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SUPPLEMENTARY METHODS 

 

 

Empirical evidence of Antarctic Ice Sheet change 

 

Empirical evidence was utilised to support the findings and interpretations of published literature, 

and to help visualise patterns of Antarctic Ice Sheet change during the Holocene. The data were 

sourced from databases, review paper compilations and original publications, and were analysed 

systematically where possible. To provide a spatial evaluation of ice sheet change through the 

Holocene, the empirical data were divided into ice sheet sectors, based on modern ice divides1 that 

were extrapolated to the continental shelf edge: Antarctic Peninsula, Weddell Sea, East Antarctica, 

Ross Sea and Amundsen Sea. The datasets assessed in this review, and the code used to analyse 

and plot the data are available at https://github.com/rs-jones/antarctica-holocene, and the figures 

used cmocean colormaps2. 

 

Cosmogenic exposure data 

Ice thickness change near the ice sheet margins was assessed using cosmogenic exposure 

data (Box 1). These data were sourced from the ICE-D Antarctica database (http://antarctica.ice-

d.org/; accessed 05 November 2021), which provides an up-to-date compilation of sample 

information and exposure ages. The database uses its own framework to categorise and calculate 

exposure ages based on the contained sample information, and updates the exposure ages every 

24 hours using the most recent developments in the calculation process3.  

To prioritise data that should provide a reliable timeline of ice thickness change, data were 

included only where the site was categorised as a nunatak, with a minimum of 5 samples covering 

at least 10 m elevation range. Cosmogenic inheritance from insufficient erosion of the surface 

during periods of ice cover can result in erroneously old exposure ages4, however, this should be 

minimal during the Holocene. The exposure ages utilised here were from the most commonly-

applied isotope (10Be) and the isotope with the smallest inheritance signal (14C), calculated using the 

LSDn scaling scheme5. While the in situ-produced cosmogenic 14C ages should provide a more 

https://github.com/rs-jones/antarctica-holocene
http://antarctica.ice-d.org/
http://antarctica.ice-d.org/
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reliable estimate for the timing of ice thickness change, especially prior to the Holocene6, there are 

currently too few records to allow for a widespread assessment of Antarctic Ice Sheet change solely 

using in-situ 14C data. 

These cosmogenic exposure data were used to produce Figure 2a. The probability density 

functions are kernel density estimates7, which were calculated for each exposure age from the 

mean and standard deviation, and summed for each sector. The rate of ice surface elevation 

change was estimated by linearly interpolating the age-elevation data at each site, calculating the 

elevation difference for 1000-year windows, and averaging across sites for each sector. 

 

Snow accumulation rate data 

Ice thickness change in the interior was assessed using the rate of snow accumulation from ice 

core records. It is currently challenging to estimate absolute ice thickness change from ice cores. 

However, snow accumulation provides a useful indicator of ice thinning or thickening at a site as it is 

the primary control on ice surface elevation change8 (Box 1). The accumulation rates and age 

chronologies were taken from a recent compilation of Antarctic ice core records9. While there are 

many more records of snow accumulation from ice cores, particularly during the Late Holocene10, 

records that span the full length of the Holocene were prioritised for this review. 

These data were used to produce Figure 2b. To help visualise the inferred change in ice 

thickness at each ice core, the accumulation rates were summed for 500-year windows, and plotted 

relative to pre-Industrial (1700-1850 CE). For WAIS Divide, Dome C and Dome Fuji, the 

corresponding change in ice surface elevation has been estimated from modelling of the 

accumulation rate and ice flow, which is shown in Figure 2b as published in the original studies11,12. 

 

Grounding line retreat data 

The timing of grounding line retreat was assessed using published chronologies. Ages that 

directly constrain the retreat of grounded ice were prioritised (Box 1), opposed to relative changes in 

the grounding line position (i.e., distal to proximal) or retreat of the ice shelf margin. In a limited 

number of cases (for example, to capture inland retreat in the Siple Coast region13), we included a 

broad age-range for grounding line retreat. Since the reliability of a retreat age is dependent on the 

geological setting of the site, marine radiocarbon approach (e.g. calcareous microfossils, bulk, 

compound specific, ramped pyrolysis) and correction method (e.g. marine reservoir effect with 

appropriate ΔR)14–16, this review used the most recently published age estimate for each record, and 

only records that have been previously assessed as reliable estimates of grounding line retreat. For 

records published before 2014, ages were taken from the RAISED Consortium suite of reviews17–21. 

For records published from 2014 onwards, ages were taken from the original study, which typically 

followed a framework for determining reliability and calculating ages as recommended by the 

RAISED Consortium. 

These data were used to produce Figure 3. In Figure 3b, the probability density functions are 

kernel density estimates (as produced for the cosmogenic exposure data), which were calculated 

for each retreat age from the mid-age and standard deviation, and summed for each sector. 

 

Relative sea level data 

Ice mass change in coastal locations was assessed from records of relative sea level change, 

which reflect the solid-Earth response to regional ice mass gain and loss (Box 1). Due to the 

complexities in interpreting and visualising the response to ice mass change from relative sea level 

change, these data are not compiled and analysed in this review. Instead, the timings of ice mass 

gain and loss are presented in Figure 3 based on the published interpretations of the relative sea 

level records and the most recently calculated ages of the changes.  
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Sea level modelling 

 

Sea level modelling was carried out using a gravitationally self-consistent theory that accounts for 

shoreline migration and rotational feedback22–24.  

Two primary inputs must be defined in the model: the rheological properties of the solid Earth 

and the ice loading history. The solid Earth was represented using a spherically-symmetric, depth-

varying (i.e., 1-D), self-gravitating Maxwell body, which comprises an elastic lithosphere, and an 

upper and lower mantle extending to 670 km and from 670 km to the core-mantle boundary, 

respectively. The elastic and density structure of the Earth was derived from the preliminary 

reference Earth model25. The Earth models were created by combining two effective lithospheric 

thicknesses (71 and 96 km) with four upper mantle viscosities (0.1, 0.3, 0.8, 1 × 1021 Pa s) and three 

lower mantle viscosities (5, 10, 30 × 1021 Pa s). The ice loading history describes Holocene change 

across Antarctica, and was taken from the 11 published ice models presented in Figure 426–34. In 

total, a suite of 264 model combinations were tested, consisting of 24 Earth and 11 ice models. 

For this review, the focus is the modelled spatial pattern of sea-level change and global mean 

sea-level contribution from Antarctic ice volume change during the Holocene. Figure 6 shows the 

spatially variable patterns of sea-level change for a) a period of modelled rapid ice loss (12,000 to 

8,000 years ago), which uses the mean of the 11 ice models, and b) a scenario of ice volume gain 

(3,000 to 0 years ago), which uses a single ice model with the greatest ice sheet readvance. In both 

cases, the mean and standard deviation from the 24 Earth models was calculated across the 11 ice 

models or for the single ice model, respectively. Supplementary Figure S1 shows an alternative 

scenario of ice gain, which instead uses the ice model with the greatest total ice volume gain (5,000 

to 0 years ago) as opposed to the greatest readvance. The Antarctic contribution to global mean 

sea-level (which excludes the contribution from ice below flotation) was calculated for the 11 ice 

models, taking the mean of the 24 Earth models, and is shown in Supplementary Table S1.  
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SUPPLEMENTARY TABLES 

 

Table S1. Global mean sea level contribution from Antarctica during the Holocene 

(metres); values indicate global mean sea level at each time, relative to present. 

Ice model 
Time (thousand years ago) 

12 10 9 8 7 6 5 4 2 0 

A20 11.98 12.32 11.88 9.23 6.23 3.24 0.43 -0.19 -0.22 0.00 

B14 5.47 2.20 1.43 0.80 0.60 0.44 0.24 0.17 0.02 0.00 

G14 6.45 3.26 2.16 1.33 1.19 0.98 0.74 0.59 0.39 0.00 

G20ig5 2.52 1.01 0.49 0.27 0.12 0.10 0.03 0.02 -0.03 0.00 

G20anu 5.61 3.80 2.25 1.61 1.25 1.06 0.75 0.53 0.21 0.00 

P18 4.04 1.75 0.96 0.60 0.44 0.26 0.06 0.07 -0.01 0.00 

P17elra 5.53 2.96 1.97 1.43 1.13 0.90 0.67 0.58 0.28 0.00 

P17st 5.19 3.49 1.84 0.83 0.44 0.21 0.11 0.16 -0.03 0.00 

T18 8.93 4.35 2.62 1.81 1.35 1.00 0.77 0.44 -0.09 0.00 

W12 2.33 1.55 0.89 0.36 -0.08 -0.48 -0.87 -0.71 -0.36 0.00 

K18 4.93 1.60 0.82 0.50 0.29 0.07 0.01 -0.07 -0.19 0.00 
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SUPPLEMENTARY FIGURES 
 

 
 

Figure S1. Pattern of global sea-level change due to a scenario of Antarctic ice volume gain. 

The maps show simulated ice thickness change and corresponding modelled relative sea-level 

change, akin to Figure 6b. Here, however, the ice sheet model with the greatest Mid-to-Late 

Holocene ice volume gain31 (W12 in Supplementary Table S1), rather than greatest readvance 

(K18), is used. Ice gain in this model comes from interior thickening, despite continued grounding-

line retreat, and is simulated between 5,000 years ago and present (note, the time period is different 

to Figure 6b). Sea-level fall (up to 1.2 m) is predicted in the north and central Pacific Ocean, north 

Atlantic Ocean, and Indian Ocean. Meanwhile, sea-level rise is predicted in the Southern Ocean, in 

the vicinity of the Antarctic Peninsula, Weddell Sea and Amundsen Sea sectors.  
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