scales (the Supplementary Materials and 
figs. S5, S7, and S8).

Our POS-derived constraint on RSL over the past 2500 years 
(RSLPOS) is largely consistent with the submillennial-scale variability 
in two independent estimates (1, 8) of GMSL (Fig. 2). Although local 
RSL at Mallorca cannot be directly equated to GMSL, we repeated 
the probabilistic analysis in (8) and compared the GMSL curve with 
the local solution at Mallorca estimated in that analysis and found 
that their amplitude and temporal variability were broadly qualita-
tively consistent. As we noted earlier, the disagreement in the two 
GMSL curves before ~2.5 ka in Fig. 2 reflects the relatively weak 
observational constraints over this period adopted in these analyses, 
and neither analysis was able to rule out a long-term trend in the 
estimates. In addition, a recent compilation of Holocene RSL records 
from the western Mediterranean includes a small number of data from 
Mallorca (20), which indicate that local sea level remained within 
±1 m (2) of the present day. The RSLPOS curve falls within the 2 
uncertainty of these and other records to the north along the Balearic 
Sea and Gulf of Lion mainland coasts (20).

GIA modeling
Mallorca sits in a geologically stable region, away from any of the major 
tectonic boundaries that exist in the Mediterranean basin. The absence 
of significant earthquake activity (i.e., M > 3.5) in historical times 
(21) and minimal vertical motions since the Upper Miocene (the Supple-
mentary Materials) (15, 22, 23), suggest that Mallorca represents one of 
the most tectonically stable regions in the western Mediterranean Sea. 
Therefore, we assume that tectonics has had a negligible influence 
on the Late Holocene RSL evolution, and no correction for vertical 
displacements is applied to our sea level index points.

We conclude that the relatively rapid ~0.20-m increase in RSL 
between 3.26 and 2.89 ka resolved by the POS record reflects net 
melting from ice sheets and glaciers over this period. What were 
possible sources for this event? Sourcing the event entirely from glacier 
mass flux is unlikely, given that ~0.20 m of sea-level rise is compara-
ble to the total present-day volume of glaciers outside Antarctica 
and Greenland (24). We also discount the Greenland Ice Sheet (GrIS) 
as the significant source, given that sedimentary evidence (25, 26) 
indicate that the perimeter of the ice sheet has remained close to the 
present-day extent over the past 4000 years. The potential for rela-
tively rapid instability of ice within the many marine-terminating 
basins in Antarctica suggests that the associated ice sheet was the most 
likely source of the 0.20-m sea-level rise in Mallorca. This suggestion 
is supported by evidence from cosmogenic exposure ages (27, 28) of 
thinning of some sectors of the West Antarctic Ice Sheet (WAIS) 
that persisted until at least ~2.5 ka (28, 29) and large-scale ice sheet 
reconstructions that are characterized by continuing ice mass loss 
from Antarctica after 4 ka (28, 29).

The question arises: Is there a plausible model of the GIA pro-
cess since the Last Glacial Maximum that is consistent with the 
POS-derived RSL history at Mallorca? Across the Late Holocene, 
departures from GMSL at Mallorca would largely be controlled by 
two GIA-related processes. (i) Continental levering: Meltwater load-
ing of the Mediterranean that acts to tilt the crust down, and thus 
raise sea level, offshore of the Spanish coastline, including at Mallorca; 
and (ii) ocean syphoning: a migration of water away from far field 
sites, including Mallorca, toward offshore zones at the periphery of 
former ice cover that are undergoing subsidence, yielding a sea-level 
fall at such sites (11). In GIA modeling, the net effect of these processes 
depends on the adopted ice history, mantle viscosity structure, and 
lithosphere thickness. Previous studies assumed negligible GMSL 
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Fig. 1. Holocene POS in Mallorca. (A) Schematic representation of the indicative 
meaning of POS. RSL is measured by subtracting POS’s RWL from its elevation rela-
tive to modern sea level. IR, indicative range; ht, high tide; lt, low tide. (B) Drawing 
depicting types of POS growth. 1, Knob-type POS encrusting a stalactite that was 
too short to allow growth over the full tidal range (i.e., only high-tide growth); 2, 
spindle-shaped POS precipitated on a column over the entire tidal range as shown 
in (A) and 2a/b. (C) Composite POS in Coves del Drac formed during sea level still 
stand no. 1 (2b) and after a sea-level rise to still stand no. 2 (2a). Photo credit: B. P. Onac, 
University of South Florida.
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change across the Late Holocene and predicted a monotonic sea-level 
rise (and thus a dominance of continental levering effects) near 
Mallorca of magnitude of ~0.5 to 1.0 m ka−1 (30–32). If these predic-
tions are accurate, then the flat, POS-derived RSL curve (Fig. 2) would 
require significant growth in ground ice cover across the Late 
Holocene, which is not supported by existing evidence (16, 17).

To explore this apparent inconsistency, we have generated a 
large suite of GIA predictions based on a gravitationally self-consistent 
sea level theory (Materials and Methods) and a wide range of Earth 
models in which we varied the lithospheric thickness (LT) and 
upper (num) and lower (nlm) mantle viscosity. To begin, we adopt 
the ICE-6G deglaciation history (33). This history is coupled to the 
VM5 Earth model defined by a LT of 90 km, num = 5 × 1020 Pa s, 
and nlm that varies with depth from 2 to 3 × 1021 Pa s. A prediction 
of RSL change at Mallorca based on this GIA model is characterized 
by a net sea-level rise of ~2 m since 4 ka (Fig. 3A, solid red line), 
consistent with earlier calculations cited above. Tomographic imaging 
of mantle seismic structure below Mallorca indicates an extensive 
region of low shear wave velocities within the upper mantle (34, 35). 
Under the assumption that these anomalies have a thermal origin, 
they imply a zone of viscosity beneath the lithosphere that is signifi-
cantly lower than the VM5 value (fig. S10). To test the implications 
of this structure, we have repeated the ICE-6G/VM5 calculation with 
the exception that we adopt a suite of progressively weaker num in 
the range of 1 to 5 × 1020 Pa s (Fig. 3A).

These predictions indicate that a model with num values between 
1020 and 1.5 × 1020 Pa s will yield a relatively flat RSL curve since 4 ka. 
A prediction for the specific case of 1.3 × 1020 Pa s is shown in Fig. 3B 
(solid blue line). For this case, we also show a second prediction in 
which the ice history is augmented by rapid mass flux from WAIS 
between 3.26 and 2.84 ka equivalent to 0.22 m of the GMSL rise 
(Fig. 3B, dashed blue line). This latter prediction provides an excellent 
fit to the full POS-derived RSL history over the past 4 ka, including 
both segments of RSL still stands and the intervening RSL increase 
of ~0.20 m (the Supplementary Materials).

To test whether our fit to the POS-derived RSL record is sensi-
tive to the adopted ice history, we also considered the global ice history 
extending over the last glacial cycle described in (29) [henceforth 
the “ANU” (Australian National University) ice history], which is 
based on a systematic set of regional GIA studies of RSL records. 
In contrast to ICE-6G, where no such melting occurs, the ANU 
reconstruction of ice history permits Antarctic ice mass flux of up to 
1 m (GMSL equivalent) from 4 ka to the end of the 19th century. 
The analysis in (29) derived two classes of preferred Earth model 
defined by values for LT, num, and nlm. Both favor LT values of 40 to 
70 km and upper mantle viscosities of 1 × 1020 to 2 × 1020 Pa s. The two 
classes differ in their preferred values of lower mantle viscosities, 
with one group in the range of 7 × 1020 to 4 × 1021 Pa s and the second 
in the range of 1 × 1022 to 2 × 1023 Pa s. We have adopted Earth models 
that encompassed an even broader range than these parameters, 
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Fig. 2. Mallorca POS-derived Late Holocene RSL. A Bayesian statistical analysis (19) of the POS data (green and yellow envelopes denote the 67 and 95% credible inter-
vals, respectively) shows that RSL (uncorrected for GIA) remained still at −0.25 m between ~3.9 and ~3.3 ka and at preindustrial GMSL for the past ~2.8 ka. Blue and red 
curves show the GMSL with respect to 1900 CE (mean with 1 uncertainties) in (1) and (8), respectively. Solid circles and open rhombs denote POS analyzed at University 
of New Mexico and University of Bern, respectively. The inset focuses on the RSL position measured in three caves since 2008. Codes in the legend represent the identifi-
ers of each U-series dated POS as listed in table S1. Vertical uncertainties on the POS data are omitted from the figure but are shown on fig. S18A.
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specifically: LT  =  35 to 100 km, num  =  1020 to 1021 Pa s, and 
nlm = 7 × 1020 to 5 × 1022 Pa s. We found no single model capable of 
fitting the POS-derived RSL curve when we included the 4 ka to 
recent melting of the ANU ice history. When this mass flux was 
excluded, however, satisfactory fits were obtained and the prediction 
that best fit the POS-derived RSL data over the past 2840 years was 
characterized by values of LT = 60 km, num = 1.5 × 1020 Pa s, and 
nlm = 2 × 1021 Pa s (Fig. 3B, solid red line). The first two of these 
values fall in the middle of the preferred ranges cited in (29) for LT 
and num, while the third is at the center of one of the two classes of 
preferred lower mantle models. The prediction based on this model, 
as well as a case in which the model is once again augmented by WAIS 
melting between 3.26 and 2.84 ka equivalent to 0.22 m of GMSL rise, 
is shown in Fig. 3B (red lines).

The two Earth models in Fig. 3B that fit the observations are 
consistent and suggest an num of ~1020 Pa s. These models bring the 

magnitude of the continental levering-induced sea-level rise at 
Mallorca into close accord with the ocean syphoning–related sea-level 
fall; the net effect is an RSL prediction that remains flat over the past 
4 ka and within the bound imposed by the POS data when an addi-
tional, short-lived melt event at ~3 ka is added to the ice history. These 
results demonstrate that the POS-derived RSL record does not re-
quire continuous ice sheet growth over the Late Holocene. We note 
that one of our GIA simulations (green curve in Fig. 3A) predict a 
minor sea level fall over the past 4000 years, and if this was correct, 
then it would admit the possibility of a low-amplitude, long-term 
GMSL melt signal across the Late Holocene that nearly precisely 
cancels out the ongoing GIA effects. In any case, our constraints sug-
gest a net GMSL rise since 4 ka that is intermediate to the ICE-6G 
history, which is characterized by no GMSL change during this period, 
and the ANU model, which involves a GMSL rise of 1 m across the 
same time window.
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Fig. 3. Comparison between RSL observations (POS) and predictions from GIA models in Mallorca over the past 5000 years. (A) Predictions based on the ICE-6G 
history and the VM5 viscosity model (red line) as well as a series of additional Earth models in which the num of VM5 is progressively reduced from 0.4 × 1021 to 0.1 × 1021 Pa s (num, 
as labeled, in units of 1021 Pa s). UM, upper mantle. (B) Prediction (solid blue) based on the ICE-6G ice history and the VM5 Earth model with the exception that the num of 
that model is reduced to 1.3 × 1020 Pa s. The dashed blue line is identical to the solid but augmented to include a linear melt event from WAIS between 3.26 and 2.84 ka 
equivalent to 0.22-m GMSL, which would be necessary for a ~0.25-m RSL change in Mallorca. To achieve the same sea-level rise at Mallorca from GrIS melt would require 
a mass flux equivalent to ~0.5 m of the GMSL rise, which is unlikely, given the arguments cited above favoring WAIS as the source. The red lines are analogous to the blue, 
except that the Australian National University (ANU) ice history is adopted (with the component of melt in that model over the past 4 ka removed) and the adopted Earth 
model has LT = 60 km, num = 1.5 × 1020 Pa s, and nlm = 2 × 1021 Pa s. Solid black circles (with age uncertainties) represent POS elevations transferred from Fig. 2, the green 
and yellow shaded envelopes representing 67 and 95% credible intervals, respectively, determined from the Bayesian change point model.
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The negligible contribution of ongoing GIA to RSL at Mallorca 
across the Late Holocene implies its absence in the 21st century sea- 
level change. Monitoring of RSL from three caves in Mallorca since 
2008 yields an average rise of 2.05 ± 0.58 mm year−1 (Materials and 
Methods). Models of sea-level change due to recent ice mass loss 
from the Greenland and Antarctic ice sheets and a global database of 
glaciers and ice caps predict an average sea-level rise of 1.43 mm year−1 
at Mallorca in the period 2002–2019 (Materials and Methods and 
fig. S11). Any small discrepancy between these two values would likely 
be due to the contribution of ocean dynamic and steric effects to 
modern sea-level change (36, 37).

We have inferred a long period of stable RSL across the Late 
Holocene from the statistical analysis of POS records in Mallorca, 
except for a relatively rapid increase of ~0.20 m between 3.26 and 
2.84 ka (the Supplementary Materials). This inference has important 
implications for the climate system. For example, the flat RSL history 
since 2.84 ka coincides with a period of substantial climatic variability, 
including, for example, the Medieval Warm Period and the Little 
Ice Age.

The sixth assessment report of the Intergovernmental Panel on 
Climate Change (IPCC) estimates an average GMSL rise from 1993 to 
2018 of 3.25 mm year−1 (95% confidence interval between 2.88 and 
3.61) (38). We have estimated an average rate of RSL change at 
Mallorca of 0.54 mm year−1 (95% confidence interval between 0.30 
and 0.91 mm year−1) over the time period from ~3.26 to ~2.84 ka. If 
the Antarctic Ice Sheet was the source for this sea-level rise, then the 
average rate of GMSL change over the ~400-year interval would be 
~10% less than the Mallorca rise (i.e., 95% confidence interval 
between 0.27 and 0.83 mm year−1); the inferred GMSL rate would 
double if the GrIS was the source. In either case, the probability that 
the rate of GMSL change estimated by the IPCC over the 1993–2018 
period is greater than the GMSL rate that would result from the 
estimated RSL change from our POS record is >0.999, and we con-
clude that modern global sea-level rise is highly anomalous relative 
to any natural variability in ice volumes over the past 4000 years.

MATERIALS AND METHODS
Data treatment and statistics
We use a Bayesian hierarchical framework to partition uncertain-
ties among model levels. These uncertainties are estimated through 
a universal approach (briefly described) and include age and RSL 
uncertainty inherent in measurement and inference [e.g., (39, 40)]. 
Geological sea level proxies are derived from sediments, fossils, and 
geomorphological and archaeological features, the formation of which 
was controlled by the past position of RSL (18). These sea level proxies 
have a systematic and quantifiable relationship to elevation with re-
spect to a tidal datum (e.g., MSL). The relationship of a proxy to sea 
level, known as the proxy’s indicative meaning, is defined by (i) an 
RWL, which approximates the central tendency (e.g., mean or median) 
of the proxy with respect to a tidal datum, and (ii) an IR, which de-
scribes the vertical distribution of the proxy in relation to its RWL. For 
POS, the RWL is MSL and therefore corresponds to 0 elevation dif-
ference, and the IR is assumed to follow a normal distribution based 
on the length of the POS. The total uncertainty for each sample is a 
combination of the IR and measurement uncertainties, which are 
related to depth (see the Supplementary Materials).

Dated sea level proxies approximate the past position of RSL as 
RSL = E – RWL, where E is the true (latent) elevation of the proxy 

record (40). Each sample has unique uncertainty estimates based on 
measurement error in E, the inferential uncertainty (from IR) and 
age uncertainty from measurement, and inferential uncertainties 
associated with the method used to date the sample (e.g., laboratory 
and calibration uncertainties for radiometrically dated samples). When 
reconstructing RSL, the IR and elevation uncertainties are assumed 
to be uncorrelated.

Bayesian change-point analysis was performed in R using Just 
Another Gibbs Sampler (JAGS) following (19), where we assume 
that the POS data can be modeled as a piecewise linear continuous 
function with two change points. The model estimates probabilistic 
distributions of parameters (including the timing of change points 
and the rates of change of each linear section), RSL, and rates of RSL 
change through Markov chain Monte Carlo methods, accounting 
for uncertainties in the level and age of each sample (tables S2 and 
S3). More details on model specification, parameter estimates, and 
statistical results can be found in the Supplementary Materials.

U-series analytical methods
Subsample powders analyzed in the Radiogenic Isotope Laboratory 
at University of New Mexico were collected by milling of those sam-
ples that could easily be drilled, and subsample pieces were extracted 
from samples too porous to mill. Powder amounts ranged from 
10 to 200 mg. Powders and pieces were completely dissolved in 15 N 
HNO3 in Teflon beakers and spiked with a mixed solution of 229Th, 
233U, and 236U tracer. One to two drops of HClO4 were added, and 
the sample-spike mixture were fluxed for about 2 hours and dried 
down to assure complete mixing and removal of organic matter in 
the samples. After cooling, the subsample crust was dissolved in 7 N 
HNO3 for anion resin (Eichrom 1x8, 200 to 400 mesh, chloride form) 
columns chemistry. Subsamples were clean in the columns using 
7 HNO3 to remove the matrix. The Th fraction was eluted with 6 N 
HCl and the U using H2O.

U and Th were analyzed separately using a Thermo Scientific 
Neptune plus multicollector inductively coupled plasma mass spec-
trometer (ICP-MS) in static mode, because our instrument has 
enough detectors for all the peaks. The U and Th solutions were 
introduced using an Aridus II desolvating nebulizer, which enhances 
signal intensity by about a factor of 4. All isotopes, except 230Th and 
234U, were measured on Faraday cups with 1010-, 1011-, and 1012-
ohm resistors, depending on signal intensity. 230Th and 234U were 
measured on the secondary electron multiplier, with a retardation 
potential that provides low abundance sensitivity (~5 × 10−7). Gain 
calibration between the Faraday cups and scanning electron micro-
scope was done using the U standard CRM-112 and an in-house 
230Th-229Th standard. Dates were calculated using the decay constants 
in (41).

For the analysis performed at the University of Bern (Switzerland), 
0.1 to 0.2 g of sample chip were spiked with a mixed 229Th-236U spike 
and dissolved in concentrated HNO3 and taken to dryness. Organic 
material, if present, was attacked with 0.5  ml of H2O2  +  HNO3 
(concentrated). U and Th were separated on a custom-built poly-
tetrafluoroethylene column using 0.2 ml of UTEVA resin. After 
evaporation, the fractions were again treated with a cold O2 plasma 
in a Bio-Rad PT 7100 radio frequency plasma barrel etcher to remove 
organic remnants from the resin (42).

U and Th mass spectrometry was done on an Nu Instruments 
multicollector ICP-MS equipped with a wide aperture retardation 
potential, capable of an abundance sensitivity <0.1 parts per million 
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(ppm). Samples were introduced using an Elemental Scientific, Inc. 
Apex desolvating system without membrane.

U measurements were done from 0.5 N HNO3 solutions in static 
mode, whereby masses 236 and 234 were measured in parallel elec-
tron multipliers and masses 235 and 238 in Faraday cups. Baselines 
were taken on either side of peaks and interpolated. The electron 
multiplier yield was calibrated every four samples by running a NIST 
U050 solution and found to drift by less than 0.2% per day. The 
238U/235U ratio was used for instrumental fractionation correction if 
the 238U signal was greater than 10−11 A; if smaller, then the fraction-
ation factor was input from bracketing standards. Normal washout 
time for U between samples was 5 min with 0.5 N HNO3 [< 1 per 
mil (‰) memory]; longer washout times were used where signifi-
cant isotope differences between samples were expected. Runs on 
the NBL-112 standard yielded 234U = −38.5‰, where the equilib-
rium ratio is after (41, 43). Th measurements were made from 3 N 
HCl solutions in a two-cycle multicollector dynamic mode, whereby 
one electron multiplier fitted with WARP alternatingly measured 
masses 229 and 230. U standard was added to Th run solutions for 
two reasons: first, to enable correction for instrumental mass frac-
tionation, and second, to provide a reference isotope (238) to elimi-
nate the effects of plasma flicker in obtaining the 229Th/230Th ratios. 
Variations of U and Th signals during the run are fully correlated if 
no organic matter is present. Baselines were measured at masses 229.5 
and 230.5 for samples and standards with significant (>10−12A) 232Th. 
For stalagmites, the baseline was quite flat and measured at mass 
230.5. Washout time was 15 min to 1‰ of the Th signal, if the 
capillary and nebulizer were free of organics. Ages calculations used 
the decay constants in (41).

U-Th dates were corrected for 230Th that is associated with detrital 
232Th using an initial 230Th/232Th activity ratio value. To correct our 
dates, both laboratories used high values (8.2 ± 4.1 activity ratio or 
44 ± 22 ppm atomic ratio) that were previously measured for POS 
in Mallorca (14) for samples having measured 230Th/232Th activity 
ratios of >40 and the crustal value (0.82 ± 0.41 activity ratio or 
4.4 ± 2.2 ppm atomic ratio) for samples having measured 230Th/232Th 
activity ratios of <40. The one exception was sample POS GE-D08, 
a dirty sample that has a measured initial 230Th/232Th activity ratio 
of 1.48 ± 0.74 or 8.0 ± 4.0 ppm. The lower initial values are only 
used as supportive results, and those values were not used for esti-
mating the sea level curve in Fig. 2. For the curve, we rejected all age 
results having uncertainties larger than 250 years.

GIA modeling
Our predictions of RSL change are global in extent and are based on 
a gravitationally self-consistent sea level theory that accounts for 
migrating shorelines due to local rise or fall of sea level, the changing 
perimeter of grounded, marine-based ice sheets, and the impact on 
sea level of perturbations in Earth’s rotation (44, 45). The calcula-
tions adopt the pseudo-spectral sea level algorithm of (44) with a 
truncation at degree and order 256. As described here, we adopt 
two ice histories. The first, the ANU model (5), initiates at the end 
of the Last Interglacial (120 ka), while the second, ICE-6G (7), starts 
at the Last Glacial Maximum (25 ka). The Earth models considered in 
the calculations assume one-dimensional, i.e., depth varying structure. 
The density and elastic profile through the model are prescribed 
from the seismic Preliminary Reference Earth Model (46). In 
addition, the viscosity profile is discretized into three layers: the 
shallowest, the lithosphere, a region of effectively infinite viscosity 

(i.e., the region acts as an elastic plate), and two isoviscous layers, 
one extending from the base of the lithosphere to the base of the 
upper mantle at a depth of 670 km, and the other covering the entire 
lower mantle. The thickness of the elastic lithosphere and the 
num and nlm serve as free parameters in the modeling (see GIA 
modeling section).

Modern sea-level elevation measurements
The modern RSL positions reported in Fig. 2 (inset) were measured 
irregularly over the past 11 years in two caves. The 2008 and 2010 
elevations (the mean of two readings for each year) were referenced 
to the RWL defined by several spindle POS surrounding PV 1681 
that grew from 1801 ± 13 to 313 ± 4 years B.P. at preindustrial sea 
level in Cova des Pas de Vallgornera (fig. S13). The remaining mea-
surements were made in Cova de Cala Varques A against a well- 
defined preindustrial POS horizon (fig. S14). Because there are 
several types of processes with atmospheric and astronomical forcing 
(e.g., barometric pressure, waves, tides, steric changes, etc.) that re-
sult in sea level variability on time scales of hours to several days 
or years, the in situ cave readings were first corrected for tide and 
barometric pressure. These values yielded a mean annual sea-level 
rise of 2.05 ± 0.58 mm year−1 (2) for the past 11 years. The Permanent 
Service for Mean Sea Level reports a long term (1997–2018) rate of 
2.18 ± 2.39 mm year−1 for the Palma de Mallorca tide gauge record; 
the uncertainty would be higher for the rate based on data after 2008 
(https://sealevel.info/MSL_graph.php?id=225-011) (47).

Ocean steric and dynamic effects are not captured in our numerically 
predicted sea-level change of 1.43 mm year−1 for 2008–2019 associated 
with ice sheet and glacier mass flux (see the “Predicted sea-level change 
in Mallorca (2002–2019)” section below). To better compare this pre-
diction to the observed value, we can subtract from the latter the sea 
level increase due to steric effects that was estimated to be 0.47 ± 
0.04 mm (48). The new mean annual value (1.58 ± 0.58 mm year−1) 
is consistent with the predicted ice melt contribution. These values are 
well below the recently estimated GMSL trend of 3.7 ± 0.3 mm year−1 
since 2000 CE (38). The discrepancy between the Mallorca-based 
sea-level rise and the assessed global trend is not unexpected, given 
the significant geographic variability that characterizes processes 
contributing to modern sea-level change.

Predicted sea-level change in Mallorca (2002–2019)
The total sea level prediction, produced by ice mass loss from the 
Antarctic and Greenland ice sheets and a global database of glaciers 
and ice caps in the period 2002–2019, yields an average sea-level rise 
of 1.43 mm year−1 since 2008 (black line in fig. S11). Predictions are 
based on the same sea level theory used to compute the results in 
Fig. 3 (described above), with the exception that the Earth model is 
elastic and a truncation at spherical harmonic degree and order 512 
is adopted. Yearly average ice mass changes for the Greenland and 
Antarctic ice sheets are calculated from Gravity Recovery and Climate 
Experiment (GRACE) and GRACE-Follow-On–derived mass balance 
time series given in (49) and are projected across the corresponding 
drainage basins (50, 51). Tests using a higher spatial resolution–
calibrated radar altimetry mass balance dataset for Greenland (52) 
yielded similar sea level curves to the low–spatial resolution GRACE 
data shown in fig. S11. Yearly average ice mass changes for a global 
inventory of glaciers and ice caps are calculated from GRACE and 
GRACE-Follow-On–derived mass balance data given in (53). We 
pair these yearly ice mass balances with static glacier outlines from 
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the Randolph Glacier Inventory (54) to establish a complete history 
of glacier and ice cap evolution.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm6185
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