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ABSTRACT
Pine Island Glacier, West Antarctica, is the largest Antarctic contributor to global sea-

level rise and is vulnerable to rapid retreat, yet our knowledge of its deglacial history since 
the Last Glacial Maximum is based largely on marine sediments that record a retreat history 
ending in the early Holocene. Using a suite of 10Be exposure ages from onshore glacial deposits 
directly adjacent to Pine Island Glacier, we show that this major glacier thinned rapidly in 
the early to mid-Holocene. Our results indicate that Pine Island Glacier was at least 690 m 
thicker than present prior to ca. 8 ka. We infer that the rapid thinning detected at the site 
farthest downstream records the arrival and stabilization of the retreating grounding line 
at that site by 8–6 ka. By combining our exposure ages and the marine record, we extend 
knowledge of Pine Island Glacier retreat both spatially and temporally: to 50 km from the 
modern grounding line and to the mid-Holocene, providing a data set that is important for 
future numerical ice-sheet model validation.

INTRODUCTION
Pine Island Glacier is part of the “weak 

underbelly of the West Antarctic Ice Sheet” 
due to its reverse-sloping bed situated below 
sea level and associated susceptibility to rapid 
retreat (Hughes, 1981). Pine Island Glacier is 
also Antarctica’s largest contributor to sea-level 
rise and contains enough ice to raise global sea 
level by 0.5 m (Rignot et al., 2019). The aim of 
this study is to determine the thinning history 
of Pine Island Glacier following the Last Gla-
cial Maximum (LGM), when the West Antarctic 
Ice Sheet (WAIS) was more extensive than it 
is today. Antarctic ice loss contributes a large 
source of uncertainty in future sea-level pro-
jections (IPCC, 2021), and paleoglaciological 
reconstructions provide historical constraints 
against which models can be validated (e.g., 

Whitehouse et al., 2012; Pollard et al., 2017), 
thus reducing that uncertainty.

Our knowledge of past ice-sheet change in 
Pine Island Bay and the wider Amundsen Sea 
Embayment (ASE; Fig. 1) is based on a com-
bination of surface exposure ages and marine 
geologic evidence. Geologic constraints from 
the marine environment (Graham et al., 2010; 
Hillenbrand et al., 2013; Larter et al., 2014) and 
exposure ages from islands in Pine Island Bay 
(Lindow et al., 2014; Braddock et al., 2022) 
show that grounded ice retreated from the shelf 
edge from 12 to 9 calibrated (cal.) k.y. B.P. 
and was ∼120 km downstream of the modern 
grounding line by the early Holocene (Larter 
et  al., 2014). Exposure ages from nunataks 
(Maish Nunatak, Mt. Moses, and Mt. Manthe) in 
the Hudson Mountains show that Larter Glacier, 
a tributary of Pine Island Glacier (Fig. 1), was 
thicker than present at the LGM and thinned rap-
idly at ca. 7 ka (Johnson et al., 2014), postdating 
the marine record of rapid grounding line retreat 

(12–9 cal. k.y. B.P.), though the exposure ages 
do not preclude earlier thinning. Rapid inland 
thinning should theoretically accelerate as the 
grounding line approaches due to a steepened 
glacier surface proximal to the grounding line. 
Thus, without a large change in the accumula-
tion rate, thinning at our inland sites corresponds 
with a retreating grounding line archived in the 
marine record. Because of the proximity and 
association of Larter Glacier to Pine Island Gla-
cier, Johnson et al. (2008, 2014) inferred from 
their Larter Glacier sites that Pine Island Glacier 
itself was at least 150 m thicker at the LGM. 
In this present study, we remove the need to 
assume the thinning history of this major glacier 
by presenting exposure ages from sites directly 
adjacent to this glacier. Reduced buttressing 
of inland ice through the breakup or weaken-
ing of an ice shelf in Pine Island Bay driven 
by upwelling of warm Circumpolar Deep Water 
onto the continental shelf is thought to have been 
a dominant driver of rapid Holocene ice thin-
ning/retreat of Pine Island Glacier (Hillenbrand 
et al., 2017; Johnson et al., 2014). Relative sea 
level (RSL) in Pine Island Bay, thought to reflect 
isostatic rebound following early–mid-Holocene 
deglaciation, has fallen steadily from ca. 5.5 ka 
to the present (Braddock et al., 2022).

Here, we present 27 10Be exposure ages 
from glacial deposits on nunataks in the Hud-
son Mountains, which lie adjacent to Pine Island 
Glacier (Fig. 1). Our data set, when combined 
with marine geologic data, can be used to cap-
ture the time dependence of thinning associ-
ated with grounding line retreat of Pine Island 
Glacier. We show that this glacier was at least *keir​.nichols@imperial​.ac​.uk
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690 m thicker at the LGM and thinned rapidly 
in the early Holocene. Ice at the site farthest 
downstream thinned first, and this thinning 
propagated ∼50 km through upstream sites. 
We interpret this pattern of deglaciation as 
recording the timing of grounding line stabili-
zation adjacent to the site farthest downstream. 
By combining our exposure ages with marine 
radiocarbon ages, we extend reconstructions of 
grounding line retreat developed from onshore 
and offshore data, recording the end of rapid 
retreat across the shelf.

METHODS
We collected quartz-bearing (granitic) erratic 

cobbles from five basaltic nunataks in the Hud-
son Mountains adjacent to Pine Island Glacier 
(Fig. 1; Supplemental Material1) that lie along 

a 50 km transect broadly parallel to the flow-
line of Pine Island Glacier between Evans Knoll 
and Meyers Nunatak, adjacent to the modern 
grounding line of the main trunk of Pine Island 
Glacier (Fig. 1; Fig. S1). Their proximity to 
Pine Island Glacier means that these erratics 
were likely deposited by the glacier when it 
was more extensive during the LGM and hence 
should yield exposure histories that record 
when it thinned. There are no granitic outcrops 
in the Hudson Mountains, indicating that these 
samples were not transported to the study sites 
by local ice, but were instead sourced from 
upstream by an expanded Pine Island Glacier.

We prepared samples for 10Be measure-
ment in the CosmIC Laboratory, Imperial 
College London (see Supplemental Material), 
and measured 10Be/9Be ratios at the Centre for 
Accelerator Science, Australian Nuclear Science 
and Technology Organisation (ANSTO), using 
procedures described in Wilcken et al. (2022). 
Sample information (Table S1), analytical data 
(Table S2), exposure ages (Table S3), informa-
tion formatted for online exposure age calculator 
input (Table S4), thinning rate estimates (Table 
S5; Jones et al., 2019), and legacy marine radio-
carbon data (Table S6) are described in detail in 
the Supplemental Material.

RESULTS AND DISCUSSION
Our exposure ages all postdate the LGM, 

ranging from 8.2–7.6 ka at Evans Knoll, 12.4–
6.8 at Winkie Nunatak, 7.5–6 ka at Shepherd 
Dome, 7.3–6.5 ka at Inman Nunatak, and 10.3–
6.5 ka at Meyers Nunatak (Fig. 2; Table S2). 
All but two of the 27 samples analyzed yield 
ages between 8.2 and 5.9 ka (exceptions being 
MEY-102 at 10.3 ± 0.8 ka and UNN-106 at 
12.4 ± 0.8 ka; Fig. 2). Multiple samples yield 
Holocene ages from the same or similar eleva-
tions as those two samples, with no clear dif-
ference in the degree of weathering between 
any of the samples. We thus infer that the two 
older samples contain nuclide inheritance. At all 
sites except Evans Knoll, exposure ages form 
trends of decreasing age with decreasing eleva-
tion, which we interpret as evidence of ice-sheet 
thinning. At Evans Knoll, there is no discernible 
difference in exposure age with elevation, sug-
gesting that deglaciation of the entire outcrop 
occurred ca. 8 ka.

Results from all nunataks (Fig. 2) show that, 
during the early Holocene, Pine Island Glacier 
covered surfaces 690 m above the present eleva-
tion of the main trunk of the glacier. Addition-
ally, our results show that Pine Island Glacier 
experienced rapid thinning in the early to mid-

1Supplemental Material. Detailed description of 
the methods used in this study, as well as sample loca-
tions, analytical data, exposure ages, and linear thin-
ning rates. Exposure ages and analytical data (Tables 
S1–S3) are also publicly accessible from the UK Polar 
Data Centre, https://doi​.org​/10.5285/9ddd50c8-cd08-
4afe-b245-f6891f1d9a3f. Please visit https://doi​.org​
/10​.1130​/GEOL​.S.23713422 to access the supplemen-
tal material, and contact editing@geosociety.org with 
any questions.

A B

Figure 1.  (A) Amundsen Sea sector of the West Antarctic Ice Sheet. Orange shading highlights major ice streams using ice velocities (darker 
orange is faster ice). Black dots are locations of sediment cores from which radiocarbon ages in Figure 3 and Table S6 (see text footnote 1) 
were sourced. Black circle shows two nearest sediment cores (PS75/214–1 and PS75/160–1; Hillenbrand et al., 2013) to Pine Island Glacier. 
Gray line is Pine Island Trough (PIT). Black bars are grounding zone wedges in PIT (see Fig. 3; Graham et al., 2010). Purple diamonds show 
sampling locations of Braddock et al. (2022). Bathymetry was sourced from BedMachine V2 (Morlighem et al., 2020). Ice velocities and ground-
ing line position were sourced from MEaSUREs program V2 (Rignot et al., 2011, 2017; Mouginot et al., 2012, 2017). PIB—Pine Island Bay. (B) 
Hudson Mountains. Circles show nunataks sampled for this (colored) and previous studies (gray; Johnson et al., 2008, 2014). Shepherd and 
Winkie are Shepherd Dome and Winkie Nunatak, respectively. Arrow showing direction of Pine Island Glacier is approximate centerline used 
in Figure S1 to determine relative sample elevations (see text footnote 1). Copernicus Sentinel satellite imagery is courtesy of European Space 
Agency. Maps were generated using data sets from Quantarctica V3 (Matsuoka et al., 2021).
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Holocene, with all sites deglaciating from 8 to 
6 ka. By assuming that thinning of the tributaries 
of Pine Island Glacier would occur simultane-
ously with thinning of its main trunk, previous 
work used exposure ages from nunataks adja-
cent to, and close to, the grounding line of the 
tributary Larter Glacier to infer the Holocene 
history of Pine Island Glacier (Fig. 1; Johnson 
et al., 2014). Our data set builds on these pre-
vious results by providing evidence for past 
rapid thinning of Pine Island Glacier itself, and 
it extends by almost 300 m the altitudinal range 
over which we know rapid thinning occurred. 
Our new exposure ages and those from Pope 
Glacier (Fig. 1; Johnson et al., 2020; Adams 
et al., 2022) document that at least two major ice 
streams in this sector of the ice sheet, Thwaites 
and Pine Island Glaciers, experienced rapid thin-
ning in the early Holocene. We thereby add to 
the growing data set recording widespread rapid 
early to mid-Holocene thinning around the coast 
of Antarctica (Stone et al., 2003; Jones et al., 
2022; Suganuma et al., 2022).

In general, our results show that all study 
sites deglaciated rapidly (tens to hundreds of 
meters over an ∼1–2 k.y. episode) in the mid-
Holocene. In detail, however, there are differ-
ences in both the timing and rate of deglaciation 
between nunataks. There is a detectable differ-
ence between the timing of deglaciation at Evans 
Knoll (farthest downstream; Fig. 2) and the 
other nunataks located up to 50 km upstream. 
Deglaciation took place first at Evans Knoll 
ca. 8 ka, possibly recording when the ground-
ing line retreated to this location, or at least 
recording an episode of significant Pine Island 
Glacier grounding line retreat. In contrast, the 
upstream sites deglaciated slightly later, from 
8 to 6 ka, with no discernible difference in the 
timing of thinning between nunataks. Further-

more, ice thinned most rapidly at Evans Knoll, 
where the median estimated thinning rate in the 
early Holocene is 0.12 m yr–1 (Fig. S4). Early 
Holocene thinning was more gradual at sites 
upstream, with median thinning rates ranging 
from 0.01 to 0.07 m yr–1 (Figs. S5–S8).

The early deglacial history in Pine Island 
Trough (Fig.  1A) has been reconstructed 
through several marine geologic studies in the 
ASE (Fig. 3; e.g., Larter et al., 2014). The old-
est, post-LGM radiocarbon ages from sediment 
cores collected in the ASE (Fig. 1A), which con-
strain the timing of grounding line retreat, show 
that the grounding line of Pine Island Glacier 
reached ∼120 km downstream of the modern 
grounding line by ca. 11 cal. k.y. B.P. (Smith 
et al., 2014). We infer that the rapid thinning at 

Evans Knoll (ca. 8 ka) and associated slightly 
later drawdown at upstream sites record the 
arrival and stabilization of the grounding line 
adjacent to Evans Knoll. The pattern of thin-
ning may also indicate that ice over the Hudson 
Mountains reorganized to a more radial con-
figuration during deglaciation, leaving thicker 
ice for a longer period at upstream sites. We 
note that these explanations are not mutually 
exclusive and are consistent with the arrival and 
stabilization of the grounding line adjacent to 
Evans Knoll. We present two grounding line 
histories (Fig. 3) to show that our exposure 
ages postdate the marine record without rely-
ing on the most proximal, oldest radiocarbon 
age (Hillenbrand et al., 2013). Our inferred tim-
ing of grounding line retreat and stabilization 

Figure 2.  10Be exposure 
ages from nunataks 
proximal to Pine Island 
Glacier (PIG; with external 
uncertainties). Plots are 
arranged by their location 
along glacier, from Evans 
Knoll (farthest down-
stream) to Meyers Nunatak 
(farthest upstream). Mean 
age and standard devia-
tion are plotted for two 
samples with replicate 
measurements (EVK-103 
and INM-105). Horizontal 
lines show elevations of 
surface of main trunk of 
PIG adjacent to each nuna-
tak (dashed black) and ice 
margin immediately adja-
cent to the site (local ice; 
blue); m asl—m above sea 
level. See Supplemental 
Material for ages plotted 
with these elevations and 
methods used to define 
them (text footnote 1).

Figure 3.  Radiocarbon 
ages from sediment 
cores collected from 
Amundsen Sea Embay-
ment (ASE) proximal to 
Pine Island Trough (PIT) 
and 10Be exposure ages 
from Evans Knoll. Ages 
and locations of ground-
ing zone wedges (vertical 
blue bars labeled GZWs) 
are projected onto a 
transect along PIT (see 
Fig.  1A). Blue lines are 
estimated grounding line 
position through time 
inferred from radiocarbon 
ages (solid line), which 
provide minimum ages of 
ice retreat, and exposure 
ages (dashed lines). Two 

grounding line histories were inferred using the oldest ages, labeled a and b, from two sedi-
ment cores most proximal to Pine Island Glacier (Fig. 1A, cores PS75/214–1 and PS75/160–1; 
Hillenbrand et al., 2013). Radiocarbon ages are included in Table S6 (see Supplemental Material 
for details on age calibration and marine reservoir correction [text footnote 1]). Radiocarbon 
ages are plotted with 68% confidence intervals; 10Be ages are plotted with external uncertainties.
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is therefore consistent with the existing marine 
evidence for the timing of grounding line retreat. 
Furthermore, our inferred timing of grounding 
line stabilization, ca. 8 ka, is coincident with 
the end of deglaciation of the Northern Hemi-
sphere ice sheets (Lambeck et al., 2014; Ullman 
et al., 2016). We speculate that removal of the 
influence of melting Northern Hemisphere ice 
sheets on sea-level rise, combined with RSL fall 
(driven by glacioisostatic adjustment) in Pine 
Island Bay taking place by (and likely before) 
5.5 ka (Braddock et al., 2022), may have helped 
stabilize the grounding line at Evans Knoll.

Sometime following stabilization ca. 8 ka, the 
grounding line of Pine Island Glacier may have 
retreated inboard of its present position before 
advancing back toward it (Venturelli et al., 2020, 
2023; King et al., 2022). The youngest exposure 
ages in our data set (ca. 6 ka) leave sufficient time 
in the late Holocene for Pine Island Glacier to 
readvance; in other words, the ages are consistent 
with a Holocene grounding line readvance but 
cannot provide direct evidence for this advance 
(Johnson et al., 2022). In contrast, cosmogenic 
nuclide measurements from bedrock collected 
from beneath Pope Glacier (Fig. 1) provide direct 
evidence that ice in the ASE was at least 35 m 
thinner than present for at least 3 k.y. in the late 
Holocene (Balco et al., 2023). Such an observa-
tion at Pine Island Glacier might appear incom-
patible with the record of RSL from islands in 
Pine Island Bay immediately downstream from 
the modern grounding line of the glacier, which 
is most easily explained by stability since ca. 
5.5 ka (Braddock et al., 2022). However, the late 
Holocene thinning and associated grounding line 
retreat may not have been of a large enough mag-
nitude to be expressed in the RSL record.

CONCLUSION
We measured cosmogenic 10Be in glacially 

transported cobbles at five nunataks adjacent to 
Pine Island Glacier to reconstruct past changes 
in the thickness of this major Antarctic glacier. 
Our results revealed that Pine Island Glacier was 
at least 690 m thicker than present prior to ca. 8 
ka and subsequently thinned by tens of meters 
between ca. 8 and 6 ka across a distance of at 
least ∼50 km upstream of the present ice-shelf 
margin. This thinning was extremely rapid. By 
inferring that rapid thinning at the site farthest 
downstream and delayed upstream thinning 
recorded the arrival of the grounding line adjacent 
to our study sites, we extend our knowledge of 
the evolution of the Pine Island Glacier grounding 
line into the early to mid-Holocene and to within 
∼50 km of the modern grounding line.
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