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Abstract

The rate and magnitude of the Antarctic Ice Sheet (AlS) contribution to global sea-level rise
beyond 2100 CE remains highly uncertain. Past changes of the AIS, however, offer
opportunities to understand contemporary and future ice sheet behaviour. In this Review, we
outline how the AIS evolved through the pre-Industrial Holocene, 11,700 years ago to 1850
CE. Three main phases of ice sheet behaviour are identified: a period of rapid ice volume
loss across all sectors in the Early and Mid Holocene; a retreat inland of the present-day ice
sheet margin in some sectors, followed by readvance; and continued ice volume loss in
several sectors during the past few millennia, and in some areas up to and into the Industrial
era. Global sea levels rose by 2.4-12 m owing to the period of rapid Antarctic ice loss, and
possibly fell by 0.35—-1.2 m owing to subsequent readvance. Changes in the AlS during the
Holocene were likely driven by similar processes to those acting today and predicted for the
future, which are associated with oceanic and atmospheric conditions as well as bed
topography. Further work is required to better understand these processes, and to quantify
Antarctica’s contribution to past sea-level change.
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Key Points

e Multiple lines of evidence indicate that the Antarctic Ice Sheet underwent periods of
ice volume loss and gain in the Holocene that affected global sea level.

e Rapid ice loss occurred in all ice sheet sectors during the Early-to-Mid Holocene,
contributing between 2.4 and 12 m to global mean sea level rise (GMSL).

e |Ice sheet readvance occurred in two sectors during the Holocene, which might have
caused a fall in global sea levels of 0.35 m, or possibly 1.2 m.

e The ice sheet was mostly at or near its present-day geometry by the Late Holocene,
but ice loss and gain continued in some areas into the Industrial era.

e Ice loss was likely caused by oceanic warming, sea-level rise, retrograde bed
topography and atmospheric changes, and ice gain was possibly caused by glacial
isostatic adjustment and/or climate variability.

e Improved understanding of the Antarctic Ice Sheet in the Holocene will be achieved
through targeted data collection, and developments in chronological techniques and
numerical modelling.



Introduction

Polar ice sheets have a pivotal role in the Earth System, regulating the climate and
moderating global sea-level change. Satellite observations reveal that the Antarctic Ice
Sheet (AIS) — which has a volume equivalent to 57.9 m of potential sea-level rise’— has
been losing ice volume at an accelerating rate over the past 4 decades?. In several sectors,
the grounding line — where the ice flowing off the land begins to float — has been retreating,
with associated thinning of the ice sheet inland®#. This ice volume loss has been dominated
by ice dynamic processes rather than surface melting®, and is likely caused by sub-ice melt
and thinning of ice shelves owing to an influx of warm ocean water®’. Although concern
exists that a tipping point, associated with self-sustaining ice loss, has already been crossed
in parts of Antarctica®®, modern observations are not yet sufficient to determine whether the
current ice sheet volume loss marks the start of irreversible retreat®.

As a result of such ice loss, the AIS contributed to a gradual rise in global mean sea level
(GMSL) over the past century!!. Although the Antarctic contribution has so far been relatively
small, the rate and magnitude of sea-level rise from the AIS is set to accelerate this century
(Fig. 1). Numerical ice sheet models predict that the AIS will contribute 0.04—0.22 m
(medians of endmembers) to GMSL by 2100 CE*?, and potentially >9 m by 2300 CE®.
However, these estimates are uncertain, particularly regarding the timing of rapid ice loss
due to instabilities, which is a primary cause of the wide spread in projections to 2100 CE*?
(Fig. 1). As a result, current estimates of future sea-level rise lack the necessary precision
for effective policy implementation!4. Therefore, understanding the processes dictating the
rate and magnitude of AlS volume loss in this century and beyond is essential.

The Holocene — the current interglacial period, spanning the past 11,700 years — provides
crucial context to better understand current and future ice sheet change. GMSL was
relatively stable in the Late Holocene (Fig. 1), prior to the start of the Industrial era (1850
CE), providing a baseline to assess historical sea-level change over the past 150 years®. In
the Early to Mid Holocene, rates of GMSL rise were similar to those predicted by 2100
CE*216 providing a possible analogue for the processes and rates of future accelerated ice
sheet volume loss (Fig. 1), taking into account the different specific boundary conditions and
climate forcing for future AIS change. Despite the potential insights into current and future
changes in GMSL offered by the Holocene, Antarctica’s contribution to Holocene sea-level
change and the causes of centennial-scale AIS change are not yet well understood.

In this Review, we examine how the AIS changed during the Holocene. We focus primarily
on variations in the grounded portion of the ice sheet, as this directly influences global sea
level*”8, We first outline the broad spatial and temporal patterns of AIS change during this
period, and then assess evidence for three key postulated phases of ice sheet change: early
rapid ice volume loss; inland retreat and readvance; and final pre-Industrial ice volume
change. We then discuss Antarctica’s potential contribution to global sea-level change in the
Holocene. We conclude by summarising current knowledge of the characteristics and
processes of AlS change, and the scientific advances required to better understand ice
volume variability and more reliably predict centennial-scale contributions to sea-level rise.



Context to Holocene AIS history

Based on compilations of Antarctic glacial geological evidence, AIS volume last peaked
during the Last Glacial Maximum, approximately 20,000-27,000 years ago'®. Ice volume
substantially decreased over the subsequent millennia, responding to a warming climate,
sea-level rise and Earth System feedbacks!®?2, Since the onset of the Holocene, GMSL has
risen by ~62 m and ice loss from the AIS has likely made a substantial contribution to this
increase'®23, Determining the contribution of the AIS to global sea-level change during the
Holocene, including the spatial and temporal pattern of that change, requires knowledge of
Antarctica’s ice sheet history.

Knowledge of past changes in the volume of grounded ice is based on three main types of
evidence: ice thickness change; grounding line migration; and the response to ice load
change (Box 1). Although this evidence provides the most direct indication of ice sheet
volume change, past changes in the ice sheet can also be inferred from a variety of proxy
records, including: ice volume variability from deep-sea oxygen isotope values?®*; the flux of
icebergs (and implied rate of ice shelf calving) from iceberg-rafted debris found in marine
sediment?®; glacial discharge (melting of grounded or floating glacial ice) from the isotopic
signature of marine microfossils?®; ice shelf retreat and glacier melt from the isotopic
signature of marine and lacustrine sediments?®2’; ice flow changes from englacial radar and
seismic measurements?®; a presence or absence of grounded ice from the analysis of
subglacial sediments?®; and ice margin retreat from terrestrial glacial and lacustrine
deposits®®. Such empirical data can be used to guide or evaluate numerical ice sheet models
that simulate the deglacial evolution of the ice sheet?::222%31-34 providing insight into key
processes through the Holocene.

The thickness of the AIS varied throughout the Holocene, but these changes were not
consistent in magnitude or timing across Antarctica (Fig. 2). Cosmogenic exposure age data
indicate a greater amount of ice loss occurred in the Early and Mid Holocene than in the Late
Holocene®-38 (Fig. 2a). A broad period of relatively rapid ice sheet thinning is recorded in all
sectors between ~11,000 and 5,000 years ago, and the magnitude and timing of thinning
varied between sectors throughout the Holocene.

Ice core evidence indicates that the snow accumulation rate at some locations at the onset
of the Holocene was greater than during the pre-Industrial (1700-1850 CE), implying
probable thickening in the ice sheet interior, while other locations experienced an
accumulation rate lower than pre-Industrial®® (Fig. 2b). This regional variability, with opposing
accumulation trends in neighbouring sectors, continued through the Holocene and into the
twentieth century.

Evidence of past grounding line migration indicates that retreat to the inner parts of the
continental shelf occurred prior to or at the onset of the Holocene'®, and that final retreat
mostly occurred before ~8,000 years ago*3 (Fig. 3). However, as with ice sheet thinning,
the exact timing and rate of retreat varied across Antarctica. Emerging evidence also
suggests that the grounding line in some sectors retreated inland of its present position
during the Holocene, followed by a readvance?®#445 (Fig. 3).



Variation in the thickness and extent of grounded ice is also reflected in relative sea level
records around Antarctica, which represent the solid-Earth response to ice load change.
Although these records do not extend back to the onset of the Holocene at most locations
and require knowledge of local Earth rheology to absolutely quantify local ice mass
change?, they imply that Antarctica has lost ice mass since at least the Mid Holocene, with
possible temporary mass gains in some regions*’*8 (Fig. 3).

The Holocene history of the AIS can be divided into three phases: a period of relatively rapid
ice volume loss in the early part of the Holocene; retreat inland of the present-day grounding
line followed by readvance; and continued ice loss into the later part of the Holocene prior to
the Industrial era and modern observations. These phases occurred in broad chronological
order, but do not correspond precisely with the formal sub-divisions of the Early, Mid and
Late Holocene (Fig. 1) and might have overlapped.

Early rapid ice loss

The largest Holocene change in AlIS volume likely occurred during the Early and Mid
Holocene. In particular, ice sheet thinning was rapid over this time*°, potentially providing
insight into the centennial-scale response and drivers of contemporary accelerated ice loss®.

Ice thickness change near the margin

Cosmogenic exposure data collected from nunataks near the ice sheet margin (Box 1,
Supplementary Information) record a pattern of rapid, yet asynchronous, AlS thinning across
sectors. In the Amundsen Sea sector, ice sheet thinning started by ~10,000-12,500 years
ago®%%, with phases of rapid thinning of hundreds of metres (150-560 m) subsequently
occurring in eastern and central regions between ~9,000 and 6,000 years ago®*2. In the
Ross Sea sector, gradual thinning was underway by ~17,000 years ago®°3-% and
accelerated in the Holocene. Rapid lowering of the ice surface (by 140-280 m) is recorded
at several outlet glaciers along the Transantarctic Mountains, occurring as either a series of
accelerated episodes of thinning (at 9,300, 8,400 and 6,300 years ago®®) or as an apparent
continuous period of thinning (~7,500 to 5,000 years ago®43¢-°¢),

In the East Antarctic sector, ice surface lowering is recorded from ~13,000-18,000 years
ago, with hundreds of metres of thinning recorded at some sites prior to the Holocene®"%8,
Subsequently, rapid thinning in the Lambert Glacier-Amery Ice Shelf system and eastern
Dronning Maud Land is recorded from ~11,000 to 9,000 years ago (300 m)*’ and ~10,000 to
5,000 years ago (350 m)3"*°, respectively. In the Weddell Sea sector, thinning was
underway by ~10,000-14,000 years ago®®®:. The ice surface progressively lowered at
relatively moderate rates until 2,500-5,000 years ago at Foundation Ice Stream (central), but
was faster at Institute Ice Stream (west), where ~400 m of lowering occurred between 6,500
and 3,500 years ago®3. In the Antarctic Peninsula, ice surface lowering had begun by
~14,000 years ago®4°8. Data then imply phases of relatively rapid thinning (250-500 m) from
9,400 to 4,500 years ago in the northeast of the sector®”:%®, and from 12,400 to 9,600 and
7,500 to 6,000 years ago on the western and eastern sides of the Peninsula,
respectively®-69.70,



When cosmogenic data are considered collectively, ice sheet thinning occurred
predominantly between ~11,000 and 5,000 years ago (Fig. 2a). In the Early Holocene, rapid
thinning was dominant in East Antarctica, the Weddell Sea sector and parts of the Antarctic
Peninsula. Most sectors underwent hundreds of metres of thinning in the Mid Holocene, and
the largest amount of thinning in every sector occurred between ~8,000 and 6,000 years
ago. Time-averaged rates of ice sheet thinning can be estimated from these data, which
indicate that many sectors underwent thinning at a rate similar to, or faster than, that
observed at today’s most rapidly changing outlet glaciers*®.

Ice thickness change in the interior

Ice cores from the interior of the AIS tell a more complex story of Early and Mid Holocene ice
thickness change (Box 1, Supplementary Information). Snow accumulation rates in East
Antarctica (Dome Fuji, Dome C and Dronning Maud Land) remained fairly constant through
the Holocene, with variability of less than +10 m per 500 years®*®™* (Fig. 2b). Despite only
minor changes in the accumulation rate, a gradual increase in the surface elevation is
apparent from inverse flow modelling, indicating a thickening of ~75-80 m at two of these
sites (Dome Fuji and Dome C) since the onset of the Holocene2. Near the East Antarctic
coast (Law Dome, Fig. 3), an ice core record shows increased accumulation during the
Early-to-Mid Holocene, possibly implying some thickening, but any changes were complete
by ~8,500 years ago’®"4. Variations in the accumulation rate recorded in the South Pole ice
core record®®’® can be explained by an acceleration of ice flow since the Early Holocene, but
this acceleration could have resulted from interior thickening and/or downstream thinning?®.
Relatively low accumulation is recorded at WAIS Divide (Amundsen and Ross Sea sectors)
in the Early Holocene (focused at ~11,000-9,000 years ago), which then increased through
the Mid Holocene”. This trend in accumulation likely corresponds to initial thinning, followed
by a thickening after ~7,000 years ago (Fig. 2b)’8. In the Ross Sea sector, two sites closer to
the coast (Siple Dome and Talos Dome) record high accumulation rates at the onset of the
Holocene, indicating some thickening, which then reduced after ~10,500 years ago and into
the Mid Holocene3*™,

Thus, ice thickening likely occurred across much, but not all, of the ice sheet interior in the
Early and Mid Holocene. The rate and magnitude of this thickening is unlikely to have
counteracted the ice loss nearer the margin recorded by the cosmogenic exposure data,
although the absolute contribution to ice volume change is difficult to estimate from existing
evidence. However, the interior of the Amundsen and Ross Sea sectors experienced some
thinning at this time, which broadly corresponds to the timing of rapid ice sheet thinning
recorded near the ice sheet margin (Fig. 2).

Grounding line retreat and mass loss

A phase of rapid ice sheet thinning near the margin should be reflected downstream in
records of grounding line migration and in responses to ice unloading (Box 1, Supplementary
Information). Retreat of the grounding line from the outer continental shelf around Antarctica
was underway before the Holocene?!®, and available evidence indicates that retreat across
the mid- and inner-shelf was largely complete by 8,000 years ago (Fig. 3). However, subtle
differences in the timing have been recorded between sectors. In the Amundsen Sea,



accelerated grounding line retreat occurred near the onset of the Holocene, reaching the
inner-shelf as early as 11,700 years ago*?®. In the Ross Sea, the grounding line retreated
from the outer-shelf in the east 11,500 years ago®, had reached the mid-shelf by 8,600
years ago®?, and had retreated 850 km to its modern position on the inner-shelf by ~4,800—
7,500 years ago**83, Retreat was possibly delayed in the western Ross Sea, with a period of
ice unloading recorded around 7,800-8,200 years ago (Fig. 3)*":84,

In East Antarctica, grounding line retreat occurred offshore of Mac.Robertson Land at the
onset of the Holocene (11,700 years ago)*3. Around this time, ice loss also occurred in Prydz
Bay, as grounding line retreat to sites beneath the present Amery Ice Shelf was complete by
11,000 years ago and unloading due to ice mass loss became dominant from 9,400 to 7,100
years ago*®8-28 |ce loss also occurred in Wilkes Land, where ice unloading and retreat is
recorded from 8,500 years ago®*°, and in Dronning Maud Land, where final unloading is
recorded from ~7,000 years ago®! (Fig. 3). In the Weddell Sea, grounding line retreat from
the outer-shelf occurred between 12,800 and 10,500 years ago, reaching the mid-shelf by
8,500-8,700 years ago in the east, and possibly the inner-shelf by ~5,000 years ago in the
west of the sector®2-%, In the Antarctic Peninsula, the grounding line had reached the mid-
shelf in most places prior to the Holocene®’. Retreat to the inner-shelf occurred by ~9,700
years ago on both sides of the Peninsula®°, which is consistent with the timing of ice
unloading in this sector'®1% (Fig. 3). Evidence of iceberg flux and glacial discharge in the
vicinity of the Weddell Sea and Antarctic Peninsula also indicate that episodes of ice loss
occurred at this time, peaking between ~11,500 and 9,000 years ago?°2°,

Around Antarctica, grounding line retreat to the inner continental shelf was typically closely
followed by a period of rapid thinning, which was also reflected in records of ice unloading in
some locations3-3743_ In every sector, multiple types of evidence are consistent with a phase
of rapid ice volume loss in the Early-to-Mid Holocene, with the exact timing and magnitude
varying around Antarctica.

Model simulations of rapid ice loss

Ice sheet modelling provides a means to estimate total AlS volume change and to reveal
spatial patterns in AIS change by simulating variations in the ice sheet geometry that are
recorded by empirical data. When assessing the ice mass change from multiple models with
differing climate forcings and model physics?!:22:29.31-34.102103 ‘mqgst volume loss in Antarctica
is simulated in the Early Holocene, peaking before 11,500 years ago, and at 11,000 to
10,500 and 10,000 to 9,500 years ago (Fig. 4a). The Ross Sea and Weddell Sea sectors are
the dominant contributors during peak periods of ice loss, with the Weddell Sea contribution
proportionally increasing after 10,500 years ago, and the Ross Sea almost entirely
deglaciated by the Mid Holocene. However, considerable differences exist in the location
and magnitude of simulated ice thickness change between models in the Early Holocene,
particularly for the Weddell Sea sector in both the Early and Mid Holocene (Fig. 4b).

Many models have been unable to replicate the timing of rapid ice sheet thinning recorded
by the empirical evidence, typically simulating this ice loss approximately 1000-5000 years
too early®6194105 The mismatch could be caused by a combination of factors, including

uncertainty in the geological boundary conditions and climate forcing, the model resolution
and model physics'®-1%7 as well as possible error in the empirical datal®®. Reducing data—



model mismatch is necessary for a reliable estimate of ice volume change in Antarctica
during the Early and Mid Holocene.

Drivers and controls of rapid ice loss

The causes of rapid ice loss in the Early-to-Mid Holocene are not yet fully understood (Fig.
5). However, evidence exists for changing oceanographic conditions on the continental shelf,
which would have interacted with the ice sheet margin at this time. Intrusions of warm
Circumpolar Deep Water occurred in the Amundsen Sea between 10,400 and 8,000 years
ago!®, higher sea surface temperatures are recorded in the Antarctic Peninsula sector at
11,500 to 9,000 and 8,200 to 7,000 years ago*'®'!! and peak sea surface temperatures are
recorded off Adélie Land in East Antarctica at ~6,000 years ago*!2. In the Amundsen Sea
and Ross Sea, ocean warming is thought to be responsible for thinning of ice shelves and
thermal erosion of ice at the grounding line, which accelerated retreat and thinning of the
grounded ice sheet?6:35:104.109.113 (Fig 5p). A positive feedback might have also existed at this
time, in which initial ice loss led to a freshening of the ocean surface, reduced Antarctic
Bottom Water formation and increased incursions of warm Circumpolar Deep Water?:,
Differences in the timing of oceanic warming around Antarctica might explain why ice loss
was asynchronous between sectors during this period; however, insufficient evidence exists
to properly assess whether ocean warming was responsible.

Additional factors acting at the ice sheet margin and in the interior likely controlled the exact
timing and rate of Early-to-Mid Holocene ice loss. The grounding line in marine-based
sectors of the AIS is vulnerable to sea-level change (Fig. 5b), and modelling suggests that
sea-level rise sourced from retreating Northern Hemisphere ice sheets might have amplified
the rate of Early Holocene ice loss in Antarctica??. Bed topography also had an important
role. Modelling indicates that episodes of rapid ice loss likely resulted from unstable
grounding line retreat across retrograde bed slopes on the continental shelf via a process
called marine ice sheet instability>*8?, and that the timing of retreat might have been delayed
by the presence of pinning points and narrow trough geometry**-11® (Fig. 5b). In the interior,
increased snowfall during the Early Holocene might have caused some local thickening of
the ice sheet, which would have counteracted and delayed ice thinning until this increased
accumulation was outpaced by the dynamic effects from ocean-driven retreat at the
margins3°6°,

Inland retreat and readvance

Following the phase of early rapid ice loss, parts of the AIS grounding line retreated inland of
its present-day position, and subsequently readvanced.

Evidence of inland retreat and readvance

Assessing whether and when the AIS was ever smaller than present during the Holocene is
challenging. Evidence for such behaviour can be found within or beneath the present-day ice
sheet'?®, or inferred from the response of the solid Earth to retreat and readvance. Currently,
however, only limited evidence supports large-scale inland retreat and readvance of the
Antarctic grounding line, mostly in the Ross Sea and Weddell Sea sectors.



In the Ross Sea sector, bulk radiocarbon measurements of subglacial sediments from the
Siple Coast imply that sites located 200 km upstream of the present-day grounding line were
once open to the ocean? (Fig. 3). Radiocarbon dates from subglacial sediment collected just
inland of the present-day grounding line indicate that inland retreat occurred ~4,800—7,500
years ago®. Therefore, readvance to the present-day position must have occurred after this
time, broadly corresponding to thickening at the upstream WAIS Divide site (Fig. 2b)".
Modelling of subglacial radiocarbon alternatively proposes inland retreat along the Siple
Coast at 1,700-4,700 years ago and readvance at 800—1,500 years ago, with the exact
timing varying between ice streams®.

In the Weddell Sea sector, a substantial dynamic change in the ice sheet occurred during
the Holocene?117-120 possibly related to a rapid retreat and then readvance of the grounding
line in the vicinity of Robin Subglacial Basin** (Fig. 3). Observations of modern bedrock uplift
rates in the region cannot be explained by progressive ice loss, and instead might represent
a period of rethickening and/or readvance in the Holocene®?!. Ice-penetrating radar data
collected at several ice rises in the Weddell Sea embayment suggest a reorganisation of ice
flow and possibly inland retreat before re-grounding?2°:117.120, The timing of these grounding
line changes is uncertain, but inland retreat might have occurred 6,000 years ago, and
readvance to the modern position possibly by 3,800 years ago?''?The impact these
grounding line fluctuations had on ice volume in the Weddell Sea sector is unclear, as
records of ice flow inland indicate that changes were restricted to the coast!?.

Elsewhere in Antarctica, relative sea level data might record a temporary and small ice mass
gain. In the East Antarctica and Antarctic Peninsula sectors, indications exist of mass gain at
7,200 years ago, sometime between 7,100 and 2,700 years ago, and at 700 years
ago?*888101.124 (Fig. 3), and a number of small-scale readvances of terrestrial and marine ice
margins are documented and inferred in several sectors throughout the Mid and Late
Holocene®" 7125130 However, these contributions to ice volume change were likely minor.

Available evidence supports retreat of the Antarctic grounding line inland of the present-day
position during the Holocene, followed by a readvance, but is currently restricted to the Siple
Coast (Ross Sea sector) and Robin Subglacial Basin (Weddell Sea sector) (Figs 3, 5a). How
far inland the grounding line retreated, and whether inland retreat and readvance was
synchronous between the two sectors, is not yet known. The degree to which widespread
Holocene retreat and readvance occurred elsewhere in Antarctica, and the associated
impact on total ice volume change, also remains unknown.

Potential drivers of readvance

Most models that provide insight into the drivers of ice sheet change do not simulate
substantial inland retreat and readvance during the Holocene. Ice sheet models do,
however, indicate that along the Siple Coast in the Ross Sea and the Robin Subglacial Basin
in the Weddell Sea sectors, rethickening and readvance are more likely ice sheet responses
than either continued retreat or stable ice thicknesses during the Late Holocene (Fig. 4).

Several explanations for a reversal in the direction of Holocene grounding line migration —
from retreat to advance — have been proposed. First, the bed beneath an ice sheet will



rebound following ice mass loss via a process called glacial isostatic adjustment, as
recorded in the relative sea-level histories around Antarctica (Fig. 3). Such rebound can lead
to the re-grounding of floating ice, potentially slowing down or even reversing grounding line
retreat*®13! (Fig. 5b). Ice sheet and glacial isostatic modelling suggest that the response to
past ice loss in the Weddell Sea and Ross Sea sectors can explain the empirical evidence of
grounding line readvance and modern uplift rates?®'?1, However, the rate of bed uplift is
difficult to estimate, and other models have been unable to replicate rebound-driven
readvance!®. Second, climate variability might have driven inland retreat and readvance.
Following a period of prolonged ocean warming!®1%%111 3 switch to ocean cooling could
have initiated readvance. This mechanism, potentially associated with atmospheric
variability, has been suggested for the Ross Sea sector during the Mid and Late
Holocene®3132, Glacial isostatic adjustment and/or climate variability could thus have caused
a switch from grounding line retreat to readvance in some (or all) sectors during the
Holocene, but the dominant driver remains uncertain.

Final pre-Industrial ice volume change

Following the period of widespread rapid ice loss and instances of inland retreat and
readvance, the AIS approached its present-day volume in the Late Holocene. Evidence of
ice sheet change over the past few millennia enables the observed ice volume trend —
which lacks direct measurements prior to the satellite era and particularly prior to the start of
the Industrial Era (1850 CE) — to be extended, providing context for modern AlS change.

Ice volume change over recent millennia

Ice sheet volume was relatively stable during the Late Holocene compared with the changes
seen in the Early and Mid Holocene. Rates of ice thickness change drastically reduced after
~4,000 years ago, both near the coast and in the interior (Fig. 2). The grounding line was at
or near its modern position in most regions of the continental shelf during the past few
millennia, and ice unloading was largely complete, as relative sea level was close to modern
levels in most sectors (Fig. 3). Ice sheet models also simulate near-zero mass loss, or slight
mass gain, in most sectors over this time (Fig. 4).

Despite the overall picture of ice sheet stability during the Late Holocene, empirical evidence
and ice sheet modelling indicate that the ice volume was still changing in some regions of
Antarctica. In the east of the Ross Sea sector, >400 m of ice sheet thinning is recorded
between 3,200 and 1,900 years ago®3, and in the west of the sector, 190 m of thinning is
recorded between 6,700 and 300 years ago, as well as 25 m of thinning in the past 200
years® 133 In East Antarctica, 70 m of thinning and episodes of increased glacier melting are
recorded from 4,000 years ago in eastern Dronning Maud Land?"*’, ice unloading
accelerated from 2,700 years ago at Larsemann Hills*®, and glacial discharge increased from
4,500 years ago in Prydz Bay and from 1,700 years ago in Adélie Land—George V
Land®**1%, Modern observations of bedrock uplift also indicate ice mass loss occurred
during the Late Holocene in the vicinity of Totten Glacier, Wilkes Land®*°. Furthermore, ice
sheet models simulate continued ice loss into the Late Holocene in East Antarctica, mostly
located in Dronning Maud Land, Princess Elizabeth Land and Wilkes Land; although, not all



models agree and limited empirical data are available to confirm this apparent ice loss (Fig.
4).

Centennial-scale fluctuations in glacier extent, glacial discharge and iceberg flux are
recorded in the Weddell Sea and Antarctic Peninsula sectors?>12%136137 gyer the Late
Holocene, as well as changes in ice shelf geometry®. In the Antarctic Peninsula, glacier
variability is also indicated after ~2,800 years ago**®1%: widespread but small-scale
readvance is documented from ~400 to 90 years ago'?°, and ice mass loss is inferred from
an increased rate of relative sea-level fall 3,100 years ago and ice unloading peaking at
~1,400 and 800 years ago'*®14l, Superimposed on these trends, proxy records from both
sides of the Antarctic Peninsula indicate increases in glacial discharge during the past ~500
years, implying that ice volume loss might have continued throughout this period?>*3’,
Meanwhile, in the Antarctic interior, thickening likely continued until 1000 years ago’>8, after
which accumulation generally decreased towards present (Fig. 2b).

All considered, some evidence suggests that local and relatively low magnitude ice volume
loss continued to occur in several areas of the AlS during the past few millennia (Fig. 5a).
However, it is not clear how the apparent ice loss impacted overall ice sheet volume, or
whether this loss outweighed any ice volume gain from rethickening and/or readvance.

Drivers of final pre-Industrial ice volume change

The low magnitude changes in Antarctic ice volume over the Late Holocene compared with
the Early and Mid Holocene imply a weakening of the primary drivers of ice sheet behaviour.
Incursions of Circumpolar Deep Water onto the continental shelf decreased in the
Amundsen Sea from 7,500 years ago until at least 1,200 years ago® and largely ceased in
the Ross Sea in the Mid Holocene, possibly following the establishment of a large ice shelf
cavity and increased sea ice production'*?. However, high surface and sub-surface ocean
temperatures were still present elsewhere on Antarctica’s continental shelf during the Late
Holocene, and might explain evidence of increased ice loss recorded in East Antarctica and
the Antarctic Peninsula’®®!4® (Fig. 5). Substantial centennial-scale fluctuations in sea surface
temperatures (> £1 °C) occurred in the Antarctic Peninsula sector, with warm events
recorded at ~3,500 and between 1,600 and 500 years ago in the west, and since ~500 years
ago in the east!'9!1! These events broadly correspond to the periods of ice loss recorded in
the sector.

Late Holocene changes in ice sheet volume appear to have been asynchronous across
Antarctica, as well as within individual sectors, indicating the likelihood of multiple drivers of
ice volume change. Atmospheric forcing might have had a larger influence than oceanic
forcing during the Late Holocene (Fig. 5b), although the mechanisms that bring warm air to
Antarctica also have a role in triggering warm water intrusions onto the continental shelf and
beneath ice shelves. In the Antarctic Peninsula sector, and potentially elsewhere in
Antarctica, episodes of local ice loss from ice surface ablation have been linked to an
increasing occurrence of La Nifia events and enhanced summer insolation?®, as well as a
positive Southern Annular Mode*"'#44, and the regrowth of ice shelves and glacier advances
have been associated with periods of synoptic cooling'?8138.145 Periods of low snow
accumulation during the past millennium (between 1250 and 1800 CE) have been
associated with reduced solar activity!*® and the cooler atmospheric conditions of the Little



Ice Age'?®!¥7 A subsequent increase in snow accumulation from 1800 CE into the 20™
Century has also been attributed to atmospheric circulation change, notably to variations in
the Southern Annular Mode*?48, The exact contributions of these climatic processes to
driving spatially-variable changes in ice volume over recent millennia, as well as the role of
natural variability'*°, are not yet fully known.

Stabilisation of the ice sheet

The AIS was close to its present-day geometry in many regions by the Mid Holocene, but
different sectors reached the current configuration at different times. Records from all
sectors show that ice surface elevations were close to the modern surface by ~4,000-7,000
years ago3®:°8:63.67.150-152 ‘ht continued thinning beyond the Mid Holocene and subsequent
rethickening cannot yet be ruled out. In some locations, the present-day ice surface
elevation was reached only in the past few millennia, between 3,400 and 200 years
ago3738546L153 By contrast, records of the response to ice loading and unloading show little
variation through the Late Holocene (Fig. 3), implying stabilisation of the ice sheet geometry.
For example, in the northeast of the Antarctic Peninsula, ice unloading was possibly
complete by 1,300 years ago?*!, which also broadly corresponds with the stabilisation of
some ice shelf extents®”1%* In the Ross Sea sector, the present-day grounding line position
along the Siple Coast and ice shelf extent were likely reached 2,000-3,000 years ago,
although some subsequent variability occurred at individual ice streams!421°31% |n the
Amundsen Sea sector, marine records indicate that the grounding line was stable for
~10,000 years until renewed retreat in the 20" Century*®®. Overall, the whole AIS did not
reach a stable geometry at a specific time in the Holocene (Fig. 5a), but there is general
agreement on the approximate timing within some sectors.

In some localised regions, the ice sheet never reached a stable configuration during the
Holocene. High glacial discharge is recorded offshore of East Antarctica and the Antarctic
Peninsula from 1,600-2,000 years ago, and has possibly been at unprecedented levels
since 1700 CE™*!¥’_ An increase in the rate of ice unloading is also inferred along the
western Antarctic Peninsula over the past 790 years, with ice margin retreat continuing until
1870 CE&140 Accumulation rates near the Antarctic coast and in the Antarctic interior
varied throughout the Late Holocene towards the present day, and show a general increase
to modern rates since 1800 CE*%147, Although limited evidence exists to support continuous
and Antarctic-wide ice volume change, ice loss did occur in at least some regions into the
Industrial era.

Contribution to global sea-level change

A direct consequence of Antarctic ice sheet change is global sea-level change. However,
disentangling the signal of the AIS from other sources of sea-level change is challenging.

Relatively rapid GMSL rise occurred in the Early-to-Mid Holocene (Fig. 1), implying a period
of unstable ice loss from global ice sheets. Between the onset of the Holocene and 6,700
years ago — when retreat of the Laurentide, Greenland and Eurasian ice sheets in the
Northern Hemisphere had ceased®*’-1%° — GMSL rose by ~58 m*®. The Northern



Hemisphere ice sheets contributed approximately 46 m to GMSL during this time window,
leaving 12 m to be sourced from Antarctica'®l. However, determining the exact ice sheet
contributions is difficult, and these estimates depend on an uncertain sea-level budget at the
Last Glacial Maximum?©162.163_ Based on model simulations of the AIS (Fig. 4), Antarctica
contributed only 2.4-6.9 m to GMSL between the start of the Holocene and 6,700 years ago.

Numerical modelling indicates that the AIS could have increased relative sea levels by up to
5 m over 4,000 years during the period of rapid ice loss, which is predicted mostly in the
north and central Pacific Ocean, northwest Atlantic Ocean, and central Indian Ocean (Fig.
6a; Supplementary Information). Rapid relative sea-level rise in the Early-to-Mid Holocene is
recorded by empirical data in Southeast Asia, the Caribbean, the northwest and northeast
Atlantic Ocean, the southern African coast, and the western Pacific Ocean®-17° which is
consistent with a substantial contribution from Antarctica over this time.

A progressive decrease in the rate of GMSL change followed in the Mid-to-Late Holocene
(Fig. 1). Approximately 3.8 m of GMSL rise has occurred since 6,700 years ago, most likely
sourced from Antarctica and mountain glaciers!®¢11’t Based on model simulations of the
AIS (Fig. 4), Antarctica contributed somewhere between -0.2 m and 5.3 m to GMSL over the
past 6,700 years. A major Antarctic contribution (>1 m) to GMSL might have ceased by
6,000 years ago!’?>174, or continued until 4,000 years ago!’>-1% or 2,000-1,000 years
agol6164171181182 If the AIS underwent a period of readvance and ice volume gain in the Mid-
to-Late Holocene, a widespread drop in sea level (up to 35 cm) should have occurred,
mainly in the north and central Pacific Ocean, and sea-level rise (up to 50 cm) would have
been restricted to the Southern Ocean (Fig. 6b; Supplementary Information). This
widespread sea-level fall in the Mid-to-Late Holocene could have been up to 120 cm,
simulated using the model with greatest ice volume gain, but the substantial interior ice
sheet thickening simulated in this model needs corroboration from empirical evidence
(Supplementary Fig. 1).

Although evidence exists for continued relative sea-level rise in some mid latitude
locations'67183-186 'seq level reconstructions from Southeast Asia, the Indian Ocean, and the
equatorial and southwest Pacific Ocean record a trend of relative sea-level fall in the Late
Holocenel’2182187-190 Thjs fall is primarily due to time-decaying sea level processes!®!, but
the pattern is also broadly consistent with a period of Antarctic ice volume gain. Tighter
constraints on temporal variations in Late Holocene relative sea level'®1°2 are required to
determine whether a component of the recorded change is related to AlS volume change.

Differences between estimates of GMSL and global ice volume change still need to be
resolved. Notably, the AIS contributed 2.4—6.9 m to a period of rapid GMSL rise in the Early-
to-Mid Holocene based on AIS model simulations, but possibly up to 12 m based on the
Northern Hemisphere ice sheet contributions. Similarly, the AlS likely became the largest
source of GMSL rise after 6,700 years ago; however, determining whether the AIS
contribution to GMSL through the Late Holocene was greater than that of mountain glacier or
steric changes is not yet possible.

The rate, magnitude and geographic distribution of future sea-level change depends on how
the AIS will respond to climate change®. In the Holocene, AIS volume responded on a
range of temporal (10s—1000s years) and spatial (between and within ice sheet sectors)



scales — including some regions switching from volume loss to volume gain — which likely
resulted in a complex and temporally varying pattern of global sea-level change (Fig. 6).
Accurately predicting the spatial distribution of ice volume change and, therefore, the net
Antarctic contribution to sea-level change — both in the Holocene and in the future — relies
on several factors (for example, solid Earth, oceanographic and atmospheric processes)
which are not adequately known!93-19,

Summary and future perspectives

The geometry of the AIS did not remain stable throughout the Holocene, and periods of rapid
ice volume change are likely to have affected global sea level.

The causes of AlIS volume change in the Holocene (Fig. 5) provide insight into the processes
that are driving current and anticipated future ice sheet behaviour. Similar to that observed in
parts of Antarctica today, grounded ice loss in the Holocene was likely driven by incursions
of warm Circumpolar Deep Water on the continental shelf and subsequent thinning of ice
shelves’1%, Present-day grounding line retreat and ice sheet thinning is predicted to
accelerate due to marine ice sheet instability*19-1%° and evidence exists that this process
also occurred in the Holocene. Certain topographic settings were able to initially delay or
slow retreat in the Holocene but, once a threshold was reached, accelerated ice loss was
able to persist for many centuries. Although, in some cases, this retreat was reversed. In the
past 20 years , a speedup of grounded ice flow has been observed following the
disintegration of ice shelves?%2°1, Such behaviour appears to be unprecedented when
compared with Holocene records of ice shelf change®1452%2_ |ncreased snowfall occurred in
Antarctica during the 20" Century, and continued accumulation increases have the potential
to partly offset ice volume loss into the future as the atmosphere warms482%, A coupling
between snow accumulation and atmospheric temperature similarly existed throughout much
of the Holocene’, although how much the increase in accumulation contributed to ice
volume change, and whether this was able to offset retreat and thinning near the ice sheet
margins, is currently difficult to estimate.

The picture of the AIS during the Holocene remains incomplete. First, evidence of past ice
thickness change, grounding line migration or the response to ice loading is entirely lacking
across vast regions, and many regions have only sparse evidence. Limited information is
available for long stretches of the ice sheet margin in East Antarctica, where several glaciers
(for example, Totten, Denman and Vanderford) are changing dramatically today?. Similarly,
much of the Antarctic interior has inadequate data, and changes in ice thickness currently
are only inferred from widely scattered ice core records. Furthermore, large areas of the
continental shelf in the Ross Sea, Weddell Sea and Lambert-Amery system are unstudied,
largely due to the presence of ice shelves and sea ice which hamper the collection of marine
sediment cores. In addition to more data collection, some of these gaps could be filled
through application of new techniques. For example, measurements of internal ice layers
can be utilised to constrain ice volume changes across much of the ice sheet interior?®4, and
subglacial sediment and bedrock cores can be used to test whether and when inland retreat
occurred?:20%,



Second, accurate reconstructions of past ice sheet change are dependent on chronological
control, which has an inherent uncertainty, but also errors that can be difficult to quantify. For
example, determining the timing of ice thickness change from cosmogenic exposure dating
is dependent on the nuclide production rate (that varies in space and time!°2%) which
currently lacks Antarctic calibration. Meanwhile, the timing of grounding line retreat from
radiocarbon dating is dependent on a range of factors including the preservation of
calcareous fossils, which provide the most robust retreat ages, and a marine reservoir
correction that is often approximated from an Antarctic-wide average owing to a paucity of
regional data?°’?%8, Developments in these chronological technigques, such as ramped-
pyrolysis and compound-specific radiocarbon dating®%2° and cosmogenic in-situ carbon-14
exposure dating?®?1! as well as better quantification of uncertainties, will improve
understanding of the leads and lags of ice sheet change.

Third, the drivers of ice volume change and the contribution to GMSL remain poorly known.
These knowledge gaps can be investigated with ice sheet and sea level modelling, however
disagreements currently exist between model simulations and empirical data, as well as
between models. Improved accuracy of ice sheet model simulations will be achieved by:
testing against empirical data®'-332%; petter representation of bed topography and ice sheet
processes in models!?!2; and coupling to other Earth-System models that incorporate sea
level and climate feedbacks, and that account for lateral variations in Earth
rheology?12246213.214 Degpite advances in the understanding of ice—Earth feedbacks and
past atmosphere and ocean conditions*®?!°, information on the underlying mantle viscosity in
Antarctica is scarce*®?16217 and records of Holocene environmental change are limited,
particularly reconstructions of ocean temperature'®®-11, Additionally, constraining AIS
change via the interpretation of sea-level change in the mid-to-low latitudes requires the
guantification of lower mantle viscosity as well as improved reconstructions of non-Antarctic
ice sheet histories6:161:180,

In summary, many of the changes in the AIS during the Holocene were similar to changes
anticipated for the coming centuries. However, further progress in our understanding of ice
sheet change in the Holocene is urgently needed to provide useful bounds on the potential
rate and duration of ice sheet loss, and possible regrowth, and to advance our knowledge of
the processes that might enhance or reduce Antarctica’s future contribution to sea-level rise.
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Figure 1. Past, present and future sea-level change. Mean rates of sea-level rise for the
Early (11,700-8,200 years ago), Mid (8,200-4,200 years ago) and Late (4,200 years ago to
1850 CE) Holocene?®, historical observations since 1900 CE'?, and future projections to
2100 CE*2, The global total is shown in black and the Antarctic contribution in red. Future
projections are for RCP2.6/SSP1-26 (dashed lines) and RCP8.5/SSP5-85 (solid lines)
emission scenarios, and include only the Antarctic-specific contribution. The darker and
paler sets of red lines are for the main and risk-averse projections??, respectively, and the
difference reflects uncertainty in the processes controlling Antarctic ice volume loss. The
contribution of the Antarctic Ice Sheet to sea-level change in the Holocene is not known,
motivating an evaluation of the ice volume change over this time.
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Figure 2. Records of Holocene ice thickness change. a| The relative probability of rock
exposure and the corresponding change in ice surface elevation for different sectors of
Antarctica as determined from cosmogenic exposure data. Data are sourced from the ICE-D
Antarctica database?8, and filtered and analysed as described in the Supplementary
Information. Note, these estimates reflect changes at the margin, where thinning was
greatest, and do not reflect sector-wide thinning rates. b| The accumulation rate and
corresponding change in ice surface elevation from ice core data. Records were included
where the accumulation rate spanned the length of the Holocene®®, and are displayed
relative to pre-Industrial (1700-1850 CE). Black lines for WAIS Divide, Dome C and Dome
Fuji represent inversion-derived ice surface elevation changes’ 8. The timings of the Early,
Mid and Late Holocene are defined in Fig. 1. Ice sheet thinning near the margin is principally
recorded between 11,000 and 5,000 years ago, and some ice thickening occurred across
most of the interior since the Early Holocene.
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Indications of ice mass loss and gain are illustrated as red and blue arrows, respectively,
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outlined in part c)*/488487-89.91,100101.223 1| Probability distributions of retreat ages,
incorporating the 2-sigma uncertainties, for each sector (described in the Supplementary
Information). c| Schematic of the typical trend of relative sea-level change in Antarctica; the
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grounding line retreat had occurred by 8,000 years ago, and evidence exists of subsequent



readvance in the Ross Sea and Weddell Sea sectors. Elsewhere, relative sea level records
mostly indicate ice mass loss at times from 9,400 to 1,500 years ago.
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Figure 4. Modelled ice volume change in the Holocene. a| Mean mass loss of grounded
ice from 11 ice sheet models in 500-year bins for each sector. Negative mass loss indicates
mass gain. The models used are the best-fit?>3134, ensemble mean?! or reference
simulation?°:1921% from each modelling study, and include the two endmember models from
ref.2? and the two solid-Earth scenarios from ref.34. b| Mean (top) and standard deviation
(bottom) of ice thickness change across the models for the Early, Mid and Late Holocene.
The present-day grounding line is in black. Note, the extent of possible ice sheet readvance
in the Ross Sea and Weddell Sea sectors is likely underestimated as most models do not
simulate extensive inland retreat, and the reference simulation from ref.?° prioritises the
potential for inland retreat rather than subsequent readvance. Additionally, cosmogenic
exposure data indicate that the periods of rapid ice loss likely occurred 1,000-5,000 years
later than the models indicate. The models simulate periods of rapid ice volume loss in the
Early and Mid Holocene, mostly in the Ross Sea and Weddell Sea sectors, with some ice
volume gain occurring in the Late Holocene. WS, Weddell Sea; RS, Ross Sea; RSB, Robin
Subglacial Basin; SC, Siple Coast; DML, Dronning Maud Land; PEL, Princess Elizabeth
Land; WL, Wilkes Land.
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Figure 5. Overview of Antarctic Ice Sheet change in the Holocene. a| Evidence of ice
volume loss and gain for each ice sheet sector during the Early, Mid and Late Holocene. The
magnitude and level of understanding of these changes are relative measures for the
Holocene, based on the evidence discussed in this review. Interior ice thickness change
represents evidence from ice cores, and margin ice thickness change represents evidence
from cosmogenic exposure age data, which are mostly located nearer to the ice sheet
margin. The background map of Antarctica is the ice sheet geometry from the mean of the
models in Fig. 4 at the start of each period. b| Primary drivers and controls of ice sheet
volume change during the Early, Mid and Late Holocene. The dashed vertical line in the
cross-section diagrams represents the ice thickness at the grounding line, which retreats or
advances in the direction of the black arrow. ENSO, EIl Nifio-Southern Oscillation (La Nifia);
SAM, Southern Annular Mode.
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Figure 6. Patterns of global sea-level change due to Holocene Antarctic ice volume
change. a| Scenario of rapid ice loss in the Early-to-Mid Holocene. Ice thickness change is
derived from the mean of 11 ice sheet models (Fig. 4) from 12,000 to 8,000 years ago, but
the empirical evidence indicates that this period of rapid ice loss possibly occurred later. The
largest sea-level rise is predicted in the north and central Pacific Ocean, northwest Atlantic
Ocean, and central Indian Ocean. b| Scenario of ice volume gain, possibly in the Late
Holocene. Ice thickness change is derived from the ice sheet model with the greatest ice
sheet readvance?, simulated between 3,000 years ago and present. The largest sea-level
fall (up to 0.35 m) is predicted in the north and central Pacific Ocean, and sea-level rise is
predicted in the Southern Ocean. When using the model with greatest ice volume gain,
opposed to just readvance, sea-level fall up to 1.2 mis predicted (Supplementary Fig. S1).
Sea level modelling was carried out for these scenarios using a range of Earth models, and
is described in the Supplementary Information. The cross stippling indicates where the signal
is insignificant (mean predicted relative sea-level change is less than the standard deviation
from 24 Earth models). The displayed rates of sea-level change are averages for the time
period, and more extreme rates would have occurred within these periods.



Box 1: Reconstructing ice volume change
The common approaches used to determine past changes in ice sheet volume are:

Ice thickness change: Cosmogenic exposure dating is applied in mountainous locations
that are ice-free today. The method exploits the accumulation of cosmogenic nuclides in
boulder and bedrock surfaces to determine the time at which a location was exposed by a
receding ice margin??®. A timeline of ice surface lowering, implying ice sheet thinning, is
derived by sampling rock surfaces in elevation transects that extend up from the modern
ice margin“®®3, In the ice sheet interior, regional snow accumulation is the primary control
on ice surface elevation change??®. Snow accumulation rates derived from ice cores
therefore provide a useful indicator of past ice thickness change. Inverse modelling’7®
and ice core analysis of the total air-content and water isotope ratio3®??” can also provide
estimates of the past ice surface elevation, but most reconstructions have focused on the
Last Glacial Maximum rather than the Holocene.

Grounding line migration: Past retreat of the grounding line is recorded by grounding-
zone wedges, moraines and other subglacial bedforms on the seafloor of the continental
shelf??8, Sediment cores are collected from these depositional features to determine the
timing of retreat. Radiocarbon dating is typically applied to the contact between subglacial
and glacimarine sediment, and ages often represent a minimum timing because dating is
carried out on organic glacimarine material that is deposited after grounding line
retreat*'1,

Response to ice load change: Ice sheets load the underlying crust, causing an isostatic
lowering of the bed that is approximately proportional to the ice mass, with the absolute
magnitude depending on local Earth rheology“®. When this ice mass is reduced, isostatic
uplift occurs and the bed rebounds. Coastal locations record this loading and unloading
signal of regional ice mass change as a raising and lowering of relative sea level. This
signal can be reconstructed by dating material from sites such as isolation basins, raised
beaches and lake deltas, which record former sea level positions#7:101:229,
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Data availability

The data shown in Figures 1, 2, 3, 4 and 6, and the code used to analyse the data and
generate the figures can be found at https://github.com/rs-jones/antarctica-holocene.
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