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We obtained 49 new 1%Be ages that document the activity of the former Northern Antarctic Peninsula
Ice Sheet, and subsequently the James Ross Island Ice Cap and nearby glaciers, from the end of the last
glacial period until the last ~100 years. The data indicate that from >11 to ~8 ka marked recession
of glacier systems occurred around James Ross Island, including tidewater and local land-terminating
glaciers. Glaciers reached heads of bays and fjords by 8-7 ka. Subsequently, local glaciers were larger
than present around (at least) 7.5-7 ka and ~5-4 ka, at times between 3.9 and 3.6 ka and just after 3 ka,
Keywords: between ~2.4 and ~1 ka, and from ~300 to ~100 years ago. After deglaciation, the largest local glacier
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extents occurred between ~7 ka and ~4 ka.

Comparison with other paleoclimate records, including of sea ice extent, reveals coherent climate changes
over ~15° of latitude. In the early Holocene, most of the time a swath of warmth spanned from southern
South America to the Antarctic Peninsula sector. We infer such intervals are times of weakening and/or
poleward expansion of the band of stronger westerlies, associated with contraction of the polar vortex.
Conversely, increased sea ice and equatorward expansion of the westerlies and the polar vortex favor
larger glaciers from Patagonia to the Antarctic Peninsula, which typically occurred after ~8 ka, although
warm stretches did take place. For example, on the Antarctic Peninsula and in Patagonia the interval
from 4 to ~3 ka was typically warm, but conditions were not uniform in either region. We also infer
that reduced and expanded glacier extents in Patagonia and the eastern Antarctic Peninsula tend to occur

when conditions resemble a persistent positive and negative southern annular mode, respectively.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

This study aims to improve understanding of past glacier be-
havior around the northern Antarctic Peninsula and associated cli-
mates, regionally and across the middle to high latitudes of the
Southern Hemisphere. Observations on glacier behavior since the
end of the last glacial period can provide a long-term context
for the prominent cryosphere changes observed over the last few
decades (e.g., Davies et al., 2014), in part, by evaluating past glacier
sensitivity to climate change. Knowledge of former glacier activity
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around the northern Antarctic Peninsula also may provide insights
into past climates that affected the larger cryosphere farther to the
south.

Specifically, we seek to address (at least) the following out-
standing questions. Following deglaciation, what was the timing of
retreat of glaciers into fjords, embayments, and onto land? After,
during the Holocene, when were glaciers larger than present and
when were they generally reduced in extent? Furthermore, can we
use the glacier record to improve understanding of past millennial
shifts in the globally important Southern Westerly Winds and per-
sistent patterns of the Southern Annular Mode (SAM)?

To address such questions concerning past glacier and climate
history, we obtained new 1°Be ages on James Ross Island, Long
Island, and Seymour Island (Figs. 1, 2). We build on pioneer-
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Fig. 1. A) A polar projection that shows the summer velocity (m/s) of 700 hPa Southern Hemisphere Westerly winds (from Moy et al., 2009) in southern South America and
Antarctica. The three red/blue circles mark records shown in Fig. 6. The records span ~15 degrees of latitude. B) Image showing location of James Ross and Long Islands. C)
Places mentioned in the text, including on Figures. Dashed rectangles surround areas on James Ross Island where ages (discussed in this paper) are from prior publications.
Base images are from Bing Maps. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

ing studies by others around area of James Ross Island (Fig. 1)
(Zale and Karlen, 1989; Ing6lfsson et al., 1992; Bjorck et al., 1996;
Hjort et al., 1997; 1998; Strelin et al., 2006; Bentley et al., 2009;
Johnson et al., 2011; Davies et al., 2014; Balco et al., 2013; Glasser
et al., 2014; Nyvlt et al., 2014; Jeong et al.,, 2018). Prior studies
on James Ross Island and surrounding areas based on °Be dat-
ing have tended to focus (although not exclusively) on the last
deglaciation and subsequent retreat onto land (e.g., Johnson et al.,
2011; Balco et al., 2013; Glasser et al., 2014; Nyvlt et al., 2014;
O'Cofaigh et al,, 2014; Jeong et al., 2018). The past studies have
provided critical insights on former deglaciation of the Antarctic
Peninsula Ice Sheet and neighboring ice shelves. Here, we provide
new '9Be chronologies of local glacier changes around James Ross
Island during the Holocene, including a novel dataset for the last
few hundred years, in addition to building on understanding of the
last deglaciation. We then compare the !°Be-based findings from
the northern Antarctic Peninsula with recently obtained records
in southern Patagonia and the Southern Ocean. We use the re-
gional perspective to address the question of how past cryospheric

changes around the northern Antarctic Peninsula may relate to the
Westerly Winds and climatic patterns (e.g., SAM).

2. Background and methods

Glaciers on James Ross Island are particularly sensitive to cli-
mate. This includes summer temperature (Davies et al., 2014) be-
cause — unlike almost all of Antarctica — temperatures in the
glacier sole may oscillate around or above the freezing point for
extended periods, leading to a polythermal regime (Chinn and Dil-
lon, 1987). This thermal regime can strongly influence glacier mass
balance, in part, because sustained summer temperatures oscillat-
ing around (or above) freezing can cause significant melting and
sublimation, especially when dry northwest Chinook-like winds
occur.

We sampled for cosmogenic nuclide dating in 2013 and 2014
(Figs. 1, 2). The dating effort is tied to geomorphic mapping
(Figs. 3, 4), which is based on extensive field investigations over
the last two decades (Strelin, unpublished observations; Strelin and
Malagnino, 1992; Strelin et al., 2006) and the use of aerial photos.
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Fig. 2. Photos of samples, with the last two digits after each age referring to the label (Tables S1, S2). Red and blue labels represent erratics left behind as ice ablated and
moraine samples, respectively, following the convention used throughout the paper. A) Cobble left behind on Long Island, with view of James Ross Island in background;
B) Large erratic on Lagrelius Peninsula; C) Moraine boulder in the Dreadnought area; D) Moraine boulder at Santa Martha, with view looking south, toward higher parts of
moraine where other samples are located (Fig. 4); E) '°Be dated cobble-size stone from a debris band sitting on top of the ice close to the glacier front (Fig. 5); we assume
it reflects surface lowering over the last few decades or century, causing emergence of the upward-flowing englacial or subglacial till layers. F) °Be dated cobble-size stone
on one of the outer moraines fronting the Rhum glacier (Fig. 5A, B). PGC=Rhum Bay which opens to the Prince Gustav Channel. All photos taken by Kaplan.

We present the first data sets from field localities on the west-
ern and southwestern side of James Ross Island, including Long
Island, which is within 5 km of the Antarctic Peninsula, Lagre-
lius Peninsula, and the Rhum and Dreadnought areas (Figs. 1-3).
For post-LGM fluctuations, we mainly focus on local glacier sys-
tems that terminated on land, such as the Rhum and Alpha valleys
(Figs. 1, 3).

The °Be samples came from cobbles on bedrock or boulders
embedded in the crests of ground or lateral moraine ridges that
appear stable. We sampled primarily quartz-rich granites or meta-
morphic lithologies (schists with quartz veins) derived from the
Andean Granite Suite and Trinity Peninsula Group of the Antarctic
Peninsula, respectively; these exotic erratics may have been car-
ried by the last Antarctic Peninsula Ice Sheet that covered the area,

or alternatively, reworked from older (late Miocene to Pleistocene)
tills that are ubiquitous throughout James Ross Island (Strelin and
Malagnino, 1992; Smellie et al., 2008; Davies et al., 2012). We
also sampled four sandstone erratics derived from local Cretaceous
marine deposits of the Marambio Group; three from the Santa
Martha-Alpha Glacier area and one from Dreadnought Peninsula
(Fig. 4). In addition, to document changes over the last few cen-
turies and to evaluate the possible magnitude of inheritance of
cosmogenic nuclides in glacier deposits in the study area, we ob-
tained samples from deposits formed during recent glacier fluctu-
ations.

We were careful to collect samples above recorded local
Holocene marine limits, in places up to ~20 m above present sea
level. Samples were taken with a hammer and chisel from the up-
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Fig. 3. New '9Be ages on erratics and cobbles from western/southwestern James Ross Island and Long Island, and ages obtained in prior studies from the same general area.
A) 1%Be ages obtained previously on James Ross and Seymour Islands (Fig. 1, Table S3); Fig. 1 shows the field sites. Only ages <14 ka are shown (see text); B) Long Island,
where ages show a bimodal distribution, ~11-10 (n=2) ka and ~8-7 (n=4) ka. This island is ~3-4 km east of the Antarctic Peninsula; C) Lagrelius Peninsula, where there is
an apparent trend of decreasing age towards elevation; D) The Rhum site, where we obtained only two deglacial ages (Fig. 5). We note that all new '°Be ages are generally
consistent with data from prior studies (panel A). On right side, we also show the 4C age for initial deglaciation, from Ingélfsson et al. (1992).

per 1-3 cm of the most stable and flat section of the boulder top,
or an entire cobble (e.g., Long Island). We used a handheld Garmin
GPS to measure position and altitude, relative to the WGS 1984
datum, and a compass and clinometer to record azimuthal eleva-
tions of the surrounding landscape. In addition, at Dreadnought,
we used a hand level to measure sample elevation above mean
high tide (see Supplementary Material, Table S1). In some places,
as a check on elevations, we used a Trimble ProXH differential GPS
system, relative to the WGS 1984 datum; differential and hand-
held GPS measurements at the same location agree within ~5 m
for longitude and latitude, and from 1 to 8 m for altitude (average
difference is ~3 m).

We followed standard geochemical processing protocols (e.g.,
Schaefer et al, 2009) at the Cosmogenic Nuclide Laboratory at
the Lamont-Doherty Earth Observatory. If cobbles were larger than
needed, we sawed them in such a way so that the thickness of
cobble remained intact; that is, we sawed the samples and then
crushed a top-to-bottom piece. AMS measurement was at the Cen-
ter for Accelerator Mass Spectrometry (CAMS) at Lawrence Liver-
more National Laboratory. Recent developments enable measure-
ment of 1°Be concentrations of only 103 atoms/g (Schaefer et al.,
2009), such as in this study.

10Be ages are calculated based on the methods incorporated
in the CRONUS-Earth online exposure age calculators and using
the closest production rate calibration, southern South America,
which is statistically indistinguishable from calibrations elsewhere
in the Southern Hemisphere (Kaplan et al., 2011). In more de-
tail, consistent with the production rate calibration in Kaplan et al.
(2011), we used version 2.2 with version 2.2.1 of the constants
file (Balco et al., 2008) and a high-resolution version of the geo-
magnetic framework (Lifton et al., 2008). We show ages with the
time dependent version of Stone/Lal scaling protocol scheme (Lm;
Lal, 1991; Stone, 2000). For comparison, ages decrease using ver-
sion 3 of the online calculator, by 1-5% (St/Lm), or 0 to >10% (LSD).
Choice of scaling model and the version of the online calculator
used do not affect our inferences and conclusions for two main
reasons. First, and most important, we are aware of such uncer-
tainties when discussing past glacier and climate changes. Second,
analytical uncertainties (and moraine ages discussed) are typically
>3%, and >5% for ages less than 1000 years (Table S2). To compare
all ages around James Ross Island using consistent cosmogenic nu-

clide dating systematics, we recalculated results in prior studies
(Johnson et al., 2011; Glasser et al., 2014; Nyvit et al., 2014). 19Be
ages increase by >10% compared with those presented in prior
works, mainly given use of an updated production rate calibration,
as well as more recent dating systematics (Table S3). We report
10Be ages with 1o analytical uncertainty.

We carried out two approaches for sampling and dating, which
we need to describe briefly, to understand our results. First, we
sampled cobbles or boulders perched upon bedrock or ground
moraine, and these ages are on materials left behind as ice ablated
and receded. The second approach is to sample boulders or cobbles
embedded in the tops of moraines that mark former glacier lim-
its, as is common in the literature; '°Be ages on lateral or frontal
moraines denote when glaciers are in expanded positions relative
to current glacier margins. We do not distinguish whether ages are
likely to represent the end of a period of moraine building, possi-
bly just prior to retreat, or near the end of moraine stabilization.
In addition, we focus on general periods of glacier recession or ad-
vance, as this considers potential issues of relatively high scatter in
glacier chronologies in high latitude environments, as discussed in
more detail below.

3. Results (Figs. 2-5; Tables S1-2)
3.1. Long Island

Within a roughly 100 m? area, we sampled and measured six
cobble-size samples of quartz-rich schist and granite lithologies (3
of each), which overlaid shattered metamorphic bedrock (Fig. 2A).
These erratic cobbles remained as the large ice sheet retreated
roughly westward back towards the Antarctic Peninsula, which is
only ~ 3 km away. Two '°Be ages are 10.640.6 ka and 10.340.3
ka, and the other four ages range from 8.2+0.3 ka to 7.440.2 ka.
The age distribution hence appears to be bimodal (Fig. 3), although
we highlight the limited size of the dataset. We found no trend for
age versus location or elevation. All samples are located between
91 and 95 m asl, within the error of the handheld GPS. All samples
are cobble size and hence of a similar height above the underlying
bedrock.
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3.2. Lagrelius Peninsula

We measured six granitic erratics (Fig. 2B) deposited (left be-
hind) on a terrace-like feature that is in an area of ~1 km?; all six
erratics are >30 m asl, well above recorded Holocene marine lim-
its. We avoided areas of the terrace that had obvious solifluction,
typical when the surface slopes reach more than ~5°, and depres-
sions where snow persists even in summer. All six samples afford
ages between 9.6+0.3 ka and 7.6+0.2 ka. There is a notable de-
crease of age towards lower elevations from ~60 m to 30 m asl,
with one exception (8.640.2 ka) that deviates from a steady trend
(Fig. 3C).

3.3. Santa Martha Cove, Alpha Valley, and Dreadnought Point (Fig. 4)

All three sites are close to each other, along the west and south-
west coast of Croft Bay (Fig. 1). The moraines at Alpha Glacier and
Dreadnought Point are well-defined lateral landforms, whereas, the
sampled deposit at Santa Martha is mapped as ground moraine
although it is interpreted as a glacier limit (Fig. 4). All sam-
pled moraines formed due to expansions of local terrestrial-based
glaciers, after deglaciation. On Fig. 4, we show also two ages from
Glasser et al. (2014) (-26 and -29), 7.4+0.4 ka and 7.64+0.4 ka, near
Santa Martha Cove.

In more detail, on the south side of Santa Martha Cove five
samples were embedded in ground moraine that is interpreted as
marking a right lateral glacier position (Fig. 2D, 4). 19Be ages on
igneous or metamorphic sample lithologies range from 7.65+0.2
ka to 3.940.2 ka, whereas, one age on a sandstone concretion is
notably younger, 1.740.1 ka.

Farther south in the adjacent Alpha Glacier valley, we sampled
a left lateral moraine; while one metamorphic sample affords an
age of 8.2540.3 ka, two sandstone concretions are much younger,
2.8+0.1 and 2.1£0.1 ka (Fig. 4). In addition, we measured four
samples from sediments recently deposited near the present-day
glacier front. Two of the four 1°Be ages date two respective ice-
cored frontal moraines (~220+20 and 100+10 yr). The two other
samples are from emerging sediments accumulating near the left
lateral ice edge/moraine contact: a sandstone cobble with 1°Be
concentrations equating to 180420 years of exposure is from a
supraglacial overthrusted debris band at the ice edge, while a
420420 year exposed cobble is from till near the contact between
the ice edge and lateral moraine.

At the southernmost site, Dreadnought Point, all four samples
are inferred to be from a left lateral moraine formed by a glacier
flowing north from inner Croft Bay (Fig. 4). The landform also
could be part of a shared, interlobular, moraine from the conflu-
ence of two glaciers flowing northeast (Gamma Glacier) and north
(Croft Glacier) (Fig. 1). Three ages on granite lithologies range
from 7.3+0.4 to 6.3£0.2 ka, while one age on a sandstone clast
is ~5.14£0.2 ka. We note that the highest, unambiguous, wave-
washed evidence observed at the site is ~8 m asl, about ~4 m be-
low the lowest sample (Table S1). On the other hand, we also know
that the maximum Holocene marine transgression recorded along
western James Ross Island is between 20 and 15 m asl (Ing6lfsson
et al,, 1992), consistent with the highest 15 m asl Holocene ter-
race recorded along northern part of the island (Hjort et al., 1997).
We assume that a 20-15 ka marine terrace does not exist above
the (local unambiguous) ~8 m marine limit, and hence above the
Dreadnought Point samples, because the glacier (and/or ice shelf)
still occupied inner Croft Bay (Fig. 4) until ~7ka, which formed
the moraine (with granites from the local outcropping diamictons).
Moreover, the Dreadnought Point moraine formed before marine
limits of 8-5 m asl that subsequently shaped coastlines around 6
to 5 ka (Strelin et al., 2006). Alternatively, we note that all four
ages may be minima because there possibly was a relatively brief

period when they were shielded under water (and/or eroded out
of moraine) during the transgression slightly before ~7 ka (Hjort
et al,, 1997)

3.4. Rhum area (Fig. 5)

We measured 23 samples in the Rhum Cove and valley: (i) 7
samples (out of 23) date erratics left behind during glacier re-
cession (Fig. 5, red color). Two of these 7 samples (11.9+0.2 Kka,
8.24+0.2 ka) were on top of a drumlinoid landform (Strelin and
Malagnino, 1992) at the southwest corner of the fjord, and they are
beyond all the dated moraines. The other 5 (out of 7) samples were
on top of remnant ground (hummocky) moraine between right lat-
eral moraine crests, and they appear to fall into two clusters; two
boulders ages are in agreement with each other, ~5.2-5.1 ka, and
three cobble ages are in agreement with each other, between ~3.5
and 3.1 ka. (ii) 12 samples (out of 23) date lateral moraines on
the sides of the Cove (Fig. 5, blue color). These 12 ages appear
to cluster into three main groups, from ~4.8 ka to 4.5 ka, around
3.9 to 3.5 ka, and ~1.8-1.4 ka. (iii) Four cobble-sized samples date
deposits relatively close to, or on, the present-day Rhum glacier
front (Fig. 5); 2 of the 4 cobbles were located on frontal moraines
(310420 yr and 230+10 yr), 1 cobble was from the ice edge/inner-
most moraine contact area (100410 yr), and 1 cobble was on top
of sediment that recently emerged from the ice surface (120+10
yr) (Fig. 2E). All four dated samples on Fig. 5 (bottom panel) are in
morpho-stratigraphic order given uncertainties. On the other hand,
we did note signs of ponding (e.g. water levels) and a potential
outburst around the youngest sample (10010 yr), which could
explain, taken at face value, possibly a younger age compared with
the 120410 yr cobble on the recently emerged sediment. The de-
crease in glacier size shown by the four samples dated to <300
years has continued in recent decades, as a thicker than present
Rhum Glacier was observed in 1979-1980 and 1987 (Strelin, un-
published observations).

3.5. Seymour Island

We collected three samples from large granitic erratics located
between ~200 and 210 m asl. They are located on till veneer and
they were left behind as an extended ice sheet or local ice cap re-
treated during deglaciation. The samples afford ages of 9.3 ka+0.3,
5.340.2, and 3.940.2 ka. Johnson et al. (2011) also reported four
ages from Seymour Island (Fig. 6A).

4. Discussion
4.1. Erratics left behind as ice ablated

For the timing of deglaciation and ice recession of the northern
Antarctic Peninsula Ice Sheet, our findings build on previous stud-
ies on or near James Ross Island, including those involving 1°Be
and '%C dating (Fig. 6), and nearby offshore efforts using cores
and multibeam-based ground morphology (e.g., Bjorck et al., 1996;
Hjort et al.,, 1997; 1998; Pudsey and Evans, 2001; Brachfeld et al.,
2003; Bentley et al., 2005; Pudsey et al., 2006; Strelin et al., 2006;
Roberts et al., 2011; Balco et al., 2013; Minzoni et al., 2015; Jeong
et al,, 2018). The new 1%Be ages allow us to offer the following
added insights into understanding Holocene deglaciation and ice
recession in the inner fjords and onto land.

First, prior studies showed deglaciation reached the inner ma-
rine shelf and channels after ~14 ka (e.g., Brachfeld et al., 2003;
Pudsey et al., 2006). By ~11-9 ka, widespread recession of the
northern Antarctic Peninsula Ice Sheet occurred from Seymour Is-
land to Cape Lachman, leading to the opening the Prince Gustav
Channel, and exposing Long Island and western James Ross Island
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ages (+10) and summed probability distributions for 4 sites in southern Patagonia;
the ‘camel humps’ reflect times of moraine formation (Kaplan et al., 2016; Reynhout
et al,, 2019). C) From Moreno et al. (2018), non-arboreal pollen (NAP, black) com-
pared with the results of a regime shift detection algorithm applied to the data, and
timing of the early Holocene and late Holocene warm dry periods (EHWDP and LH-
WDP). Moreno et al. (2018) interpreted regime shift anomalies >0 (red filling) and
<0 (blue filling) as positive and negative SAM-like states, respectively; D) From Mul-
vaney et al. (2012), temperature anomaly from Mont Haddington ice core; E) TEX86
derived sea surface temperature (SST) anomalies at ODP Site 1098 (blue is from
Shevenell et al. (2011), green from Etourneau et al. (2013)); TEX]§5 SST from nearby
JPC-10 (red, Etourneau et al. (2013)); F) From Anderson et al. (2009), who inter-
preted opal flux as reflecting upwelling driven by the westerlies, and Divine et al.
(2010). SIP=sea ice presence with 1000-year smoothing. Panels A to F show coher-
ent climate signals for ~15° of latitude (Fig. 1). Vertical red band across panels A
to F marks early Holocene warm period.

(Fig. 3) (Johnson et al., 2011; Glasser et al., 2014; Nyvlt et al,,
2014). The new !%Be ages indicate ice recession onto land at heads
of bays and coves may have occurred slightly later by ~2-1 kyr,
around 9-8 ka, specifically onto southwest and western James Ross
and south of Herbert Sound into the central part of the island

(Fig. 3, 4). Our finding is consistent with Minzoni et al. (2015) who
also concluded that ice recession reached the inner fjords by 8 to
7 ka.

Furthermore, given the ages become younger from ~60 m to
30 m asl (Fig. 3C) on the Lagrelius Peninsula, on the west side
of James Ross Island, a net lowering of ~30 m of the ice surface
from ~9.5 to 7.6 ka may be evident. Another possibility is that the
difference in Lagrelius age with elevation relates to the movement
and recession (thinning) of a ‘relatively local’ divide that separated
ice flowing from both James Ross Island and from the Antarctic
Peninsula, which channelized along the Prince Gustav channel, as
postulated by Camerlenghi et al. (2001).

The 1°Be ages from the top of Long Island, on samples be-
tween 95 and 91 m asl, form a bimodal distribution. Additional
data are needed to evaluate the bimodality. Perhaps the two older
ages (>10 ka) indicate the deglacial timing, and the younger sam-
ple ages (<10 ka) are minima (due to frost disturbance?), or a short
(~3 km) readvance from the Antarctic Peninsula to Long Island
deposited the 8-7 ka cobbles and did not disturb the two older
samples, which contain some inherited °Be. For now, we infer
that the oldest ages (~10.6 and 10.3 ka) likely reflect recession of
the Antarctic Peninsula Ice Sheet for the following reasons. First,
an age around >10 ka agrees with the inference of Pudsey et al.
(2006) for the decoupling of ice in the southern part of the Prince
Gustav Channel, between 10.9 and 10.7 cal ka BP. Second, the older
Long Island 1°Be ages are consistent with the ages for ice recession
from the top (50 to 60 m asl) of a drumlin on the southeast side
of Rhum Bay (Fig. 5). Ice recession across Long Island around or
slightly before 10 ka is also consistent with the '#C-dated moss age
on Lachman Peninsula (Figs. 3, 6A). That is, Ing6lfsson et al. (1992)
obtained a %C age of 9525+65 (10, 810 +160 cal yr BP, Oxcal
4.3) on terrestrial fresh water moss growing in an ice-marginal
lake along Lachman Peninsula. We infer this '“C age, on an in-
situ terrestrial macrofossil, to represent a key deglacial constraint.
The lacustrine moss indicates that ice had thinned enough for an
ice marginal lake to exist along the west (left) lateral side of the
receding ice tongue in Herbert Sound, but the glacial ice dam still
had to exist over an area that is now filled by the ocean (Herbert
Sound and Croft Bay).

We note the 1°Be data in Nyvit et al. (2014) imply a slightly
earlier timing for deglaciation around northwestern James Ross
Island, as all ages are >13 ka, based on up-to-date '°Be dating
systematics. As mentioned in Nyvit et al. (2014), one possibility
is their younger ages (assuming older ages have inheritance) rep-
resent earlier ice thinning in phase with regional warming. For
example, the 4C-dated moss of 10,810 cal yr BP (Ingblfsson et al.,
1992) is ~12 m asl in elevation, whereas the 1°Be-dated boulders
in Nyvlt et al. (2014) are higher, ~40-50 m asl.

4.2. Moraine dates and times of expanded glaciers

We provide a new 'Be-based chronology of Holocene glacier
changes on James Ross Island, including the first ages spanning
the last few hundred years (Figs. 4, 5, 6A). A key take away is
that there is a distinct difference in timing between ages reflect-
ing general ice recession across the area prior to ~8-7 ka and
moraine building events after (Fig. 6A). Collectively, considering all
sites (Tables S1, S2), coherent moraine ages cluster between ~8-7
and ~6-5 ka, 5 and 3.5 ka, ~1.5 ka, and over the last 300 years
(Figs. 4, 5, 6A). The oldest moraine age (only one age), ~8 Kka, is
at the entrance to the Alpha valley (Fig. 4). The Rhum valley has
the most comprehensive record (Fig. 5). Only one moraine (i.e., a
former glacier limit) exists at Dreadnought Point (Fig. 4), which af-
fords three relatively coherent middle Holocene '°Be ages of ~7-6
ka. At Santa Martha, boulders on ground moraine afford the most
scattered distribution of any single morainic landform (see Fig. S1
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in Supplementary Material). Moreover, at Santa Martha no glacier
has existed since the middle Holocene and thus younger moraines
there did not form. We also point out that we have only dated a
few moraines in this study and our overall record is likely incom-
plete.

The spread in individual moraine age distributions beyond 2o
uncertainty, specifically at the Santa Martha site (Figs. 4, S1), could
reflect several possibilities. First, ice margins may have reached
the same position more than once. Second, some of the ages are
maxima due to nuclide inheritance. Third, some of the ages are
minima due to snow cover and/or postglacial frost shattering pro-
cesses (e.g., erosion). Or, there was a prolonged period of ice cored
moraine stabilization.

To evaluate the second possibility, whether inherited nuclide
concentrations are a problem in the study area, we measured re-
cently emerged cobbles at two sites. In the front of the Rhum
Glacier, all four 1°Be ages are in stratigraphic agreement, includ-
ing the 120410 yr cobble from a debris band on the ice near its
front (Fig. 5B). At the Alpha Glacier, along the left lateral, one age
on a cobble coming out of the ice recently and one age at the
ice/moraine contact are older than the frontal moraine ages. Slight
differences between the left lateral and frontal ages perhaps pro-
vide insight into possible processes related to the subpolar thermal
regime (Chinn and Dillon, 1987; Chinn, 1991; Strelin and Sone,
1998). As the glacier front is likely frozen to its bed, this obstruc-
tion of flow causes debris to rise to the surface along shear zones.
For the sake of argument, if the regelation front migrated up-valley
over the last few hundred years, due to climate change, then de-
bris will be extruded that originated from higher levels of the
basal glacier zone, and different surface sediment accumulations
near the front may contain cobbles with varying ages. Regardless
of how cobbles came out of the surface, our findings indicate there
is minimal inheritance in late Holocene moraine samples on James
Ross Island, indicating an opportunity for additional dating.

Regarding the third possibility, geomorphic processes reduced
some apparent ages, we tried to avoid slopes or obvious signs of
periglacial processes. However, many samples are relatively short
such as the cobbles (Table S2), which could have had some de-
gree of snow cover for parts of the year. At Lagrelius Peninsula and
other sites, we found no obvious relation between boulder age and
height above ground (Table S2), as might be expected with snow
cover. The sandstone samples always afford younger ages than the
metamorphic and igneous materials. The sandstones may be less
resistant to weathering because internal layering makes them rel-
atively more susceptible to periglacial processes (frost shattering,
frost heaving); two of the cobbles were concretion-like with pos-
sible evidence of minor spalling. In addition, two new Seymour
Island '9Be ages (Fig. 1) are much younger than the deglacial ages
including those in Johnson et al. (2011). We cannot explain why
two new Seymour °Be ages are so young, except perhaps a small
ice cap or snow cover persisted for much of the Holocene (such
as currently exist on Snow Hill Island) at the sites where the new
samples are from on the relatively high plateau of the southwest
part of the island.

Given the apparent lack of inheritance in samples from glacier
limits of the last few hundred years, we assume the age scatter
on moraines is mainly due to geomorphic processes that act to
minimize ages. This effect may be most pronounced in the Santa
Martha area (Figs. 4, S1), where perhaps the ground moraine is
also not a distinct glacier limit as we mapped (Fig. 4), but repre-
sents a compound deposit of more than one advance. Regardless,
such scatter does not affect our main inferences, as we recognize
precise (sub-century or century) one-to-one correlations likely are
not yet possible between the 19Be dated glacier record and other
proxies (Fig. 6).

The results are in agreement with prior work on James Ross
Island that defined local glacier expansions at 7.3 to 7.1 ka, 5.3
to 4.8 ka, shortly after 4.1 or after 3 ka, between 2.7 and 2 ka,
1.2 ka to 950 yr, and during the last 300 '#C yr B.P (e.g., Zale
and Karlen, 1989; cf.,, Clapperton and Sugden, 1988; Strelin et al.,
2006). Nearby, Balco et al. (2013) and Jeong et al. (2018) inferred
grounding line and ice shelf readvances after ~2 ka. Also, Strelin
et al. (2006) studied ice cored moraines and rock glaciers that they
inferred correspond to glacier advances over the last millennium.
In Herbert Sound, Minzoni et al. (2015) observed glacier activity
especially after ~2.5 ka, although evidence of earlier activity is not
clear.

4.3. Antarctic Peninsula-Southern Patagonia-South Atlantic

To place the new results in a broader hemispheric context, we
compare the findings with °Be-dated glacier and “C-dated pale-
oecologic records in southern Patagonia (Fig. 6A-C), and with ma-
rine and ice cores around the southern South Atlantic and north-
ern Antarctic Peninsula (Fig. 6D-F). In the early Holocene, both
the Antarctic Peninsula (e.g., Bentley et al., 2005) and southern
Patagonia experienced warm conditions, except perhaps from ~10
to 9.5 ka. Around James Ross Island, deglaciation occurred and
local glaciers subsequently retreated towards embayment heads
and onto land. In Patagonia, during the early Holocene glaciers
were typically similar in extent as today (e.g., Strelin et al., 2014;
Menounos et al., 2013). Moreno et al. (2018) defined the Early
Holocene Warm Dry Period from ~10.5 to 7.5 ka (Fig. 6C).

The early Holocene warm interval ended evidently by ~8-7
ka, and thereafter glacier expansions repeatedly occurred in both
Patagonia and the Antarctic Peninsula (Figs. 4-6). Precise one-to-
one correlations at the subcentury and century level may be tenu-
ous given the limited number of moraine ages on James Ross (and
scatter discussed above). Periods that were generally favorable for
glaciers expanding on both sides of the Drake Passage occurred
between ~7-6 ka and 5-4 ka, and after 3 ka (Fig. 6). Our findings
are in agreement with prior terrestrial studies in the James Ross
area (e.g., Ingélfsson et al., 1992; Hjort et al.,, 1997; 1998, Strelin
et al., 2006). For example, an ice core at the summit of Haddington
Ice Cap reveals pronounced Holocene warmth until ~8 ka (Fig. 6E;
Mulvaney et al., 2012), consistent with wider geographic findings
in Masson et al. (2000).

After the early Holocene, warm intervals occurred on either side
of the Drake Passage, and there are general gaps in moraine build-
ing events from ~4 to 2.5 ka and from ~1000 to 700 years ago
(Fig. 6A, B). Regarding the former period, from ~5 to 3 ka has long
been identified as a time of general warmth around James Ross Is-
land, as well as elsewhere in Antarctica, including reduced ice and
absence of local ice shelves (e.g., Hjort et al., 1998; Pudsey and
Evans, 2001; Brachfeld et al., 2003; Strelin et al., 2006; Balco et al.,
2013; Jeong et al., 2018). Bjorck et al. (1996) defined the interval
from ~4.8 to 3 ka as the Holocene climatic optimum, a period of
relative warmth when glaciers were receded. More recently, Min-
zoni et al. (2015) described marine environmental conditions in
Herbert Sound and Croft Bay, near the St. Martha site (Fig. 1) as
occurring during a mid-late Holocene hypsithermal, ~5.5 to 3 ka.
On the other hand, evidence presented here such as in the Rhum
valley (Fig. 5) and in prior studies (e.g., near Lagrelius Peninsula;
Strelin et al., 2006), may imply that climatic conditions were not
uniformly warm during the 5 to 3 ka interval. We propose that ei-
ther the precise start of the 5-3 ka general warm event needs to be
revised slightly (especially given bulk '#C dating or need for ma-
rine reservoir corrections), or the ~2 kyr interval was a period of
both warm and (brief) cold periods. The glacier records shown in
Fig. 6 may imply that the warmest or most sustained conditions of
the (mid-late) Holocene climatic optimum were between ~4 and
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~3 ka, peaking closer to the latter. For comparison, the James Ross
Island ice core data (Fig. 6E) exhibit the highest temperatures from
~4 to 3 ka. In Patagonia, Moreno et al. (2018) referred to the inter-
val from ~4 to ~3 as the Late Holocene Warm Dry period (Fig. 6.
LHWDP).

Our findings are consistent with broad trends observed on
the west side of the Antarctic Peninsula. Marine records reveal
marked early Holocene warmth (Shevenell et al., 2011; Etourneau
et al., 2013; Pike et al.,, 2013) (Fig. 6F); Etourneau et al. (2013)
also observed decreased seasonal sea ice presence as indicated
by open ocean and warm-affinity diatoms. Thereafter, cooling oc-
curred through the middle Holocene and increased seasonal sea ice
presence. Over the last few thousand years, the western Antarctic
Peninsula may have experienced a longer annual sea ice duration
but relatively warm but brief summers (Etourneau et al.,, 2013).
For comparison, in the late Holocene glacier advances on James
Ross Island and in Patagonia exhibit a general pattern of decreas-
ing size (Figs. 4, 5). Moreover, on Anvers Island, Hall et al. (2010)
noted a prominent warm period from 970-700 yr ago (Fig. 6A),
which Bentley et al. (2009) also discussed.

Thus, we conclude that during the early Holocene diverse
records collectively imply that a broad spatial swath of warmth
existed most of the time from middle latitude South America and
the Subantarctic circumpolar region across to the Antarctic Penin-
sula (Fig. 6). During this time, in the southern South Atlantic near
the Subantarctic front (Fig. 6D), Anderson et al. (2009) inferred
high rates of upwelling due to a poleward expansion of the wester-
lies, and annual sea ice presence was at a minimum (Divine et al.,
2010). We infer that a poleward expansion of the band of (rela-
tively) stronger westerlies during the early Holocene explains the
findings shown in Fig. 6A to F. Toggweiler and Russell (2008) ar-
gued that a general characteristic of warm climates, such as the
present interglacial, is a poleward shift and linked intensification of
the westerlies, even if the winds tend to weaken at mid-latitudes
(Moreno et al., 2018). Subsequently, for the rest of the Holocene
sea ice was more persistent, perhaps achieving maximum extents
around 6-5 ka (Divine et al., 2010; Etourneau et al., 2013).

In addition, we infer overall glacier-climate behavior around
the Antarctic Peninsula is congruent with reconstructed South-
ern Annular Mode (SAM)-like conditions at the multi-century and
millennial timescales (Fig. 6C; Moreno et al., 2018). During the
Early Holocene, SAM-like conditions were persistently positive and
moraines are generally lacking in southern South America and the
James Ross region (Fig. 6A, B); except from ~10 to 9.5 ka when
SAM-like conditions briefly turned persistently negative (Fig. 6B).
After 8-7 to ~5 ka, persistent negative SAM-like centennial con-
ditions are reconstructed in southern Patagonia (Moreno et al.,
2018) and glacier expansions are documented on both sides of the
Drake Passage (Fig. 6). From ~4 to 2.5 ka, positive SAM-like con-
ditions typically occurred (Fig. 6A, C) and temporal gaps between
moraine-building events are common on both sides of the Drake
Passage. After 3 ka, SAM-like conditions were persistently negative
and glaciers likewise expanded on both sides of the Drake Passage
(Fig. 5, 6C) (cf., Balco et al., 2013).

Over the instrumental time period negative SAM characteristi-
cally includes increased frontogenetic conditions in all seasons as
far north as central South America, as well as a large region over
the South Atlantic Ocean, as the subtropical jet is strengthened and
it drifts equatorward along with Subantarctic climates (Carvalho
et al., 2005; Reboita et al., 2009). Likewise, we infer such char-
acteristics were pervasive in the past during persistent negative
SAM-like conditions. Positive SAM phases characteristically involve
the opposite behavior of negative SAM, such as poleward expan-
sion of the band of stronger westerlies (Moreno et al., 2018).

Further investigation is needed to improve the comparison at
centennial and sub-centennial timescales between the eastern and

western Antarctic Peninsula and with southernmost South Amer-
ica. For example, researchers infer that there is a strong influence
of ENSO and possibly the Antarctic Dipole on Antarctic Peninsula
climates, especially on the west side over recent decades and mil-
lennia (Shevenell et al., 2011; Etourneau et al., 2013; Pike et al.,
2013; Yuan et al., 2018). We infer at least broad patterns (e.g.,
millennial?) of glacier behavior are coherent across the middle-
high latitudes (Fig. 6) of southern South America and the eastern
Antarctic Peninsula.

5. Summary and conclusions

We obtained a '9Be dataset for James Ross Island and nearby
Long Island and Seymour Islands. While our study builds on ex-
isting data for the deglaciation, we present a new !9Be-based
chronology of Holocene local glacier changes. In the early Holocene,
widespread ice recession or reduced glacier coverage existed most
of the time from southern South America to the northern Antarctic
Peninsula. Early Holocene warmth lasted until about ~8 ka, and it
was a period of reduced sea ice in the South Atlantic (Fig. 6), and
was widespread across other sectors of Antarctica (e.g., Masson
et al,, 2000). After ~8 ka, cooler conditions generally existed over
the remainder of the Holocene, and glaciers repeatedly expanded.
Advances around the northeastern Antarctic Peninsula occurred at
least from 7.5 to 7 ka, ~5-4 ka (Fig. 5 and in Strelin et al., 2006),
perhaps at times between 3.9 and 3.6 ka and just after 3 ka (Stre-
lin et al, 2006), between ~2.4 and ~1 ka, and over the last few
centuries. Since deglaciation, the largest glacier extents occurred in
the middle Holocene, ~7-4 ka. The advances of the last few cen-
turies on James Ross Island (and in Patagonia) overlap in time with
the Little Ice Age interval in Europe, although the exact relations
still need to be determined. We also infer the general cooling after
~8-7 ka could have played an important role in regrowth of ice
around the southern Weddell Sea (cf., Kingslake et al., 2018).

Even though middle to late Holocene conditions were generally
cool, notable warm interruptions occurred. The most pronounced
was the Holocene climate optimum, previously defined from ~5
to ~3 ka around the Antarctic Peninsula. We infer that climate
conditions were not constant from 5 to 3 ka and that peak warmth
may have occurred between ~4 and ~3 ka around the eastern
Antarctic Peninsula and in Patagonia.

To conclude, paleo records from the middle (Subantarctic) to
high latitudes reveal coherent climate shifts over ~15° of lati-
tude, and glaciers tracked Westerly and polar vortex behavior and
perhaps SAM-like conditions. Reduced glacier extents occur when
there is less extensive South Atlantic and high-latitude sea ice and
the westerlies expand and polar vortex contracts poleward, such as
during the Holocene prior to ~ 8 ka. The opposite glacier behav-
ior occurs when sea ice is more extensive, the westerlies and the
polar vortex (and subtropical jet; Carvalho et al.,, 2005) are more
focused or expand equatorward, and SAM-like negative states are
persistent at the century scale. If glaciers, and by implication ice
shelves, are particularly sensitive to positive SAM-like conditions,
reduced sea ice extent, and poleward expansion of the westerlies,
then this has an important implication for future cryospheric be-
havior. SAM has been persistently positive in recent decades and
modeling simulations foretell a consistent pattern in the near fu-
ture (Abram et al., 2014).
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Table S1. Surface-exposure sample details and Be data from James Ross and Long Islands

19

Sample ID Latitude  Longitude Elev.  Sample  Shielding Quartz 9Be "BeBe + 1o [ch] + 1o Age Context

(DD) (DD) (masl) Thickness mass added (atoms g") +lg

(cm) © (mg)

LI-13-01 -63.7609  -58.1781 91 2.89 1 10.0915  0.1887 30.8917 £1.0743 38194 £ 1328 7410 = 260  Erratic (retreat)
LI-13-02 -63.7608  -58.1785 91 2.70 1 10.0466 0.1894 30.5403 +0.9816 38071 + 1224 7370 + 240  Erratic (retreat)
LI-13-03 -63.7610  -58.1792 94 3.02 1 10.0303  0.1892 43.5831 £2.5205 54538 £3154 10600 + 610 Erratic (retreat)
LI-13-04 -63.7611  -58.1792 94 2.81 1 10.0270  0.1883 34.0994 = 1.0808 42381 + 1343 8190 + 260 Erratic (retreat)
LI-13-05 -63.7615  -58.1782 95 2.98 1 10.0364  0.1890 427172 £ 1.1705 53355 £1462 10300 + 280 Erratic (retreat)
LI-13-06 -63.7615  -58.1783 93 223 1 10.2555 0.1894 33.8098 = 1.0260 41332 + 1254 7960 + 240  Erratic (retreat)
BLK1-2014Jul31 0.1899 0.3340 £0.2041
SEY-13-01 -64.2437  -56.6561 208 2.17 1 10.2657  0.1901 18.5529 £0.9426 22547 £ 1146 3860 + 200 Erratic (retreat)
SEY-13-02 -64.2467  -56.6527 206 0.82 1 8.8428 0.1911 22.0009 =0.8137 31301 £ 1158 5310 =200 Erratic (retreat)
SEY-13-04 -64.2580  -56.6522 202 0.89 1 10.3701  0.1902 449864 £ 1.2019 54733 £ 1462 9340 + 250  Erratic (retreat)
JRQ-13-08 -63.9163  -58.3013 44 0.91 0.9998 9.8312 0.1894 322033 £0.9788 41194 £ 1252 8280 + 250 Erratic (retreat)
JRQ-13-09 -63.9202  -58.3033 38 1.14 0.9997 9.6979  0.1896 29.0290 = 1.3436 37657 + 1743 7630 + 350  Erratic (retreat)
JRQ-13-10 -63.9172  -58.3056 39 1.13 0.9998 20.0370 0.1893 59.7007 + 1.6442 37568 + 1035 7600 + 210  Erratic (retreat)
JRQ-13-24 -63.9237  -58.3012 56 1.52 0.9995 20.0247  0.1901 76.4059 £2.0632 48333 £ 1305 9640 = 260  Erratic (retreat)
JRQ-13-27 -63.9197  -58.3074 31 0.88 0.9998 13.9425  0.1896 46.4459 = 1.1825 42028 1070 8560 + 220 Erratic (retreat)
BLK1-2014Nov03 0.1896 0.3520 £0.1123
JRQ-13-25 -63.9193  -58.2972 54 1.99 0.9995 4.0844  0.1582 18.1462 = 0.8350 46314 +2131 9290 + 430  Erratic (retreat)
BLK2-2014Nov03 0.1596 0.1228 £0.4848
JRI-14-34 -63.9383  -57.8157 32 331 0.9989 20.0267 0.1903 43.8512 £0.9529 27714 £602.3 5740 + 130 moraine (expanded)
JRI-14-35 -63.9379  -57.8169 32 2.02 0.9989 12.0831 0.1910 354754 £0.9966 37261 + 1047 7650 £ 220 moraine (expanded)
JRI-14-36 -63.9371  -57.8142 26 2.08 0.9989 18.1548 0.1916 46.7258 £2.2936 32818 £ 1611 6790 + 330 moraine (expanded)
JRI-14-44 -63.9957  -57.8136 12 1.01 0.9975 123542 0.1913 323395 £1.5833 33258 £ 1628 6940 = 340 moraine (expanded)
JRI-14-45 -63.9961  -57.8139 154 3.84 0.9979 20.0300 0.1913 46.2877 £ 1.1648 29417 = 740.2 6260 = 160 moraine (expanded)
BLK1-2015Dec10 0.1917 0.2078 £ 0.1057
JRI-14-01 -64.1091  -58.4023 68 3.85 0.9951 129372 0.1917 19.0936 = 0.7019 18506 + 680.3 3720 = 140 moraine (expanded)
JRI-14-02 -64.1083  -58.4009 74 3.37 0.9941 20.0757 0.1915 11.7500 = 0.5648 7231 £347.6 1440 £ 70 moraine (expanded)
JRI-14-08 -64.0928  -58.4117 71 2.39 0.9974 20.0206 0.1918 25.5859 +0.8429 16122 +531.1 3190 + 110  Erratic (retreat)
BLK1-2016Jan11 0.1919 0.4061 =0.1320
JRSM-13-43  -63.9385  -57.8191 30 2.09 0.9998 10.5224  0.1909 15.9173 +0.9458 19105 + 1135 3930 + 230 moraine (expanded)
JRSM-13-38  -63.9540  -57.8424 55 1.86 0.9990 7.6260 0.1914 247446 £ 0.8469 41225 £ 1411 8250 =280 moraine (expanded)
JRI-14-46 -63.9961  -57.8140 154 1.86 0.9979 6.7598  0.1909 18.5632 = 1.0347 34734 £1936 7290 + 410 moraine (expanded)
JRI-14-09 -64.0926  -58.4133 64 1.97 0.9968 7.4047  0.1909 14.9426 +0.6983 25468 = 1190 5060 = 240 Erratic (retreat)
JRI-14-11 -64.1160  -58.4508 52 1.61 0.9983 152186  0.1920 70.2143 = 1.3991 59070 £ 1177 11900 + 240  Erratic (retreat)
JRI-14-13 -64.1161  -58.4497 58 2.62 0.9983 17.0032  0.1918 543036 =1.4059 40816 * 1057 8200 + 210  Erratic (retreat)
BLK-2016May06 0.0000 0.1919 0.1662 £ 0.0750
JRI-14-10 -64.0928  -58.4137 57 4.72 0.9968 25.0586 0.1925 29.5066 + 0.9963 15068 + 508.8 3080 + 100  Erratic (retreat)
JRI-14-14 -64.1150  -58.4457 49 313 0.9968 228175 0.1920 39.0390 +1.0097 21864 + 565.5 4450 £ 120 moraine (expanded)
JRI-14-33 -63.9372  -57.8143 28 4.13 0.9990 25.0160 0.1915 40.1442 = 1.0154 20453 £517.3 4280 = 110 moraine (expanded)
JRSM-13-39  -63.9541  -57.8425 52 1.97 0.9989 12.8944  0.1875 11.7865 = 0.5995 10395 + 528.7 2090 = 110 moraine (expanded)
JRSM-13-42  -63.9380  -57.8231 38 0.82 0.9998 5.3437 0.1881 4.6313 +0.3959 8338 £712.7 1680 + 140 moraine (expanded)
JRI-14-07 -64.0929  -58.4110 70 1.42 0.9974 114510 0.1879 249646 £0.9194 26188 £ 964.5 5150 = 190  Erratic (retreat)
JRI-14-17 -64.0926  -58.4133 62 4.80 0.9968 13.5704 0.1878 19.6163 = 0.9528 17138 £832.4 3480 + 170  Erratic (retreat)
JRI-14-18 -64.0868  -58.4018 142 4.80 0.9785 20.1894 0.1873 40.5527 £ 1.4495 24468 + 874.5 4660 + 170 moraine (expanded)
JRI-14-21 -64.0868  -58.4018 143 5.74 0.9785 20.1086  0.1880 36.3546 = 1.0730 22040 * 650.5 4220 + 130 moraine (expanded)
JRI-14-22 -64.1083  -58.4010 72 2.90 0.9941 213723 0.1876 16.1193 +1.1723 8817 £ 641.3 1750 + 130 moraine (expanded)
JRI-14-23 -64.1084  -58.3996 74 231 0.9941 20.0064 0.1880 30.1681 = 0.9077 18266 *+ 549.6 3610 = 110 moraine (expanded)
JRI-14-24 -64.1113  -58.4052 101 1.69 0.9953 20.0206 0.1873 41.1121 £ 14266 25024 + 868.3 4780 = 170 moraine (expanded)
JRI-14-32 -63.9540  -57.8423 54 3.15 0.9994 153294 0.1880 18.0627 = 0.8677 13915 + 668.5 2810 = 140 moraine (expanded)
BLK1-2016Jun24 0.1883 1.0864 = 0.1984
JRI-14-15 -64.1151  -58.4468 54 543 0.9968 28.3986 0.1885 43.1234 = 1.6382 18815 £714.7 3870 £ 150 moraine (expanded)
JRI-14-19 -64.0868  -58.4018 148 372 0.9785 30.1692 0.1884 60.5018 +2.2579 24954 £ 931.3 4680 + 180 moraine (expanded)
JRI-14-25 -64.1112  -58.4057 101 3.60 0.9940 25.0785 0.1889 47.1809 = 1.3786 23396 * 683.6 4540 + 130 moraine (expanded)
JRI-14-26 -64.1113  -58.4057 93 3.71 0.9940 26.1183  0.1887 37.7443 +1.2207 17883 +578.3 3500 + 110 moraine (expanded)
JRI-14-47 -63.9961  -57.8140 154 331 0.9979 143477 0.1884 282201 £0.9645 24140 + 825.1 5100 = 170 moraine (expanded)
BLK1-2016Aug05 0.1885 0.7119 £ 0.4409
JRI-14-27 -64.0999  -58.4200 53 4.11 0.9991 69.9398  0.1889 9.1881 = 0.4755 1512 £ 78.27 310 £20  moraine (expanded)
JRI-14-28 -64.0999  -58.4191 56 3.66 0.9989 70.2921 0.1890 7.1068 = 0.4480 1132 £71.33 230 £ 10  moraine (expanded)
JRI-14-29 -64.1016  -58.4103 47 3.88 0.9985 70.2478  0.1887 3.9966 = 0.3383 571.8 +48.40 120 £ 10 supraglacial debris/thrust ridge
JRI-14-30 -64.1002  -58.4157 42 4.36 0.9980 63.3855 0.1884 3.3120 £0.3992 496.4 + 59.84 100 £ 10 ice edge/pond coverage?
BLK2-2016Aug05 0.1886 0.8120 =0.1796
BLK1-2017-Sept05 0.187527 0.6090 = 0.1305
JRI-14-41 -63.95219 -57.86201 90 545 0.9983 70.1901 0.188249  12.7349 *0.6253 2138 £105.0 420 £ 20  end ofleft lateral/ice edge
JRI-14-42 -63.95265  -57.86125 93 313 0.9970 70.1065 0.187115 6.0952 £ 0.6095 942.1 £94.21 180 £20  supraglacial debris/thrust ridge
JRI-14-43 -63.95399 -57.85955 66 4.37 0.9970 70.8324 0.187218 3.6400 =0.4298 499.3 +58.95 100 = 10 moraine (expanded)
JRI-14-50 -63.95379 -57.85667 77 4.55 0.9997 53.1270 0.187321 5.4783 £0.4823 1099 * 96.78 220 £20  moraine (expanded)

BLK2-2017-Sept05

0.18763

1.0160 =0.2539
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Notes for Table S1: We processed procedural blanks identically to the samples, with one or two
blanks accompanying each sample batch, respectively, as indicated in table. AMS standard used
for normalization is 2.85x 10712 = 07KNSTD3110. Shown are 1o analytical AMS uncertainties.
Column of *Be added is adjusted for carrier (Be) concentration. Elevations are measured with a
hand held Garmin. In addition, for all samples at Dreadnought (JRI-14-44 to -47) we used a hand
level to measure elevation above mean high tide. The context column matches that (red and blue
for retreat and expanded, respectively) on Figures 2 to 6. As explained in the text, we used version
2.2 with version 2.2.1 of the constants file (Balco et al., 2008) with a high-resolution version of
the geomagnetic framework (Lifton et al., 2008), and we show ages with Lm scaling. Choice of
scaling model and the version of the online calculator do not affect our inferences and conclusions
(see text).

Table also provided as Supplementary spreadsheet Table S1.
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Table S2. '*Be ages by location

Long Island
LI-13-01
LI-13-02
LI-13-03
LI-13-04
LI-13-05
LI-13-06

7410 + 260
7370 + 240
10600 + 610
8190 + 260
10300 + 280
7960 + 240

Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)

Seymour Island (also see Johnson et al, 2011)

SEY-13-01
SEY-13-02
SEY-13-04

3860 + 200
5310 + 200
9340 + 250

Lagrelius Peninsula

JRQ-13-08
JRQ-13-09
JRQ-13-10
JRQ-13-24
JRQ-13-27
JRQ-13-25

Santa Martha area
JRI-14-33
JRI-14-34
JRI-14-35
JRI-14-36
JRSM-13-43
JRSM-13-42

Alpha Glacier
JRSM-13-38

JRSM-13-39
JRI-14-32
JRI-14-41
JRI-14-42
JRI-14-43
JRI-14-50

Dreadnought
JRI-14-44
JRI-14-45
JRI-14-46
JRI-14-47

Rhum Glacier
JRI-14-01
JRI-14-02
JRI-14-07
JRI-14-08
JRI-14-09
JRI-14-10
JRI-14-11
JRI-14-13
JRI-14-14
JRI-14-15
JRI-14-17
JRI-14-18
JRI-14-19
JRI-14-21
JRI-14-22
JRI-14-23
JRI-14-24
JRI-14-25
JRI-14-26
JRI-14-27
JRI-14-28
JRI-14-29
JRI-14-30

8280 + 250
7630 + 350
7600 £ 210
9640 + 260
8560 + 220
9290 + 430

4280 + 110
5740 + 130
7650 + 220
6790 + 330
3930 + 230
1680 + 140

8250 + 280
2090 110
2810 + 140

420 + 20

180 + 20
100 £ 10
220 + 20

6940 + 340
6260 + 160
7290 + 410
5100 +£170

3720 + 140
1440 = 70
5150 + 190
3190 + 110
5060 + 240
3080 + 100
11900 + 240
8200 + 210
4450 + 120
3870 + 150
3480 + 170
4660 £ 170
4680 + 180
4220 + 130
1750 + 130
3610 + 110
4780 + 170
4540 + 130
3500 + 110

310 £ 20

230 = 10

120 + 10

100 + 10

Erratic (retreat)
Erratic (retreat)
Erratic (retreat)

Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)

moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)

moraine (expanded)
moraine (expanded)
moraine (expanded)

end of left lateral/ice edge
supraglacial debris/thrust ridge

moraine (expanded)
moraine (expanded)

moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)

moraine (expanded)
moraine (expanded)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
Erratic (retreat)
moraine (expanded)
moraine (expanded)
Erratic (retreat)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)
moraine (expanded)

supraglacial debris/thrust ridge
ice edge/pond coverage?

Maximum height

(cm)
cobble
cobble
cobble
cobble
cobble
cobble

90
50
80-90

120
80
70
50
30
36

cobble
cobble
10
7
33
5-10

cobble
cobble
cobble
cobble
cobble
cobble
cobble

57
cobble
cobble
cobble

cobble
cobble
20
10
50
cobble
10
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble
cobble

Notes: Cobbles are typically less than 5 cm
high; see thickness in Table S1. Four samples
in italics are on sandstone concretions; these
are notably younger than the rest of the
samples from the same landform in each
respective area, and we assume they are
outliers in the probability distributions
(Figures 4-6, and S1).

Table also provided as Supplementary
spreadsheet Table S2.
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Table S3. "Be from prior studies on James Ross Island (Lm scaling)

LAC-02 9600 = 390 Johnson et al. (2011)
LAC-03 9800 = 390 Johnson et al. (2011)
LAC-04 12900 + 520 Johnson et al. (2011)
LAC-05 10000 = 530 Johnson et al. (2011)
SEY-01 9000 + 410 Johnson et al. (2011)
SEY-02 9900 = 390 Johnson et al. (2011)
SEY-03 14300 = 550 Johnson et al. (2011)
SEY-04 29700 = 1090 Johnson et al. (2011)
JOH-01 37500 + 1340 Johnson et al. (2011)
JOH-02 9700 + 380 Johnson et al. (2011)
JOH-04 8000 + 370 Johnson et al. (2011)
JOH-05 30400 + 950 Johnson et al. (2011)
TER-04 8100 + 340 Johnson et al. (2011)
TER-05 10900 = 490 Johnson et al. (2011)
TER-07 9100 = 440 Johnson et al. (2011)
TER-08 10300 = 440 Johnson et al. (2011)
JRIO3 12700 + 530 Glasser et al. (2014)
JRO1 14600 + 520 Glasser et al. (2014)
JRIO9 10500 + 380 Glasser et al. (2014)
JRI26 7600 = 410 Glasser et al. (2014)
JRI29 7400 = 440 Glasser et al. (2014)
JRI35 7300 + 300 Glasser et al. (2014)
JRI49 21700 = 1060 Glasser et al. (2014)
JRI50 16900 + 750 Glasser et al. (2014)
JRI62 8700 + 350 Glasser et al. (2014)
DNO05-001 13000 += 2550 Nyvlt et al. (2014)
DNO07-005 19200 = 1090 Nyvlt et al. (2014)
DN07-077 15100 + 900 Nyvlt et al. (2014)
DNO07-078 16000 = 860 Nyvlit et al. (2014)
DNO07-079 15300 = 780 Nyvlit et al. (2014)
DNO07-080 22500 + 1270 Nyvlt et al. (2014)
DNO07-081 15900 + 700 Nyvlt et al. (2014)
DN09-111 26600 = 4170 Nyvlit et al. (2014)
50 DN09-091 30200 + 5230 Nyvit et al. (2014)

51
52 Table also provided as Supplementary spreadsheet Table S3.
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Figure S1. Probability distribution plots of moraine ages for Dreadnought and Alpha area (A),
Rhum valley (B), Santa Martha (C), and all sites together (D). Individual °Be ages are shown by
thin curves with 1o uncertainties. The thick lines represents the probability distribution of the
respective age population. Y-axis is relative probability and standardized to 1. Only one moraine
crest (i.e., former glacier limit) is at Dreadnought (A), which affords three relatively coherent
middle Holocene !°Be ages (~7-6 ka). No glacier has existed at Santa Martha (C) since the middle
Holocene, and thus younger moraines there did not form. Santa Martha perhaps contains the largest
age scatter, given there is only major morainal landform. Perhaps it is a compound feature
representing more than one glacier advance, as notably the Santa Martha ages overlap within
uncertainties with the moraine ages at the other 3 sites; or some boulders instead represent glacier
recession (see text); We do not include outliers, discussed in the text, such as the sandstone erratics.
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Figure S2. Following Figure 5, a focus on the Rhum area, with bottom panel showing the front of
the glacier. Ages overlie a Google Earth image. Red and blue labels, represent erratics left behind
and lateral moraine samples, respectively, and follow convention throughout the paper. The last
two digits refers to the sample label (Tables S1, S2). The ‘b’ after -07 and -09 labels represent
samples are from a boulder (Table S1). Whereas the ages of 310+20 and 230+10 yrs date moraine
samples, the two innermost ages (-30 and -29) are associated with debris bands sitting by the
glacier front.
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