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1 Teaser:
2 Sea-level data from a past warm period (the Last Interglacial) are used to constrain the past (and
3 potential future) contribution of the Antarctic Ice Sheet to multi-meter global sea-level rise.
4
5 Short title: Antarctic Ice Sheet change during the Last Interglacial
6
7

8 Abstract

9 Polar temperatures during the Last Interglacial (LIG; ~129-116 ka) were warmer than today,
0        making this time period an important testing ground to better understand how ice sheets respond
1        to warming. Yet it remains debated how much and when the Antarctic and Greenland ice sheets
2        changed during this period. Here we present a combination of new and existing absolutely dated
3 LIG sea-level observations from southwest Britain, northern France, and Denmark. Due to glacial
4 isostatic adjustment (GIA), the LIG Greenland ice melt contribution to sea-level change in this
5 region is small, which allows us to constrain Antarctic ice melt. Combining data and GIA
6 modelling, we find that the Antarctic contribution to LIG global mean sea level peaked early in
7 the interglacial (prior to 125 ka), with a maximum contribution of 5.6 m (50th percentile, 3.3–8.8
8 m central 68% probability) before declining. Our results support an asynchronous melt history
9 over the LIG, with an early Antarctic contribution followed by later Greenland ice-sheet mass
0 loss.
1
2

3 MAIN TEXT
4
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6

7 It is extremely likely that global temperatures will be 2°C warmer than pre-industrial levels by 2100
8 (1). While predictions of emissions and temperature are somewhat well constrained and depend on
9 Representative Concentration (2) or Shared Socioeconomic (3) Pathways, the sea-level response to
0 different amounts of warming is less certain (4). Furthermore, a greater understanding of the
1 complexities of ice-Earth-ocean processes associated with ice sheets has increased uncertainty in
2 sea-level projections in the AR6 IPCC report (4) compared to earlier reports. The current likely
3 range (central 68% probability) of global mean sea-level (GMSL) rise by 2100 from low- (SSP1-4

2.6) to high- (SSP5-8.5) end scenarios is 0.33–1.02 m (4), but this range increases significantly
5 when the potential effects of marine ice-cliff instability in Antarctica are considered (5, 6). As mass
6 loss from the Greenland Ice Sheet (GIS) and mountain glaciers closely track temperature, their
7 futures largely depend on emissions scenario (7). However, the Antarctic Ice Sheet (AIS) is
8 susceptible to dynamic instabilities from calving (8), grounding line retreat (9), basal melting (10),
9 hydrofracturing (11), marine-ice sheet instability (12) and potentially marine ice-cliff instability
0 (11) – effects that mean the ice sheet response to future warming is poorly understood (13). This
1 deep uncertainty surrounding nonlinear instabilities of the AIS dominates the uncertainty in sea-2

level projections (5), limiting their usability for managing coastal risk (14).
3
4 Paleo sea-level data from past warm periods, when GMSL was meters higher than present, can
5 yield crucial insights into how the AIS will respond to warming (15). The LIG period is
6 characterized by warmer than present polar temperatures (16, 17) and GMSL 5 to 10 m higher than
7 present day (4, 15). These characteristics are therefore useful for understanding future sea-level rise
8 (6, 18, 19). However, in general there remains low agreement in LIG GMSL related to its magnitude
9 (e.g. 6.6–9.4 m based on a global data compilation (20) to 1.2–5.3 m based on data from the
0 Bahamas (21)), timing (e.g. sea level peak early in the LIG in the Seychelles (22) and Red Sea (23)
1 versus late in Western Australia (24)), structure (e.g. unimodal (25), dual-peaked (20), or multi-2

peaked (23)) and melt source (GIS or AIS (4)). Currently, constraints for the Antarctic contribution
3 to LIG GMSL have been inferred from relative sea-level (RSL) curves from single regions (e.g. the
4 Seychelles (6)) or probabilistic assessments of globally distributed datasets (20). To estimate the
5 GMSL contribution from Antarctica, the contributions from all sources (e.g., solid Earth,
6 Greenland, Antarctica, glaciers and thermal expansion) must be deconvolved from LIG RSL
7 curves, which requires assumptions about each source, particularly the magnitude of GIS mass loss.
8 Most LIG RSL data come from sites in the intermediate- and far-field of (i.e., distal to) Late
9 Pleistocene ice sheets. However, these locations undergo RSL changes driven by mass loss from
0 both the AIS and GIS (26), which makes distinguishing the relative contributions from the different
1 ice sheets challenging (27). There is a pressing need for an observationally constrained estimate of
2 the Antarctic contribution to LIG GMSL to better parameterize next generation GMSL projections,
3 and new data from near-field locations provide this opportunity (15, 28).
4
5 Here we present a new LIG RSL reconstruction for northwest (NW) Europe, a region whose
6 proximity to Greenland makes local sea-level changes not very sensitive to GIS mass loss,
7 particularly in the early LIG (26, 28), but very sensitive to mass loss from Antarctica (Fig. 1a,b).
8 We report new geochronological controls for three LIG coastal sites in southwest (SW) Britain and
9 compile a database of absolutely dated (i.e., ages are not inferred through relative techniques) LIG
0 coastal features from a further thirteen sites across NW Europe (Fig. 1; Supplementary Data).
1 Working within a near-field region raises the challenge of large uncertainties in the GIA correction
2 associated with Late Pleistocene ice mass changes, here the Eurasian Ice Sheet (29, 30) (Fig. 1c,d).
3 However, our database allows us to reduce the GIA uncertainty by leveraging spatial trends within
4 our data to identify the most likely GIA scenarios within a large range of model runs (n = 576;
5 Materials and Methods). We estimate long-term deformation due to mantle dynamic topography
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6 (31), crustal deformation, or sediment loading (32) using Pliocene marine platforms at each site
7 assuming constant uplift rates. Our data, long-term deformation estimates, and GIA models are
8 combined within a Bayesian framework to infer a regionally self-consistent estimate of the glacial
9 GIA-corrected sea-level (see Materials and Methods). We emphasize that ‘glacial GIA-corrected’
0 refers to GIA corrections related to ice changes before and after, but not during, the LIG. We
1 account for that contribution (interglacial GIA correction) separately by modelling the local sea-2

level response to a range of GIS melt scenarios during the LIG. The glacial GIA-corrected sea-level
3 estimate, with subtraction of the sea-level contributions from Greenland, mountain glaciers and
4 thermal expansion, results in a new observationally constrained estimate of the Antarctic
5 contribution to GMSL during the LIG. It is possible that the Laurentide ice sheet was still present
6 during the early LIG (33), in which case this procedure yields a lower bound for the Antarctic
7 contribution to LIG GMSL.
8

9
0 Results and Discussion
1

2 Coastal sea-level indicators
3

4 We present new absolute age constraints for three LIG coastal sequences in SW Britain using
5 optical dating of quartz and K-feldspar sand grains (Materials and Methods). The coastal sequences
6 belong to the Godrevy Member of the Penwith Formation (34) and comprise LIG littoral deposits
7 that occupy (interglacial) wave-cut platforms in Devon and Cornwall (35, 36). Basal intertidal
8 pebble-beach foreshore facies are overlain by sandy-beach backshore deposits that, in some
9 locations, grade upwards into dune sands. Samples from the basal contacts of the sandy-beach
0 backshore deposits at all sites (4.4–6.4 m ODN; Ordnance Datum Newlyn) date to Marine Isotope
1 Stage (MIS) 5e (i.e., 1σ age uncertainties overlap with 129 – 116 ka) (Table 1; Supplementary
2 Data). Two further samples of cemented beach sands unconformably overlying shore platforms
3 with wave-cut notches at elevations of 4.4 and 4.7 m ODN date to late MIS 5e. To estimate local
4 RSL in SW Britain, we correct sample elevations for reference water levels of the associated
5 depositional features and calculate error terms from the indicative ranges of the depositional
6 features (37) (Materials and Methods, Supplementary Data). The documented beach facies record
7 the elevation of maximum RSL from which we resolve the mean weighted local LIG RSL highstand
8 in SW Britain to 4.9 ± 1.0 m (1σ).
9

0 Our results are compiled into a dataset of LIG RSL features (e.g. marine sediments, beach facies,
1 dune sands) from across NW Europe (Table 1; Supplementary Data), following established
2 protocols (37). We limit the dataset to data derived from absolute-dating approaches synonymous
3 to our new age constraints (i.e. luminescence, uranium-series), but recognize that this necessitates
4 an omission of data from age-inferred approaches (e.g. pollen zone associations (38)). The dataset
5 includes MIS 5e beach deposits in NW France (mean weighted age 118 ± 7 ka, 1σ) that constrain
6 the RSL highstand there to 4.6 ± 1.2 m (1σ). Relatively younger dune sands overlying these beach
7 facies indicate RSL fall and limit the height of RSL to ≤ 2.7 m during late MIS 5e (112 ± 7 ka, 1σ)
8 and ≤ -3.0 m during MIS 5d (107 ± 7 ka, 1σ). The dataset also includes RSL estimates and terrestrial
9 limiting data points for southern Britain, the Channel Islands and Denmark (Table 1). Given that
0 the limiting data do not allow us to constrain the height of RSL as their elevation of formation may
1 be significantly above the highest tides, and their potential ages outside the MIS 5e range, we did
2 not include limiting data in our sea level modeling.
3

4
5 Glacial GIA-corrected sea level in NW Europe
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6

7 To correct the LIG sea-level database for GIA we consider two contributions: (1) GIA driven by
8 ice mass changes prior to and after the LIG, and (2) GIA driven by ice mass change during the LIG.
9 The first component is assumed to cause the majority of the spatial variability in sea level in this
0 region (Fig. 1). Using a suite of 576 different glacial GIA models therefore allows us to quantify
1 the common sea level signal in NW Europe, which we call ‘glacial GIA-corrected sea level’. In a
2 second step we consider how much of this regional sea level signal is driven by Greenland versus
3 Antarctic ice change during the LIG (accounting for both their GMSL and GIA contribution). Our
4 suite of glacial GIA models represents six ice-sheet configurations with varying sea-level
5 equivalent (SLE) ice volumes in the Eurasian Ice Sheet ranging from 23 m (i.e. equivalent to Last
6 Glacial Maximum, LGM, configuration (39)) to 70 m (40) during the penultimate glacial maximum
7 (Fig. S1). Each scenario is paired with two penultimate deglaciation rate pathways and uses modern
8 ice extent over the course of the LIG. A glacial GIA prediction is generated by calculating the
9 gravitationally self-consistent sea-level response to ice and water mass load changes on a rotating
0 Earth (41) for the varying ice-sheet and Earth model parameters (48 variations of Earth lithosphere
1 thickness and upper- and lower-mantle viscosities, see Materials and Methods).
2
3 Beyond GIA effects, the elevation of LIG sea-level indicators can change after deposition due to
4 crustal deformation from tectonics, offshore sediment loading (32), and mantle dynamic
5 topography (31). We account for the collective effects of this long-term deformation by using the
6 elevation of co-located Pliocene marine platforms (Materials and Methods). We employ a Bayesian
7 framework to infer the most likely sea-level curve by calculating the most likely posterior estimates
8 for GIA and long-term deformation given the spatial and temporal distribution of the RSL data,
9 with prior knowledge specified via the range of GIA models and long-term deformation rates
0 described above.
1
2 By considering the posterior glacial GIA weights, we are able to infer the more plausible ice-sheet
3 histories and Earth structures identified by the Bayesian inversion. The inversion tends to favor
4 glacial GIA models with Eurasian Ice Sheet geometries containing between 24 m and 47 m SLE
5 ice volumes (Fig. S2), suggesting that ice volume in Eurasia during the penultimate deglaciation
6 may have been similar to or greater than ice volumes during the LGM. This is at the lower end of
7 a recent estimate based on ice sheet modeling (42). We find that it is unlikely that the Eurasian Ice
8 Sheet contained a SLE of 71 m as suggested by some ice models (40). The inversion favors ‘slow’
9 deglaciation rates (i.e., starting around 140 ka instead of 135 ka; Fig. S2), unless paired with a small
0 Eurasian Ice Sheet (i.e., 24 m SLE), in which case relatively faster deglaciation rates are more
1 likely. In terms of Earth structure, the inversion shows little preference for lithosphere thickness
2 (i.e., 48 km, 71 km, or 96 km) or upper mantle viscosities, but tends to favor lower mantle
3 viscosities < 15 x 1021 Pa s.
4
5 Our glacial GIA-corrected sea-level estimate shows a high sea level in NW Europe early during the
6 LIG, followed by a gradual fall after 126 ka (Fig. 2a). The posterior RSL curves for locations in
7 NW Europe (Fig. 2b-d) differ from the glacial GIA-corrected sea-level estimate because they
8 include the significant glacial GIA effect in the region (Fig. 1c, d). LIG RSL falls in Denmark over
9 the course of the LIG (Fig. 2b) due to crustal rebound. In contrast, RSL peaked late during the LIG
0 in SW Britain (Fig. 2c) and NW France (Fig. 2d) due to GIA subsidence. Note that the large age
1 uncertainties of our RSL data limit our ability to resolve rates of change during MIS 5e. Next, we
2 leverage the low sensitivity of the region to mass loss from Greenland to derive an estimate of the
3 Antarctic contribution to our glacial GIA-corrected sea-level estimate for NW Europe.
4
5 Antarctic contribution to LIG global mean sea level
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6

7 To estimate the Antarctic contribution to LIG GMSL, we first subtract the effect that Greenland ice
8 change has on sea level in NW Europe. Using Greenland LIG climate-ice sheet models with SLE
9 contributions varying from 0.6 m (43) to 5.1 m (44) (Fig. 3a, S3), we calculate the regional sea-0

level expression of these ice histories in NW Europe by accounting for Earth’s gravitational,
1 rotational, and deformational response to GIS mass loss. Using the same suite of 48 viscosity
2 models from the Bayesian inversion allows us to produce probability distributions for the Greenland
3 contribution to glacial GIA-corrected sea level in NW Europe (Fig. 3a). As expected from the elastic
4 fingerprint prediction (Fig. 1b), initial mass loss from Greenland leads to only a very small increase
5 in sea level. However, after a few thousand years, viscous deformation starts to counteract the
6 gravitational signal leading to increased local sea-level rise in NW Europe (Fig. 3a, S3). The
7 Greenland sea-level signal in NW Europe significantly lags GIS mass loss and the magnitude of
8 mean sea-level rise in NW Europe is significantly smaller than the total SLE mass loss from the ice
9 sheet. Taking the mean local sea-level response across all ice and Earth models suggests that the
0 mean Greenland contribution to sea level in NW Europe is < 1 m and largely occurred during the
1 second half of the interglacial. We note, however, that the magnitude could be up to 3m at the end
2 of the LIG for an end-member ice history and earth structure combination (see Fig. S3). In either
3 case, the majority of the glacial GIA-corrected sea-level signal early during the LIG (Fig. 2a) is
4 attributable to other processes, most importantly mass loss from Antarctica.

5 Subtracting the time-varying Greenland contribution from our glacial GIA-corrected sea-level
6 estimate results in a signal that is the combination of the Antarctic and mountain glacier contribution
7 as well as thermal expansion (Fig. 3b) assuming that the Laurentide ice sheet had melted by 128ka.
8 We next correct for contributions from thermal expansion (0.30 ± 0.22 m, 1σ) (45) and mountain
9 glaciers (0.32 ± 0.08 m, 1σ) (46) assuming that contributions are constant over the LIG. Finally, we
0 correct for the GIA effect of AIS mass loss during the LIG to estimate the Antarctic contribution to
1 LIG GMSL. The elastic fingerprint for West and East Antarctic mass loss is close to 1.05 in NW
2 Europe (Fig. 1a) (26), but the full GIA effect of LIG AIS change depends on the timing and location
3 of mass loss. Here we assume a GIA effect of LIG AIS change of 1.05 ± 0.05% (1σ) and, as for
4 thermal expansion and mountain glacier contributions, assume a constant value over the LIG. This
5 results in an Antarctic contribution to LIG GMSL that peaked at 5.6 m (50th percentile) (3.3 to 8.8
6 m; central 68% probability; Fig. 3e). This peak likely occurred at the beginning of the LIG prior to
7 127.8 ka (68% probability; Fig. 3f) before the Antarctic contribution decreased.

8 There is remarkable agreement between our estimate of the Antarctic contribution to GMSL during
9 the LIG and the reconstructed SLE ice loss in the Southern Hemisphere from a probabilistic
0 assessment of a globally distributed dataset (20) (Fig. 3c), however we note that our data put a
1 tighter constraint on this quantity. Our study strongly favors early Antarctic ice loss with significant
2 ice regrowth over the course of the LIG, which agrees with some (47) but not all (19, 48) Antarctic
3 ice sheet models (Fig. 3c). Our central estimate is in excellent agreement with the LIG target range
4 of Antarctic SLE ice loss (3.1–6.1 m) used to parameterize sea-level projection models (6). This
5 target range is based on an LIG GMSL estimate from the Seychelles of 4.2–7.6 m (22) paired with
6 the assumption that Greenland had a limited contribution to an early LIG GMSL highstand. We
7 note that our estimate does not require this assumption. A recent re-analysis of Bahamian LIG sea
8 level indicated that GMSL peaked early in the LIG and very unlikely exceeded 5.3 m (21). If true,
9 this would require a peak Antarctic contribution on the lower end of our estimated range (i.e., less
0 than 4.4 m if we assume a fingerprint factor of 1.2 for the Bahamas, Fig 1a, and no early-LIG mass
1 loss from Greenland). However, recent evidence that the Laurentide ice sheet may have persisted
2 into the LIG (33) would imply that our estimates represent a minimum of the early LIG Antarctic
3 contribution.
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4
5 We note that the lower bound of our central estimate of the Antarctic contribution to LIG GMSL
6 (3.3 m; 16th percentile) corresponds closely to potential GMSL rise from collapse of the
7 vulnerable parts of the present-day West Antarctic Ice Sheet (3.2 m) (49). In other words, based
8 on our results, there is a less than 16% probability that the WAIS can account for the entire
9 Antarctic contribution to GMSL rise during the LIG. Regardless of whether there was substantial
0 (50) or limited (51) mass loss from the WAIS during the LIG, our results suggest that additional
1 contributions from other Antarctic sources are likely needed to explain the LIG GMSL highstand
2 (84% probability). While rapid rebound of the bedrock under the WAIS can contribute up to 1 m
3 of GMSL rise from the outflow of meltwater from the continental interior (52), this signal is
4 likely smaller during the LIG (53). Our results therefore indicate that parts, if not all, of WAIS
5 melted during the Last Interglacial or by the end of the penultimate glacial termination, which
6 makes it likely that these sectors will also contribute to sea-level rise in the future.
7
8

9 Materials and Methods

0 Northwest Europe sea-level database

1 A database of absolutely-dated LIG sea-level indicators from across Northwest (NW)
2        Europe was constructed using new (this study) and published dates (Supplementary Data). To
3 ensure that coastal deposits are associated with the LIG, the database is restricted to dates derived
4 from absolute-dating techniques (in this case, from optically stimulated luminescence,
5 thermoluminescence, and uranium-series techniques) and only those dates with constrained age-
6 uncertainties that overlap with MIS 5e/5d (i.e. 130–110 ka) (54) are accepted. All dates derive
7 from littoral deposits associated with marine transgression during MIS 5e (e.g., beach sands and
8 gravels, fine-grained estuarine sediments) or marine regression during MIS 5d (e.g. aeolian sands
9 capping littoral deposits). The database comprises 20 sea-level index points (SLIPs) with defined
0 vertical and temporal uncertainties, and 7 terrestrial-limiting (i.e., sea level is known to be lower
1 than a defined elevation) points. References to all original data sources are provided in the
2 Supplementary Data. Where multiple dates from a single facies are given (e.g. as in Jutland,
3 Denmark and Sewerby, UK, a weighted mean and weighted uncertainty is calculated to provide a
4 single chronological control for that facies. The database records environmental depositional
5 interpretations of dated facies to support the calculation of reference water levels and indicative
6 ranges. Dates from Jutland, Denmark, derive from intertidal beach deposits and overlying
7 shoreface-glaciofluvial sands. Dates from five sites across Normandy in France derive from
8 intertidal beach and beach ridge deposits and overlying aeolian dune sands. Published dates from
9 the UK represent intertidal beach, beach ridge, marine and estuarine sediments and aeolian dune
0 sands from sites in South Wales, Yorkshire, Sussex Devon, Cornwall, the Isle of Wight, and
1 Jersey. We do not recalculate ages with updated decay constants, however, updates would be
2 small compared to the age uncertainty. The database includes documented elevations of the basal
3 and upper contacts for each dated facies. A uniform 0.4 m uncertainty is assigned to each contact
4 elevation to account for variability across survey techniques and for the spatially variable height
5 of the contacts (37).

6

7 Luminescence analytical methods

8 To improve temporal and spatial constraints on Last Interglacial (LIG) sea level in SW
9        Britain, we present new dates from three key sites across Cornwall: the Godrevy Heritage Coast
0 (50.25°N, 5.40°W), Bream Cove (50.11°N, 5.09°W), and Pendower (50.20°N, 4.94°W). The sites
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1 have well-documented lithologies (36, 55-58) and are inferred to represent LIG transgressive-
2 regressive sequences, but to date have lacked absolute age controls.

3 Site Descriptions

4 Godrevy is the type-site for the Godrevy Member LIG coastal sequence in the region (35,
5        55) and comprises a 12 m thick stratotype between 4 and 16 m ODN (Ordnance Datum Newlyn)
6        along an 800 m exposure. The sequence sits unconformably on a wave-cut platform incised into
7        the Mylor Slate Formation. The base of the stratotype (between 4 and 6 m ODN) comprises three
8        distinguishable sub-facies composed to varying degrees of a clast-supported conglomerate of
9 well-rounded pebbles, cobbles and boulders within a coarse to medium-grained sand matrix and
0 medium to coarse-grained sands containing occasional well-rounded pebbles. All basal sub-facies
1 are interpreted as high-energy beach foreshore deposits (such as shingle cusps), and are overlain
2 by well-indurated structurally variable (commonly horizontally bedded) well-sorted fine to
3 medium-grained ferruginous sands with occasional rounded pebble clasts. These are interpreted
4 as beach backshore sand deposits that mark the transition between the foreshore sub-facies below
5 and fine, well-sorted dune sands above. Samples (n=4) from sand-rich facies were obtained for
6 optically stimulated luminescence (OSL) dating (59) using opaque steel tubes.

7 The tidal notch at the northernmost end of the exposure at Godrevy was recently re-
8 exposed due to winter storms (60), and was levelled at two locations close to Godrevy Point at 5.9
9 ± 0.2 m ODN and 6.1 ± 0.2 m ODN, and one sample (GOD12-1) came from a small section of
0 overlying sediments that represent transitional backshore beach deposits. This sample, however,
1 returned an anomalously low equivalent dose, and although the site was revisited in 2017, this
2 part of the section has now been removed by coastal erosion and reanalysis was not possible. The
3 remaining three samples (GOD12-2/3/4; UK14-16) were obtained from the beach backshore
4 sands immediately overlying the high-energy beach foreshore deposits at elevations of 6.7 m, 6.3
5 m, and 5.2 m ODN and distances 210 m, 220 m, and 260 m southward along the exposure from
6 GOD12-1. All elevation surveying was conducted with a Trimble R10 real-time kinematic Global
7 Navigation Satellite System (RTK-GNSS).

8 Samples of the Godrevy Member beaches were also taken at Bream Cove and Pendower.
9        At these sites, the LIG sequences sit unconformably on top of wave-cut sandstone and slate
0 platforms belonging to the Portscatho Formation (61). Basal facies of rounded clast-supported
1 (pebble to boulder) conglomerates containing medium to coarse sands grade into well-sorted
2 medium ferruginous sands containing well-rounded pebble horizons of variable matrix- to clast-
3 supported texture and are analogous to the beach foreshore-backshore facies associated with the
4 Godrevy Formation. Wave-cut notches are present within the fossil platforms at both sites (57,
5 62). The intermittent notches at both sites contain cemented beach foreshore sands, which were
6 sampled for luminescence dating (PEN13-1 and BRM13-2; UK11 and UK13). The notch at
7 Bream Cove has a maximum levelled elevation of 4.7 m ODN and occurs discontinuously over
8 200 m (56) in association with the basal beach foreshore deposits. The tidal notch in the platform
9 at Pendower has a maximum levelled elevation of 4.4 m ODN (58). RTK-GNSS surveying
0 confirmed the elevation of the sequences sampled with reference to the notch height. Samples for
1 luminescence dating also came from the well-sorted backshore sands immediately overlaying the 2

beach basal facies (PEN13-2 and BRM13-1; UK10 and UK12).

3 Sample Preparation

4 Samples for luminescence dating were taken using plastic or steel tubes. Sample
5 preparation for equivalent dose (De) determination followed conventional protocols (63, 64);
6 sieving a fraction within 90-250 µm, H202 and HCl treatment to remove organic matter and
7 carbonates (respectively), density separation with sodium polytungstate at 2.72 g cm-3 to remove
8 heavy minerals and at 2.58 g cm-3 to isolate K-rich feldspars and finally (for the quartz fraction)

Science Advances Manuscript Template Page 7 of 29



9 etching with 40% HF to remove feldspars and the alpha-irradiated rind of quartz grains. Given the
0 low yields of K feldspar grains the < 2.58 g cm-3 fraction was not etched prior to analysis.

1 Environmental dose rates

2 Dosimetry was provided via in-situ gamma spectrometry using a Canberra Inspector
3        1000™ with a 2” NaI detector, inserted directly into the holes from which the samples were
4        taken. From these measurements the concentration of the radionuclides U, Th and K were
5 determined using the “windows” method (65), and the resulting alpha, beta and gamma dose rates
6 derived following appropriate correction for grain size, water content and HF etching (following
7 (66, 67)). Uncertainties were assumed at a conservative 5% for K, and 10% for U and Th,
8 including counting uncertainties. For the unetched K-feldspar samples, an ‘a-value’ of 0.1 was
9 assumed for calculating the alpha dose (following (68)). For K-feldspar measurements, the doses
0 from internal K and Rb assume K-feldspar grain K and Rb concentrations of 12.5 ± 0.5 % and
1 400 ± 100 ppm respectively (69, 70). Average burial water contents were based on the modern
2 (measured) contents. Given the risk of drying of the sediments when exposed in the sections and
3 after sampling, a water content uncertainty (1σ) of 5 (absolute) % was applied to the dose rate
4 calculations. As a measure of the sensitivity of the ages to a change in water content, a 1% change
5 in absolute water content results in a 0.99 % difference in sample age for the quartz results, and a
6 0.98 % difference for the K-feldspar ages. The use of K feldspars for dating militates against this
7 issue somewhat, due to the additional internal dose rate contribution. Cosmic dose rates were
8 calculated following (71) and assuming an overburden equivalent to the modern beach sediment
9 height.

0 Quartz Optically Stimulated Luminescence measurements

1 Luminescence measurements were made using small (2 mm) aliquots of quartz and a
2        Risoe DA20 TL/OSL reader. Stimulation (60 s at 125°C) was provided by blue LEDS
3 (stimulation wavelength 470 nm) at 70% power (delivering ~ 72 mW cm-2 to the sample). OSL
4 signals were detected with an EMI 9235QA photomultiplier tube with a U-340 detection filter.
5 Laboratory irradiations were delivered by a calibrated 90Sr beta source with dose rates (at the time
6 of measurement) of 8.36 Gy min-1 (Godrevy) and 8.75 Gy min-1 (Pendower and Bream Cove).
7 Equivalent doses (De) were determined using the single aliquot regeneration protocol (SAR) (72,
8 73). All analyses comprised 6 - 8 regeneration point sequences, including a zero dose (to assess
9 recuperation) and in most cases two “recycling” (repeat) dose points (low (34 Gy) and high (237
0 Gy)). For all samples, the suitability of the SAR protocol and appropriate measurement
1 (preheating) conditions were determined using preheat plateau experiments and dose recovery
2 experiments (73). For the latter, samples were bleached twice with blue LEDs (with a 10,000
3 second pause in between) prior to laboratory beta dosing.

4 Analyses were carried out in the Analyst software package (74). OSL Signals were
5        integrated using the first 0.5 seconds and an early (0.5-1.2s of stimulation time) background
6 subtraction (75). The resulting dose response curves were fitted with saturating exponential plus
7 linear curves and equivalent dose uncertainties were estimated using a Monte Carlo simulation
8 method (74). Final equivalent dose uncertainties incorporate a systematic instrument error (1.5%)
9 and beta dose rate uncertainty (3%) (76). The central age model of Galbraith, Roberts, Laslett,
0 Yoshida and Olley (77) was used to derive a single De estimate.

1 K-feldspar Infrared Stimulated Luminescence (IRSL) measurements

2 In light of the relatively insensitive quartz OSL signal at Pendower in particular (Fig. S4),
3        and the magnitudes of quartz equivalent doses in general, additional IRSL measurements were
4 made on the K feldspar fractions from Bream Cover and Pendower. These employed the post IR-
5 IRSL (pIRIR) measurement protocol (78, 79). This method seeks to mitigate the issue of
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6 anomalous fading in K feldspars (80, 81) by isolating a non-fading (or more slowly fading) IRSL
7 signal and involves an initial low temperature IRSL measurement (typically at 50°C) to evict the
8 most fading-prone electrons, followed by a higher temperature IRSL measurement (“post IR”)
9 that accesses a less fading-prone signal, from which an equivalent dose is derived (79, 82). The
0 latter IR stimulation is typically carried out at 225°C (pIRIR225) (78) or 290°C (pIRIR290) (79). In
1 each case equivalent dose determination involves a modified Single Aliquot Regeneration (SAR)
2 protocol (72, 83), with 250 and 320°C preheating temperatures used for the pIRIR225 and pIRIR290

3 (respectively) protocols. Here pIRIR K-feldspar measurements were made on small (2 mm)
4 aliquots. Stimulation was provided by IR diodes (wavelength 870 nm), with detection of the
5 resulting (blue-violet) IRSL through a combination of Schott BG39 filters and Corning 7-59
6 filters (detection range 320 - 450 nm). All SAR analyses comprised a 6 regeneration point
7 sequence, including a zero dose. The IRSL signals were derived from the first 10 seconds of
8 stimulation, with a background subtraction derived from the last 4 seconds of measurement. All
9 dose response curves were well fitted with a saturating exponential fit in the Analyst software.

0

1 Dating results

2 Quartz

3 The Godrevy and Bream Cove samples generally produced rapidly decaying OSL signals
4        (Fig. S4), and exhibited low levels of signal recuperation, reproducible growth curves (low
5 numbers of recycling ratio rejections for both high and low dose recycling points) and satisfactory
6 dose recovery (Table S1). Both the Godrevy and Bream Cove samples showed little sensitivity to
7 the choice of preheating temperature (Figure S5). Together, these observations imply suitability
8 of the SAR protocol for quartz. In contrast, the Pendower samples, particularly PEN13-2, were
9 characterised by low OSL sensitivities (Fig. S4), and despite the use of early background signal
0 subtraction, up to 25% of aliquots exhibited unacceptable levels of signal recuperation, as well as
1 high recycling ratio rejection rates.
2 Three Godrevy samples produced quartz OSL ages within uncertainties of one another
3        (Table S2) and all ages fall within the range of MIS 5e. Both the Godrevy and Bream Cove
4 samples exhibited equivalent doses in excess of 150 Gy, although the samples exhibit growth in
5 sensitivity-corrected OSL beyond 390 Gy (Fig. S4). Nonetheless, these equivalent doses are
6 relatively high compared to the expected saturation point of the quartz fast component, and fall
7 within a De range for which age underestimation has in some instances been reported (e.g. (84-8

86)), albeit not in all cases (e.g. (87, 88)).
9 We evaluated the proximity to saturation further by considering the dose-response curves
0        obtained when fitting a single saturating exponential fit of the form: I = I0(1-exp[-D/D0]), where I
1        is the luminescence intensity, I0 is the saturation intensity, D is the dose (Gy) and D0 (Gy) is the
2 “characteristic dose”. The characteristic dose parameter D0 provides a measure of the degree of
3 saturation whereby 2 x D0 is equal to ~87% of saturation and is often considered a prudent
4 measure of an aliquot’s proximity to saturation (e.g. (89)). For most aliquots the saturating
5 exponential fit provided an adequate characterisation of the dose response, and equivalent doses
6 with finite uncertainties could be estimated. CAM equivalent doses also did not differ
7 significantly from those obtained when using a saturating exponential plus linear fit, except for
8 GOD-4 (in this instance 207 ± 11 Gy vs. 243 ± 13 Gy). The ratio of De to D0 for the three
9 Godrevy samples (dosed to 404 Gy) was 2.2 ± 0.6, 2.5 ± 0.5, 2.1 ± 0.7 (mean ratio and standard
0 deviation for GOD-2, GOD-3 and GOD-4 respectively). For three of the 17 measured GOD-3
1 aliquots it was not possible to interpolate an equivalent dose and/or finite equivalent dose
2 uncertainty using a single saturating exponential fit. For BRM, the De/D0 ratios are lower (2.0 ±
3 0.7 and 1.6 ± 0.9), but still quite close to the 2D0 threshold.
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4 These data suggest the samples are potentially close to the limits of the quartz SAR
5 method. However, as shown below, for BRM the quartz ages are entirely consistent with the K-
6 Feldspar results, implying that a De/D0 ratio ~1.5-2.0 does not necessarily preclude a reliable
7 quartz age estimate. Unfortunately, the Godrevy K-feldspar fractions were not available for
8 analysis, precluding a comparable check. However, given the sample context, pending further
9 analysis, we consider the present Godrevy quartz ages to be parsimonious.

0 Inter-aliquot scatter was low (overdispersion, sensu (77) of 11-19%) (Figs. S6 and S7).
1 For both Bream Cove and especially Pendower, however, calculated equivalent doses from quartz
2 resulted in more widely-dispersed age estimates, with higher overdispersion (i.e., inter-aliquot
3 scatter) of 20-27%. In the case of Pendower, the quartz OSL ages were also stratigraphically
4 inverted.

5 IRSL dating

6 pIRIR estimates were obtained for the Pendower and Bream Cove K-feldspar fractions
7 (<2.58 g cm-3). K-feldspar yields were very low, which limited the number of analyses that could
8 be undertaken. Unfortunately, the Godrevy K-feldspars fractions were lost in initial quartz
9 preparations. In all samples the residual IRSL signal was tested following 48 hours of daylight
0 exposure, while the suitability of the pIRIR SAR protocol was also assessed via several dose
1 recovery experiments. For Bream Cove, although the pIRIR225 (78) protocol produced negligible
2 fading rates (g-value ~1% per decade) the residual (“unbleachable”) signal remaining after 2 days
3 of daylight exposure was ~20 Gy (Table S1), which amounts to 8-9% of the sample equivalent
4 dose. The residual doses increased substantially with the pIRIR290 method. Dose recovery results
5 for the pIRIR225 method were acceptable given the measurement uncertainties (Table S1). A
6 lower temperature (170°C) second IR stimulation and a commensurately lower preheating
7 temperature (i.e. 200°C; (90-92)) reduced the residual signal (to 12-17 Gy or 5-6% of the sample
8 De ; Table S1). The fading rate also remained relatively low (g value < 1.5% per decade – see
9 below). We therefore derived all K feldspar equivalent doses using the pIRIR170 protocol, with no
0 measured residual subtracted from the final equivalent dose estimate. The K feldspar equivalent
1 doses for the Bream Cove and Pendower samples are shown in Table S2. In all cases growth in
2 the sensitivity-corrected IRSL signal continued beyond 400 Gy (Fig. S8) and the equivalent dose
3 distributions showed low over-dispersion (0-8%; Fig. S9). Fading rates (following (93))
4 determined following administration of a 35 Gy beta dose and with measurement delays ranging
5 from 0.1 to 185 hours were 3 to 4 % per decade for the 50°C IRSL signal and below 1.5% per
6 decade for the pIRIR170 signal. Following (94) the latter is considered negligible and no fading
7 corrections were applied. The resulting pIRIR170 ages for Bream Cove and Pendower are
8 stratigraphically consistent, and less scattered than the quartz estimates, both in the sense of the
9 reduced inter-aliquot scatter resulting in greater precision, and also in terms of inter-sample
0 consistency. As such these ages are used as the most likely indicators of site age in all subsequent
1 analyses.

2

3 Calculating past local sea level from observations

4 Indicative ranges for the littoral facies were developed by correlating inferred depositional
5        environments with modern-equivalent formational limits. Global tidal and wave models (95) were
6        used to compute the modern upper and lower formational limits of beach deposits (ordinary berm
7        to breaking depth), estuarine and marine sediments and tidal notches (mean higher high water to
8 mean lower low water). The global tidal and wave models were incapable of accurately
9 computing the elevation of storm wave swash height (SWSH) associated with formational limits
0 of beach ridge (upper formation limit) and foredune (lower formation limit) features (95). Instead,
1 SWSH (defined as the maximum elevation reached by waves during storm events) was estimated
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2 from the elevation of unvegetated beach-ridge crests associated with active modern systems at
3 each site using Google Earth Pro (v. 7.3.3.7786). A similar approach was used to estimate upper
4 formation limits for dune sands by identifying the maximal elevation of vegetated foredune crests.
5 At all relevant sites, vegetated foredune crests tended to occur c. 10 m above the elevation of
6 active unvegetated beach ridge crests (i.e., 10 m above SWSH). The upper limit of modern dune
7 sand formation was therefore assigned SWSH +10 m, which provided a conservative upper limit
8 for a one-tailed uncertainty distribution associated with terrestrial-limiting LIG dune sand
9 deposits.

0 The position of former RSL is a function of the elevation of the deposit and the reference
1        water level (RWL) associated with the deposit (96). The RWL for each deposit is taken to be the 2
midpoint of the upper and lower modern formational limit of the deposit (37), with the exception 3
of limiting index points where the RWL is equal to the lower (marine limiting) or upper
4 (terrestrial limiting) modern formational limits of the deposit. For SLIPs, RSL is then equal to the
5 difference of the elevation of the sample (or deposit) and the RWL of the deposit. The range in
6 formational elevation of the modern deposit (i.e., the indicative range) is taken to represent the 2σ
7 vertical uncertainty associated with the sample (or deposit). Here, the elevation for precise SLIPs
8 is taken to be the upper contact of the littoral facies used to determine the indicative range,
9 whereas for terrestrial limiting index points (e.g., dune sands) the elevation is taken as the basal
0 contact of the deposit. Uncertainties for SLIPs are root-mean-squared errors of the indicative
1 ranges and a ubiquitous 0.40 m survey error (37) to account for measurement and rounding errors
2 and variability in the elevation of deposit contacts. Uncertainties associated with precise SLIPs
3 are assumed to have Gaussian distributions in both time (x axis) and space (y axis). Changes in
4 the coastline and climate during the LIG (compared to modern) can potentially amplify the tidal
5 range (97) or reduce the storm surge height (98). This uncertainty is acknowledged here, but not
6 added to our data since it is difficult to quantify the appropriate uncertainty that this introduces at
7 our specific locations.

8

9 Long-term deformation

0 Independent from the effects of GIA associated with Late Pleistocene (de)glaciations, the
1        elevation of sea-level indicators such as littoral deposits can alter after deposition due to tectonic 2
crustal deformation, sediment loading (32), and mantle dynamic topography (31). At a passive
3 margin, like our sites, rates associated with these processes are relatively small and constant over
4 the Plio-Pleistocene, but can still add up to several meters since the LIG and therefore need to be 5

accounted for. To correct for these collective effects (which we will refer to as ‘long-term
6 deformation’), we use site-specific indicators of vertical land motion from outside of the
7 Pleistocene. The majority of our long-term deformation indicators are Pliocene marine rock
8 platforms that are co-located with 24 of the 27 data points in our database. Pliocene marine rock
9 platforms can be found across northern France and southern Britain (c.f., (99-101) and references
0 therein), and often in association with coeval marine littoral deposits (e.g., (99, 102, 103)). Each
1 datapoint in the database is given a Pliocene marine rock platform counterpart (see Supplementay
2 Data for additional references): a Pliocene rock platform at an elevation of 130 m ODN extends
3 across parts of Cornwall (104) and Devon (105) and is associated with shallow marine and littoral
4 interbedded sands and clays (104, 106, 107). A synonymous platform at the same elevation is
5 evident across South Wales and has been associated with the Pliocene platforms found on the
6 north coasts of Devon and Cornwall (108, 109). A 120 m ODN marine rock platform on Jersey in
7 the Channel Isles (110, 111) is assigned an analogous age to the 130 m ODN platform in SW
8 Britain by (99). Further east, a Pliocene marine rock platform is extensive across southern Britain
9 and varies in elevation from 100 m ODN (112) to 150 m ODN (113), and is tentatively associated
0 with ~150 m of uplift since the Middle Pliocene by (114). In northern France, a recent and
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1 extensive mapping of Pliocene platforms and Pleistocene terraces from the Contentin Peninsula
2 (101) has resolved a main Pliocene platform to 138 ± 5 m NFG, whilst correcting for topographic
3 roughness. In the absence of elevation distributions for the platforms described above, we assign
4 an uncertainty of 5 m (1σ) following (101) as a conservative estimate of the range in elevation to
5 all Pliocene marine rock platforms used in this study.

6 To estimate an uplift rate based on these platform elevations, we first calculate how much 7
GIA affects their elevation and do so following the procedure described in (115) assuming an age 8
range of 3-5 Ma (Supplementary Data). Note that in contrast to (115), we do not use different
9 GMSL histories but instead use the one that best matches their GMSL estimates, which is based
0 on scaling the (116) LR04 oxygen isotope stack. Once corrected for GIA, long-term deformation
1 (in all cases – uplift) is calculated for each datapoint using the GIA-corrected elevation, the age of
2 the Pliocene marine rock platforms (3-5 Ma, uniform distribution), and estimate of GMSL (19 ± 8
3 m, 1σ, (115)). GMSL was likely highest during the Early Pliocene and therefore best explains the
4 extensive flat marine rock platforms found across parts of Europe. We therefore base our GMSL
5 range on the early Pliocene estimate by (115) who found that GMSL was 10.6–28.3m (16th and
6 84th percentile) above present at 4.39 ± 0.39 (2σ) Ma. This distribution is further in line with the
7 Pliocene sea level highstands by (117), which average around 16 ± 14 m (1σ). A distribution of
8 uplift rate R at each location is then calculated from the elevation E through:

9 R = (E – GIA – GMSL)/age

0 where we sample each individual distribution to propagate uncertainties. The resulting
1 distributions are mostly normal with a slight skew towards lower values. Mean values range from
2 3.5 – 4.5 m of uplift since 125 ka with 1σ uncertainties of around 0.7 m. We report the mean and
3 1σ values for each site in the Supplementary Data and use them in the following inference.

4 No Plio-Pleistocene platforms or deposits are available as counterparts to the datapoints
5        from Denmark, largely due to Late Cenozoic uplift and erosion of the eastern North Sea Basin
6        (118-120). Late Miocene shallow marine sands that form part of the Oligocene – Miocene
7 sedimentary sequence stratigraphy of Denmark (121) and the wider North Sea region (122)
8 outcrop at the western edge of Denmark at the Marbaek Klint exposure and form part of the upper
9 Miocene Gram Formation (121, 123). These are the youngest deposits that might provide a long-
0 term signal of vertical land motion in Danish onshore stratigraphy. The shallow marine sands of
1 the Marbaek Formation in western Denmark represent a high energy, tidally influenced shoreface
2 environment (121). This formation represents a shallow sea that extended into central Denmark c.
3 100 m above present-day sea level up until the Late Miocene (121, 124). We are therefore able to
4 estimate a priori long-term uplift rates for data points from Denmark using an elevation of 100 ±
5 10 m (we conservatively double the uncertainty estimate for this long-term deformation
6 indicator). As for the Pliocene platforms, we correct for GIA assuming a Late Miocene age range
7 of 5-7.5 Ma. We estimate that GMSL was 4 ± 17 m (1σ), which is based on the distribution of
8 GMSL highstands during this time period by (117). Note that GMSL estimates during the Late
9 Miocene by (117) are lower than Pliocene GMSL estimates. The same procedure as described
0 above yields an estimate of uplift since the LIG at this location of 2.43 ± 0.53 m (1σ).

1 Geologic markers of long-term deformation are absent in York. Since limiting data are not
2        used in our inversion we have not attempted to estimate an uplift correction for this datapoint.

3

4 Glacial isostatic adjustment modelling

5 We employ the gravitationally self-consistent sea level theory described in (41) and (125)
6        to calculate the response of the solid Earth’s gravity field, to changes in ice and ocean load. This
7        calculation allows for shoreline migration and includes feedbacks on Earth’s rotation axis. In our
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8 GIA calculations we assume that the Earth’s elastic structure follows PREM (126) and vary three
9 parameters of the viscous structure: a lithospheric thickness that is either 71 km or 96 km, an
0 upper mantle viscosity that ranges from 0.3 to 0.5 x 1021 Pa s, and a lower mantle viscosity that 1

ranges from 3 to 40 x 1021 Pa s. Combining these values leads to 48 different models of Earth’s 2
viscosity. In addition to the Earth structure, we prescribe the past ice sheet history. We will first

3 describe the ice histories over the glacial cycles used to obtain the glacial GIA-corrected sea level
4 estimates, and then the ice history of Greenland mass loss used to infer the Antarctic sea-level
5 contribution during the LIG.

6 For the deglaciation we follow the ice history ICE-6G (39). Prior to the last glacial
7 maximum we use the GMSL estimate by (127) back to 400 ka and at each time assign the ice
8 geometry from the deglaciation that corresponds to the same GMSL value. The GMSL during the
9 LIG is set to zero and the GMSL curve prior to the LIG is shifted back by 3.5 ka to result in a
0 PGM age of 135 ka. This ice history from 400 ka to present forms the basis of our GIA
1 calculation. While the ice history over the last deglaciation is relatively well known, there’s ample
2 evidence that the ice sheet configuration during the penultimate glacial maximum (and
3 penultimate deglaciation) was significantly different, both in the distribution of ice (29, 40) and
4 timing of ice loss (48). We therefore produce 12 ice models that pair six different ice geometries
5 with two different ice loss timings. For the Eurasian Ice Sheet (EIS) during the penultimate
6 glacial maximum we start with three published ice geometries: ICE-6G (our base model), (29),
7 and (40). Note that the latter two argue for a significantly larger Eurasian ice sheet, which is
8 supported by more extensive terminal moraines during MIS 6 (128). While the sea level
9 equivalent (SLE) ice volume of the EIS during the last glacial maximum is only 23.4 m in ICE-
0 6G, the volume increases to 54m and 70m in the models for the penultimate glacial maximum
1 (PGM) by (29) and (40), respectively (see Fig. S1a, e, f). This increase in ice volume affects LIG
2 sea level around the globe (129, 130). While the GMSL history prior to the PGM is also uncertain
3 (131) its effect on GIA is small compared to uncertainties related to the ice sheet size and
4 distribution (129). To construct a full penultimate glacial cycle, we first use our base ice model
5 and isolate the EIS contribution to GMSL. Since this ice history is based on ICE-6G, the
6 contribution is around 23.4 m during the PGM. Next we scale this GMSL contribution of the EIS
7 up to match the ice volume of the (29) and (40) ice volume. We then use the deglacial GLAC-1D
8 ice history by (132) as our template for EIS collapse. We assume that the last 10 m of EIS
9 contribution come from this ice model. Beyond a GMSL contribution of 10 m, we use a
0 combination of the GLAC-1D ice history (unscaled but fluctuating in accord with the EIS
1 contribution to GMSL) and a scaled version of the selected PGM EIS. The scaling is chosen to
2 obtain a desired EIS contribution to GMSL. The two contributions are combined by taking the
3 maximum ice height between the two at each location. In addition to the three PGM ice
4 configurations mentioned above, we construct 3 additional PGM models that are versions of the
5 (29) ice model that is reduced in size (by scaling its height) to obtain a PGM SLE value for the
6 EIS of 32 m, 40 m, and 47 m (see model LG_32, LG_40, and LG_47 in Fig. S1b-d). The rest of
7 the glacial cycle is constructed as described above.

8 In all of these scenarios we balance a larger EIS by reducing the size of the Laurentide Ice
9        Sheet. In addition to the GMSL history by (127) we use a slightly modified version during the
0 penultimate glacial cycle with a slower penultimate deglaciation. This earlier onset of the
1 deglaciation is based on a Tahitian coral record (133) (see Fig. S1l). The six ice geometries paired
2 with two GMSL scenarios yield 12 different ice histories that are paired with the 48 viscosity
3 structures to produce 576 different GIA models.

4 This way of constructing the ice sheet leads to a collapse history that we deem relatively
5        realistic in Fennoscandia given that this part of the ice sheet was a major contributor during the
6        penultimate deglaciation. However, the ice sheet is likely too flat towards its south-eastern edge
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7 in many of the models given the simplistic scaling (see Fig. S1g-k). The detailed ice geometry in
8 that region is likely to be less crucial for our data that are located in northwest Europe. In the
9 absence of a range of existing ice sheet models for the penultimate deglaciation we consider that
0 our reconstructions still represent a useful suite of ice histories to test the sensitivity of our glacial
1 GIA models to this input.

2                      To model the GIA signal associated with melting of the Greenland Ice Sheet over the
3        course of the LIG, we use the same computational model and range of viscosity structures as
4 described above. For the ice history we use eight published Greenland Ice Sheet models for the
5 LIG: the high and low scenario by (43), the IPSL anomaly experiment by (134), the most likely
6 scenario by (44), the three scenarios by (135), and a model based on (136). In each case we
7 linearly interpolate the ice history to 1 ka timesteps over the course of the LIG and only start
8 reducing the ice sheet once the ice volume decreases below present values. The local sea level
9        response in NW Europe is relatively uniform across the region (see Fig. 1a and Fig. S3). Small
0        differences from one place to the next can still exist and those are propagated into the local sea
1 level uncertainty. For each ice model we calculate local sea level by taking the mean and standard
2 deviation across the GIA predictions for each location and each viscosity structure. The resulting
3 local sea level prediction for each Greenland ice history is shown in Fig. S3. For the combined
4 local sea level prediction (Fig. 3) we take the mean and standard deviation at each timestep from
5 all data locations, viscosity structures, and ice histories.

6

7 Bayesian inversion to infer glacial GIA-corrected sea level

8 We model LIG glacial GIA-corrected sea level in northern Europe as a Gaussian process,
9        and we fit this Gaussian process to glacial GIA-corrected sea-level data. The mean and covariance
0        components of the Gaussian process are inferred from the paleo-RSL data corrected for each of
1 the 576 potential glacial GIA models using Bayesian inversion. In the inversion model, paleo-
2 RSL data and the associated uncertainty in sample age, elevation, and indicative meaning are
3 treated explicitly as random variables (prior distributions). We estimate the relative probability
4 that each of the 576 glacial GIA models can explain the observations using Bayesian model
5 averaging. Bayesian model averaging provides weights for each of the 576 glacial GIA models,
6 and these weights are used to create a meta-model that combines information learned from each
7 model-data comparison. The next section will describe the details of the inversion model and
8 motivation for those choices.

9 We remove glacial GIA and long-term uplift from each sea level observation with the
0        following equation (referred to as GIA-corrected sea level):

1 glacial GIA-corrected sea level = RSL - UPLIFT - GIA

2 For each index point, RSL is set to a Gaussian distribution with µ = RSL and σ = RSL
3        error.

4 The uplift and glacial GIA corrections for each observation depend on the age and
5 location of the sample. The ages are treated as Gaussian distributions with µ and σ set to the mean
6 and standard deviation determined from the absolute geochronologies (Supplementary Data).
7 Additionally, the age distributions are bound to the LIG (as defined in our glacial GIA model
8 simulations; 128 – 117 ky). For each sample of the posterior, ages are drawn from this
9 distribution and then the location-specific glacial GIA correction, using a single glacial GIA
0 model, for that age is applied to the sample. Additionally, an uplift correction is applied to the
1 observation using the posterior age sample and the regional uplift rate.

Science Advances Manuscript Template Page 14 of 29



2 We then fit a Gaussian process to the set of glacial GIA-corrected sea-level data. The
3 covariance kernel of the Gaussian process is assumed to be the sum of a radial basis function and
4 a white noise kernel. The radial basis function has two parameters that are learned during the
5 inversion: the variance, σ2, and the length scale, l. The prior distribution for the length scale is
6 modelled as an inverse Gaussian distribution with µ = 2 and λ = 5. This length scale effectively
7 ignores changes on short timescales (100s of years) and timescales longer than the LIG (>10 ka).
8 A normal Gaussian distribution with µ = 0 and σ = 5 is used as a prior for the square root of the
9 variance of the RBF function. A half (positive only) Student T distribution with ν = and σ =0.1 is
0 used as a prior for the variance of the white noise kernel. The prior distribution for the mean of
1 the Gaussian process is modelled as a normal Gaussian distribution centred at 0 with a standard
2 deviation of 10.

3 We sample the posterior distributions with a No U-Turn Sampler (NUTS) using the
4 Python probabilistic programming package PyMC3. The posterior distribution for GIA-corrected
5 sea level was calculated for each glacial GIA model separately. We use leave-one-out cross-
6 validation (LOO) to determine relative probabilities, or weights, that describe the predictive
7 power of each glacial GIA model (in other words, these weights show how well the model
8 performs at predicting observations that are with-held from model training.) For example, a
9 glacial GIA model that completely removes all spatial variations in the paleo sea-level data
0 should have a relative probability of 1, when compared to a suite of other, less well-fitting
1 models. The weights are then used to create a weighted-mean for glacial GIA-corrected sea level
2 that incorporates all 576 glacial GIA models. One realization of the posterior in this weighted-
3        mean meta-model is generated by combining individual posterior realizations from each of the
4        576 glacial GIA models, sampled at the relative weight of each model. Generally speaking, we
5 continue to generate new realizations of this posterior until the statistics of interest stop changing
6 significantly. In other words, when the posterior mean and variance start to converge, enough
7 realizations have been generated.
8
9
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Fig.1 | Sea-level changes from ice-sheet mass loss and gravitational, rotational and
deformational effects. a. Normalized global (left panel) and regional (NW Europe, right panel)
sea-level changes from instantaneous West Antarctic Ice Sheet mass loss (following (26)). The
scale is normalized to 1 and demonstrates the sensitivity of NW Europe to WAIS mass loss.
White and pink markers denote the location of sea-level index points and sea-level limiting data,
respectively. b. Normalized global and regional sea-level changes caused by instantaneous mass
loss from the Greenland Ice Sheet following the ice melt pattern in (43); white regions are areas
of sea-level fall. This demonstrates the general insensitivity of sea level in NW Europe to GIS
mass loss. c. Relative sea-level changes due to GIA at 126 ka based on a well performing GIA
model (i.e., 71 km lithosphere thickness, upper and lower mantle viscosities of 0.5 x1021 Pa s and
5 x1021 Pa s, respectively, a Eurasian Ice Sheet with an ice mass sea-level equivalent of 40 m, and
a ‘slow’ deglaciation rate, see Fig. S1g-k). d. Same as for c. but at 118 ka.
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Fig. 2 | Last Interglacial sea-level highstand in NW Europe. a. Estimated last interglacial sea
level in NW Europe after accounting for long-term deformation and glacial GIA, showing the
median (solid blue line) posterior estimate of the Bayesian inversion along with the central 68%
(grey shading) and 95% (light-grey shading) probabilities. This quantity is only inferred for the
time range 128 - 117ka (see Materials and Methods). b-d. Local sea level model posteriors (shading
showing central 68% and 95% probabilities, as in a.) for specific regions in the database. Note that
data elevations have been corrected for longterm uplift and markers show the most likely posterior
age.
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Age *RSL

Shoreface-

5 Fig. 3 | Greenland and Antarctic contributions to Last Interglacial sea level. a. Greenland Ice
6 Sheet models (n=8; grey lines) showing global sea-level equivalent contributions from the ice sheet
7 (grey), and the resulting mean (±1σ) time-varying sea-level rise in NW Europe (green line and
8 shading). b. Glacial GIA-corrected LIG sea level in NW Europe with the Greenland component (a)
9 removed. c. The Antarctic contribution to global LIG by removing contributions from glaciers and
0 thermal expansion from b and accounting for the GIA signal of Antarctic mass loss. The global
1 Antarctic contribution is compared against sea-level equivalent ice loss from the Southern
2 Hemisphere (20) in c, and compared against sea-level equivalent mass loss from Antarctica after
3 (19, 47, 48), and against the target range of LIG Antarctic sea-level equivalent mass loss used to
4 parametrize projection models (6) in d. e-f. Probability density functions of the magnitude (e.) and
5 timing (f.) of peak Antarctic contributions to global mean sea level during the LIG.
6
7

8
9 Table 1. Absolute-dated Last Interglacial relative sea-level data from NW Europe including
0 regional weighted means (see also Supplementary Data)

ID Location Feature (ka, ±1σ) *RWL (± IR/2) (m, ±1σ)

DK1 Jutland Glaciofluvial sands 106 ± 11 2.0 (T.limiting) 16.0 (T.limiting)

DK2 Jutland

FR1       Normandy

FR3 Normandy

Beach deposits

Dune sands

Dune sands

121 ± 13 -0.1 ± 0.24

106 ± 10       6.4 (T.limiting)

107 ± 10 10.5 (T.limiting)

18.1 ± 0.47

-1.4 (T.limiting)

-4.5 (T.limiting)
Normandy MIS 5d weighted mean

(limiting): 107 ± 7 ≤ -3.0

FR5 Normandy

FR7 Normandy

Dune sands

Dune sands

111 ± 8 5.9 (T.limiting)

115 ± 12 5.9 (T.limiting)

1.4 (T.limiting)

3.9 (T.limiting)
Normandy MIS 5e weighted mean

(limiting):
112 ± 7 ≤ 2.7

FR2       Normandy

FR4       Normandy

FR6 Normandy

Beach deposits

Beach ridge

Beach ridge

115 ± 11            1.4 ± 2.7

118 ± 12            4.1 ± 1.8

121 ± 13 4.1 ± 1.8

4.6 ± 2.7

3.6 ± 1.9

5.7 ± 1.9

Normandy MIS 5e weighted mean: 118 ± 7 4.6 ± 1.2

FR8 Normandy

UK1       Yorkshire

UK2         Sussex

UK3         Sussex

UK4         Sussex

UK5 I. of Wight

UK6          Wales

UK7 Wales

Marine sands

Dune sands

Marine sediments

Marine sediments

Beach ridge

Estuarine sediments

Beach ridge

Beach ridge

126 ± 11 -0.1 ± 2.1

121 ± 12      11.8 (T.limiting)

121 ± 12            0.0 ± 1.7

124 ± 10            0.0 ± 1.6

133 ± 13            4.9 ± 2.7

115 ± 10            0.0 ± 1.3

122 ± 9 7.6 ± 3.7

117 ± 23 7.6 ± 3.7

0.4 ± 2.1

-7.8 (T.limiting)

5.0 ± 1.7

5.0 ± 1.7

2.1 ± 2.7

6.0 ± 1.3

5.4 ± 3.7

4.8 ± 3.7
Wales MIS 5e weighted mean: 121 ± 8 5.1 ± 2.6

UK8          Jersey

UK9         Devon

UK10† Cornwall

Beach deposits

Marine sediments

Beach deposits

121 ± 14 1.3 ± 2.9

116 ± 9             -0.1 ± 1.5

120 ± 7 0.3 ± 2.6

6.7 ± 2.9

5.8 ± 1.5

4.8 ± 2.7
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UK11† Cornwall

UK12† Cornwall

UK13† Cornwall

UK14† Cornwall

UK15† Cornwall

UK16† Cornwall

Beach deposits (notch)         119 ± 7

Beach deposits               115 ± 6

Beach deposits (notch)         115 ± 6

Beach deposits              141 ± 12

Beach deposits              131 ± 14

Beach deposits 123 ± 12

-0.1 ± 2.0

0.4 ± 2.6

-0.1 ± 2.1

0.3 ± 2.9

0.3 ± 2.9

0.3 ± 2.9

4.8 ± 2.0

4.6 ± 2.6

4.5 ± 2.1

6.1 ± 2.9

5.6 ± 2.9

4.5 ± 2.9

Cornwall MIS 5e weighted mean: 119 ± 3 4.9 ± 1.0

UK17 Cornwall Dune sands 116 ± 9       11.3 (T.limiting)     -3.3 (T.limiting)

* RWL – reference water level; IR – indicative range; RSL – relative sea level
† New age constraints developed in this study
T.limiting = terrestrial limiting data point (i.e. sea level was lower than this elevation)

1
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Fig. S1. Suite of Eurasian ice sheet configurations used in the glacial GIA model. a.-f.
Eurasian ice sheet at the penultimate glacial maximum for a series of reconstructions with
varying ice sheet size (see Methods for details). The sea level equivalent (SLE) of each ice
sheet that is indicative of the ice volume is shown on the figure. Data locations are shown by
red markers. g.-k. Eurasian ice sheet collapse over the penultimate deglaciation for one ice
scenario (LG_40). The resulting GIA response during the LIG is shown in Fig. 1c, d. l. Global
mean sea level change over the past 200 ka assuming a faster (blue) or slower (black)
deglaciation. Highlighted ages correspond to ice configurations shown in panels g-k.
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Fig. S2. Performance of glacial GIA model suite. Model weights for the 576 different
glacial GIA models based on model fit to RSL data.
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Fig. S3. Local sea level in northwest Europe in response to Greenland mass loss. a.
Greenland contribution to GMSL change over the LIG (black) from Quiquet et al. (2013). Note
that we only start adopting the model once it reaches an ice volume below present values. Local
sea level in northwest Europe as a result of this ice model is shown in green for varying
viscosity models (mean and 1σ). b. Same as a but for the ice history by Yau et al. (2016). c, d.
Same as a but for the two ice scenarios by Calov et al. (2015). e-g. Same as a but for the ice
histories by Goelzer et al. (2016). h. Same as a but for the ice history by Bradley et al. (2018).
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Fig. S4. Examples of quartz OSL shine down curves and dose-response curves. All
measurements are on 2 mm diameter aliquots of 180-212 μm grains, and are in response to an
11 Gy test dose. Accompanying dose-response curves are fitted with a saturating exponential
plus linear equation (I=I0(1-exp[-D/D0])+kD where I = luminescence intensity, I0 = Maximum
luminescence intensity, D = Dose (Gy), D0 = characteristic dose (Gy) and k is the constant for
the linear term). In the case of PEN13-2 a different (more sensitive) aliquot was used to
generate the dose-response curve shown in the inset figure.
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Fig. S5. Dose recovery preheat experiments results for Godrevy 2 and 4. The black data
points utilised a 160°C cut heat test dose preheat, while the open data points utilized a 220°C
cut heat test dose preheat. The horizontal line shows the mean dose recovery ratio for all
aliquots. The administered dose was 98 Gy in both cases.
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Fig. S6. Radial plots (with accompanying Abanico plot) showing the equivalent dose
distributions for the quartz SAR analyses of the Godrevy samples.
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Fig. S7. Radial plots (with accompanying Abanico plot) showing the equivalent dose
distributions for the quartz SAR analyses of the Pedower and Bream Cove.
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Fig. S8. Exemplar K-feldspar dose-response curves for the pIRIR170 measurements
conducted on the Bream Cover and Pendower samples. The data are fitted with saturating
exponential fits.
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Fig. S9. Radial plots (with accompanying Abanico plot) showing the pIRIR170 equivalent
dose distributions for the Pedower and Bream Cove samples
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Table S1. Details of the quality control checks on the luminescence dating analyses. For quartz these include details of the dose
recovery experiments with varying preheating conditions. For K-feldspar these include dose recovery ratios, and measured residuals
following daylight exposure (c. 48 hours), as well as the results of anomalous fading rate analyses.

Dose
Sample Field ID Method recovery

ratio (n)

Mean
Recycling

ratio

Mean
Recuperatio

n (%)

Chosen
preheat

temperatur
e (°C)

DR ratio for
selected
preheat

combination
(n)

UK14 GOD12-2

UK15 GOD12-3

UK16 GOD12-4

UK10 BRM13-1

UK11 BRM13-2

UK10 BRM13-1

UK11 BRM13-2

UK13 PEN13-1

UK12 PEN13-2

Quartz
OSL

Quartz
OSL

Quartz
OSL

Quartz
OSL

Quartz
OSL

Feldspar
pIRIR

Feldspar
pIRIR

Feldspar
pIRIR

Feldspar
pIRIR

0.98 ± 0.04
(27)

1.04 ± 0.05
(6)

0.98 ± 0.09
(21)

1.02 ± 0.07
(17)

1.02 ± 0.05
(17)

De IR50
(Gy)

171 ± 6

176 ± 6

148 ± 5

178 ± 6

Quartz

1.00 ± 0.03

1.00 ± 0.01

1.00 ± 0.04

1.00 ± 0.03

1.00 ± 0.03

De pIRIR170

(Gy)

267 ± 10

300 ± 12

236 ± 9

282 ± 10

0.5 ± 0.3

0.8 ± 0.3

0.4 ± 0.2

0.3 ± 0.2

0.4 ± 0.3

K-feldspar

De pIRIR225

(Gy)

258 ± 9

272 ± 9

nd*

nd*

240/220

240/220

240/220

220/160

240/160

Residual
pIRIR170

(Gy)

17

12

nd*

16

0.99 ± 0.04 (3)

1.01 ± 0.03 (3)

0.99 ± 0.01 (3)

1.00 ± 0.01 (3)

1.04 ± 0.03 (3)

Residual
pIRIR225

(Gy)

22

21

nd*

23

Dose
recovery

ratio
pIRIR170

1.05 ± 0.01

0.96 ± 0.01

1.04 ± 0.01

1.03 ± 0.01

Dose
recovery

ratio
pIRIR225

0.93 ±
0.02

0.90 ±
0.01

nd*

0.87 ±
0.05

g-value2days

pIRIR170

(% per
decade)

1.25 ± 0.41

0.99 ± 0.61

1.14 ± 0.63

1.29 ± 0.42

1



Table S2. Details of the dose rate determinations as obtained using in-situ gamma spectrometry. The total dose rate for the K-
feldspar (un-etched samples) analyses also includes an external alpha dose rate contribution. The internal beta dose to K-feldspar
assumes a K content of 12.5 ± 0.5 % and an Rb content of 400 ± 100 ppm (see Materials and Methods).

Dosimetry Equivalent dose determination

Sample
code

Cosmic
Field ID K (%) U (ppm) Th (ppm) dose

(Gy ka-1)

Internal
dose (Gy

ka-1)

Total dose
rate (Gy

ka-1)

Aliquots
accepted/
analyzed

Overdis
persion De (Gy) Age (ka)

(%)

Quartz

UK14 GOD12-2

UK15 GOD12-3

UK16 GOD12-4

UK10 BRM13-1

UK11 BRM13-2

UK13 PEN13-1

UK12 PEN13-2

1.51 ±
0.08

1.82 ±
0.09

1.71 ±
0.09

0.95 ±
0.05

1.05 ±
0.05

0.75 ±
0.04

0.81 ±
0.04

1.49 ± 0.15

1.3 ± 0.13

1.23 ± 0.12

1.13 ± 0.06

2.21 ± 0.11

1.17 ± 0.12

2.37 ± 0.12

5.92 ±
0.59

6.5 ± 0.65

4.61 ±
0.46

4.55 ±
0.23

4.62 ±
0.23

2.82 ±
0.28

5.22 ±
0.26

0.08 ±0.01

0.08 ±0.01

0.08 ±0.01

0.12 ±0.01

0.12 ±0.03

0.18 ±0.02

0.18 ±0.02

n/a 1.94 ± 0.15 17/17

n/a 2.19 ± 0.17 14/18

n/a 1.97 ± 0.16 18/18

n/a 1.38 ± 0.12 15/15

n/a 1.67 ± 0.12 20/20

n/a 1.18 ± 0.08 24/35

n/a 1.61 ± 0.11 11/30

11.1 275 ± 12 141 ± 12

18.9 295 ± 21 135 ± 14

16.8 244 ± 13 123 ± 12

19.2 190 ± 12 138 ± 13

20.4 178 ± 10 107 ± 8

25.2 133 ± 8 113 ± 10

23.3 120 ± 11 75 ± 9

K-feldspar pIRIR170

UK10 BRM13-1

UK11 BRM13-2

UK13 PEN13-1

UK12 PEN13-2

0.95 ±
0.05

1.05 ±
0.05

0.75 ±
0.04

0.81 ±
0.04

1.13 ± 0.06

2.21 ± 0.11

1.17 ± 0.12

2.37 ± 0.12

4.55 ±
0.23

4.62 ±
0.23

2.82 ±
0.28

5.22 ±
0.26

0.12 ±0.01

0.12 ±0.03

0.18 ±0.02

0.18 ±0.02

0.85 2.23 ± 0.11 12/12

0.85 2.52 ± 0.11 12/12

0.85 2.05 ± 0.08 12/12

0.85 2.46 ± 0.11 12/12

6.4 267 ± 10 120 ± 7

7.6 300 ± 12 119 ± 7

4.6 236 ± 9 115 ± 6

0 282 ± 10 115 ± 6
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