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The Northern Prince Gustav Ice Stream located in Prince Gustav Channel, drained the northeastern portion of the
Antarctic Peninsula Ice Sheet during the last glacial maximum. Here we present a chronology of its retreat based
on in situ produced cosmogenic 10Be fromerratic boulders at Cape Lachman, northern James Ross Island. Schmidt
hammer testing was adopted to assess theweathering state of erratic boulders in order to better interpret excess
cosmogenic 10Be from cumulative periods of pre-exposure or earlier release from the glacier. Theweightedmean
exposure age of five boulders based on Schmidt hammer data is 12.9 ± 1.2 ka representing the beginning of the
deglaciation of lower-lying areas (b60 m a.s.l.) of the northern James Ross Island, when Northern Prince Gustav
Ice Stream split from the remaining James Ross Island ice cover. This age represents theminimumage of the tran-
sition from grounded ice stream to floating ice shelf in the middle continental shelf areas of the northern Prince
Gustav Channel. The remaining ice cover located at higher elevations of northern JamesRoss Island retreateddur-
ing the early Holocene due to gradual decay of terrestrial ice and increase of equilibrium line altitude. Schmidt
hammer R-values are inversely correlatedwith 10Be exposure ages and could be used as a proxy for exposure his-
tory of individual granite boulders in this region and favour the hypothesis of earlier release of boulders with ex-
cessive 10Be concentrations from glacier directly at this site. These data provide evidences for an earlier
deglaciation of northern James Ross Island when compared with other recently presented cosmogenic nuclide
based deglaciation chronologies, but this timing coincides with rapid increase of atmospheric temperature in
this marginal part of Antarctica.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Antarctic Ice Sheet extended to the continental shelf edge in
many locations during Quaternary glacial stages (Bentley, 1999;
Davies et al., 2012) and commenced its most recent retreat during the
last glacial–interglacial transition, i.e. between 15 and 8 ka (Anderson
et al., 2002; Mackintosh et al., 2011). The retreat appears asynchronous
around thewhole Antarctic coastline; however, there is currently insuf-
ficient field data to bring a detailed chronology and extent of the last de-
glaciation of the Antarctic margins. Numerous ice streams drained the
Antarctic Peninsula Ice Sheet during glacial times flowing down to the
continental shelf edge (Johnson et al., 2011; Davies et al., 2012).
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Northern Prince Gustav Ice Stream (NPGIS) located in Prince Gustav
Channel along the northeastern coast of the Antarctic Peninsula (AP)
drained part of the Antarctic Peninsula Ice Sheet through the present
Prince Gustav Channel to the east as evidenced by the sea floor bathym-
etry (Camerlenghi et al., 2001). Prince Gustav Channel is a pronounced
over-deepened glacial trough between the AP and James Ross Island
(JRI) up to 1000 m and 1200 m deep in its northern and southern
part, respectively (Figs. 1A, B, Camerlenghi et al., 2001; Evans et al.,
2005). The northern Prince Gustav Channel originated before the Late
Miocene and experienced multiple advances of grounded glaciers dur-
ing the Neogene and Quaternary (Nývlt et al., 2011).

The northern Prince Gustav Channel has not been covered by an ice
shelf since the late 19th century AD, while the southern part was
covered by the Prince Gustav Ice Shelf until its collapse in 1995
(Cooper, 1997; Cook and Vaughan, 2010). Pudsey and Evans (2001)
demonstrated such collapses of the Prince Gustav Ice Shelf during the
Holocene based on AMS radiocarbon data. The transition of the
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Figure 1. Location of glacigenic accumulation at the neck of the Cape Lachman showing sample site. A) The location of the James Ross Island at the eastern coast of the northern Antarctic
Peninsula. B) Bathymetric map of the inner to middle continental shelf off the eastern coast of the Antarctic Peninsula, the relief is from the Landsat Image Mosaic of Antarctica (adopted
from Johnson et al., 2011) with the study area.White arrows – former ice flowdirections of JRI Ice Cap, red arrows – former ice flow directions of the Northern and Southern Prince Gustav
Ice Streams separated by an ice divide, yellow arrow – ice flowdirection of the Antarctic Sound Ice Stream. Important sitesmentioned in text are also indicated. C)Geological sketchmapof
the northernmost part of the Ulu Peninsula, JRI. The extent of dated glacigenic accumulation ismarked in blue, Schmidt hammered boulders are shown by black triangles and dated boul-
ders by red crosses and those dated by Johnson et al. (2011) by blue crosses. Location of lacustrine sediments dated by Ingólfsson et al. (1992) is shown by an arrow. Topography based on
the topographic map at the 1: 25 000 scale (Czech Geological Survey, 2009), geology based on own geological mapping, partly adopted from Nývlt et al. (2011).
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southern Prince GustavChannel froma grounded glacier to a floating ice
shelf was completed by the endof the Pleistocene (cf. Pudsey andEvans,
2001; Evans et al., 2005; Johnson et al., 2011). The deglaciation of the
northern part of JRI occurred as late as 10.7 cal ka BP (recalibrated age
of 9.5 14C ka BP given by Ingólfsson et al. (1992)) based on the dating
of aquatic moss from the Cape Lachman, northern JRI. Similarly,
Roberts et al. (2011) and Sterken et al. (2012) presented aminimum ra-
diocarbon age of 10.6 cal ka BP for the deglaciation of Beak Island on the
opposite side of Prince Gustav Channel. The age constraints for these
two sites are from the similar altitudes (10–15 m) and most likely rep-
resent the same deglaciation event around the Prince Gustav Channel
(cf. Czech Geological Survey, 2009; Roberts et al., 2011).

Besides lacustrine sediments a well-preserved glacigenic accumula-
tion with abundant erratic boulders originating from the AP was
mapped at the neck of Cape Lachman, northern JRI (Fig. 1C; Nývlt
et al., 2011). The deposition of this accumulation occurred during the
last advance of the NPGIS; thus we were able to establish a terrestrial
deglaciation chronology using in situ produced cosmogenic 10Be in sur-
face quartz mineral of selected boulders. Johnson et al. (2011) recently
presented a deglaciation age of 8–9 ka for NPGIS using a minimum
age model of 10Be exposure ages of erratic boulders from ~110 m a.s.l.
at Cape Lachman (Fig. 1C). However, the minimum deglaciation age
given by Johnson et al. (2011) is younger than the radiocarbon ages of
10.6 to 13.9 cal ka BP obtained for postglacial organic material from
this area (cf. Ingólfsson et al., 1992; Evans et al., 2005; Roberts et al.,
2011).

In order to solve the discrepancy between radiocarbon and in situ
produced 10Be deglaciation chronologies of the low-lying areas of
northern JRI and the deglaciation history of NPGIS in the middle to
inner continental shelf (Fig. 1B), we present in situ produced 10Be ages
and Schmidt hammer (SH) rebound values of granite erratic boulders
deposited during the retreat of the NPGIS. We believe that a combina-
tion of both methods, supported by appropriate statistical procedures,
will improve the reliability in estimating the last deglaciation chronolo-
gies especially in flat low-lying regions at the Antarctic margin.
However, this approach does not contradict deglaciation ages based
on the more common mode of selecting the minimum exposure age
samples for a given elevation as described in many Antarctic studies
(e.g., Stone et al., 2003; Mackintosh et al., 2007; Storey et al., 2010;
Johnson et al., 2011). This approach might help to reduce constraints
that limit the interpretation of exposure data that may arise from i)
the inheritance of cosmogenic 10Be in boulders from previous expo-
sure/s (e.g., Briner et al., 2003; Phillips et al., 2006); ii) initial burial of
boulders, i.e. later exhumation from sediment due to the degradation
of glacigenic accumulation by periglacial and/or aeolian processes
(e.g., Putkonen and Swanson, 2003; Applegate et al., 2012).

Material and methods

Study site

The northern part of JRI is one of the largest deglaciated areas in
Antarctica with only small glaciers remaining in the present landscape
(Engel et al., 2012). Numerous isolated erratic boulders are scattered
over the Cretaceous sedimentary and volcanic bedrock of the deglaciat-
ed terrain (Davies et al., 2013). A unique landform from the deglaciation
phase of the northern part of the Ulu Peninsula, JRI is an accumulation of
coastal erratic-rich drift at the neck of Cape Lachman (Fig. 1C; Davies
et al., 2013) ranging in elevation from 25 to 60 m (mostly around 40
m a.s.l.). It is composed of up to 3 m large erratic boulders of granitoids
from AP batholith (Leat et al., 1995) and metamorphic rocks from Trin-
ity Peninsula Group (Barbeau et al., 2010) lying in an erratic-rich sandy
to pebbly matrix. This sediment was deposited along the coast of JRI by
advancing NPGIS over the lower saddle between Cape Lachman and
Berry Hill during its last advance (Davies et al., 2013). Boulder surfaces
are variablyweathered and some of them are likely to have experienced
longer or complex exposure and superficial weathering than others.
Surface striations on some boulders are proof of limited erosion of boul-
der surfaces since they were released from the glacier for the last time.
The accumulation overlies the Mendel Formation, a Late Miocene
(5.9–5.4 Ma) glacial to marine sedimentary sequence within the James
Ross Island Volcanic Group (Nývlt et al., 2011), which contains a similar
suite of AP-derived erratic boulders up to at least 1 m large.

Schmidt hammer testing

Visual examination of boulder surfaces does not help to estimate
their exposure/weathering history; therefore, we applied SH rock hard-
nessmeasurements. Readingsweremade usingN-type SH for 53 erratic
granite boulders at the neck of Cape Lachman. We paid attention to
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measure and sample only large boulders (N1 m in b-axis, Fig. 2) of
medium-grained weakly porphyritic biotite granite of the Antarctic
Peninsula Batholith originated probably from the Mt. Reece area (Žák
et al., 2012), which were located at the flat surface, and for which
periglacial ploughing is negligible.We applied themost acceptedmeth-
od among the different techniques of SH rebound measurements (e.g.,
Hubbard and Glasser, 2005). For each boulder, 25 hammer impacts
were taken in accordance with the operating instructions recommend-
ed by Day and Goudie (1977). SH records were then processed follow-
ing the guidelines presented by Moon (1984). Five values with the
greatest deviation (outliers) were excluded from the original dataset
and a new mean rebound value (R-value) was calculated from the re-
maining 20 values and taken as representative for that surface. To com-
pare different R-values of individual boulders, the method proposed by
Ward and Wilson (1978) was applied. This method is based on Chi-
square analysis. To obtain the most adequate number of samples (n),
a 0.05 critical value for a Chi-square with n-1 degrees of freedom is cal-
culated from the distribution of all R-values and comparedwith the the-
oretical value given by Chi-square table. If the calculated value is lower
than the theoretical one, then all samples are used to calculate aweight-
ed mean R-value; otherwise outliers are rejected until the distribution
passes the test and theweightedmeanR-value for boulders is calculated
with the remaining samples. All boulderswith high R-values included in
the final weightedmean R-value are considered as less weathered (and
of similar exposure history) than those with lower R-values, which are
found to be outliers with a more complex exposure/weathering history.
Figure 2. Individual dated boulders with apparent exposure ages indicated (B–I). General view
in the forefield in (A). Note: the arrow in (C) indicates the location of the boulders at Cape Lac
weathered boulder in (I).
Cosmic ray exposure dating

To reduce the probability of post-depositional processes influencing
the amount of in situ produced cosmogenic nuclides at the surface of the
boulders we sampled only large granite boulders located on a flat sur-
face. Samples for 10Be exposure dating were collected from the upper
surface (upper 3 cm) of each boulder. All samples were crushed and
sieved prior to initiating chemical procedures. The extraction method
for 10Be consists of isolation and purification of quartz and elimination
of atmospheric 10Be. About 100 mg of a 3060 ppm 9Be solution was
weighted and added to the purified quartz, during dissolution with
HF. Beryllium was extracted by controlled elution from successive
anion and cation resin extraction (DOWEX 1X8 then 50WX8) columns.
The final berylliumhydroxide precipitatewas dried and heated at 800°C
to obtain BeO and finally mixed with niobium powder prior to AMS
measurements at the ASTER AMS Facility at CEREGE in Aix-en-
Provence.

The 10Be concentrations were calibrated directly against the Nation-
al Institute of Standards and Technology standard reference material
SRM-4325 by using an assigned value of (2.79 ± 0.03) 10−11. 10Be ex-
posure ages were based on a 10Be half-life of (1.387 ± 0.012)
106 years (Chmeleff et al., 2010; Korschinek et al., 2010). A
modern 10Be spallation production rate at sea-level and high-latitude
of 4.49 ± 0.41 atoms/g/yr was used. Muons production follows the
method of Braucher et al. (2011), where spallation production
for slow muons and fast muons represents (0.043 ± 0.023) and
of the glacigenic accumulation at the Cape Lachman neckwith stronglyweathered boulder
hman dated by Johnson et al. (2011). Rock varnish on boulder (E) and (F). Visually more

image of Figure�2
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(0.030 ± 0.012) at/gSiO2/yr, respectively. The sea-level and high-
latitude spallation production rate was then scaled for individual sam-
ple altitudes and latitudes using Stone (2000) polynomial while muon
contributions were only scaled for altitude using Antarctic atmospheric
pressure. Considering that partial shielding of the cosmic flux is negligi-
ble, a topographic shielding factor of 1 is used for production rate calcu-
lations. In order to determine 10Be exposure ages from the 10Be
concentrations measured in the quartz fractions we used the equation
of Braucher et al. (2011). Age uncertainties include 1-sigma error on
counting statistics and instrumental error derived from multiple stan-
dard measurements. 1-sigma standard deviation of instrumental error
is b0.5% based onmultiplemeasurements of SRM-4325 standard during
the considered run. Additionally, blank correction and an external AMS
uncertainty of 0.5% (Arnold et al., 2010) integrates all effects contribut-
ing to ASTER's variability, including uncertainties from the current inte-
grator, detector non-linearity with counting rates, terminal voltage
stability and others. However, it is important to recall that ~9% uncer-
tainty associated to the production rate has to be added to the analytical
ones when comparison with other chronologies is performed. All ages
have been calculated with a constant production rate implying that no
correction was made for geomagnetic field variations, which are negli-
gible in Antarctic latitude.

In order to investigate if themeasured SH value can differentiate the
10Be exposure age between less weathered and more weathered boul-
ders (i.e., to find outliers) we sampled five fresh boulders (i.e., those
with high R-values within the final population) and four weathered
boulders (i.e., those forwhich the R-values are lower and are considered
to be outliers) for 10Be exposure dating. Similar to the statistical analysis
of SH rebound data we applied the same Chi-square test (see above;
Ward andWilson, 1978) for the selection of our samples used for a cal-
culation of weighted mean exposure age present here (Table 1). We
have also recalculated 10Be exposure ages from Cape Lachman area
given by Johnson et al. (2011) using our age model (see Table 2 for
the list of 10Be exposure ages).

Calibration of radiocarbon dates

All previously published radiocarbon ages discussed here were
recalibrated to allow comparison with 10Be exposure ages. For marine
radiocarbon ages theMARINE09 dataset of Reimer et al. (2009) was ap-
plied. A marine radiocarbon reservoir of 1280 ± 50 years based on
modern bones at Hope Bay, northeastern AP (Björck et al., 1991) from
the beginning of the 20th century was applied for the marine samples
(except those of Pudsey and Evans, 2001; Evans et al., 2005 and
Pudsey et al., 2006, for which a core-top correction of 6000 years was
applied). Radiocarbon ages originating from freshwater samples were
calibrated by using the SHCal04 dataset of McCormac et al. (2004). See
Johnson et al. (2011) and the supplementary material therein for fur-
ther details concerning calibration used to specific samples.

Results and interpretations

Schmidt hammer testing results

Themean SH R-values obtained for 53 erratic granite boulders range
between 27.4 and 65.2 (Fig. 3; Supplementary material). We calculated
a weightedmean R-value of 60.7 from themeasurements (n= 35) that
passed the Chi-square test. The upper limit of R-value for medium-
grained granites, which we tested here, mostly ranges between 50
and 70 (cf. Goudie, 2006; Černá and Engel, 2011), which corresponds
to our results. Thereforewe hypothesize that the 35 boulders used to es-
timate themean R-value are considered as fresh, sometimeswith striat-
ed surfaces. We interpret these samples as the youngest population of
the glacially transported material with exposure ages that would corre-
spond to the most recent deglaciation. Using this approach we reduced
the probability of sampling boulders for 10Be exposure dating with



Table 2
Mean R-values and mean apparent exposure ages, including recalculated apparent exposure ages of the data from Johnson et al. (2011). Outliers have been discarded using a chi-square
test. Regarding the numbers of samples (n) per accumulation, the 0.05 critical value for a Chi-squarewith (n-1) degrees of freedom is calculated (Experimental value) and comparedwith
the theoretical one given by chi-square table. If the calculated value is lower than the theoretical one, then all samples are used to calculate amean exposure age; if not, outliers are rejected,
until the distribution passes the test and themean exposure age andweighted R-values are calculatedwith the remaining samples. Samples LAC-02 till LAC-05 are originally published in
Johnson et al. (2011).

Sample Mean R-value/CRE
age (years)

Theoretical 95%
Chi-square

Experimental
95% Chi-square

Theoretical 95%
Chi-square

Experimental
95% Chi-square

Weighted mean R-value/weighted mean age

R-values DN 05-001 60.8 ± 2.7 15.51
(n = 9)

170.68 9.49
(n = 5)

1.75 59.73 ± 1.21
DN 07-081 60.0 ± 2.0
DN 07-077 54.3 ± 4.8
DN 07-078 58.8 ± 2.8
DN 07-079 60.9 ± 2.8
DN 07-080 34.9 ± 5.1 Outliers
DN 07-005 41.5 ± 5.2
DN 09-111 27.4 ± 2.4
DN 09-091 36.8 ± 4.5
LAC-04 57.7 ± 4.3 11.07 (n = 6) 1.96 Passed

Exposure ages DN 05-001 10 792 ± 2110 15.51
(n = 9)

49.10 9.49
(n = 5)

1.80 12897 ± 325 (Weighted analytical uncertainties)
12 897 ± 1205 (Weighted analytical uncertainties +
9% of production rate uncertainty)

DN 07-081 13 173 ± 574
DN 07-077 12 533 ± 740
DN 07-078 13 258 ± 712
DN 07-079 12 726 ± 648
DN 07-080 18 652 ± 1050 Outliers
DN 07-005 15 943 ± 901
DN 09-111 25 024 ± 4300
DN 09-091 22 062 ± 3435
LAC-02 8397 ± 343 Outlier
LAC-03 8612 ± 340 Outlier

LAC-04 11 398 ± 453 11.07 (n = 6) 9.00 Passed

LAC-05 8750 ± 459 Outlier
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excessive inheritance or earlier release from glacier by applying a SH
test and a combined statistical criteria between 10Be and SH datasets
as described above. In order to test this hypothesis we sampled five of
these 35 boulders for 10Be exposure dating of the last deglaciation
event according to our model (Fig. 4). The remaining 18 boulders with
R-values ≤54.0 probably experienced longer or multiple exposures to
weathering prior to the last deglaciation and thus should contain
some inherited 10Be or were uncovered earlier from the glacier. This
group of moreweathered boulders can be split intomore subgroups ac-
cording to their R-values (Fig. 3). They most likely represent the degree
of previous exposure. In order to test this aspect of our hypothesis and
to reconstruct the weathering/exposure histories of more weathered
boulders, we sampled four boulders from this subgroup for CRE dating
Figure 3.Normal kernel density estimate of all Schmidt hammer R-value data: the proba-
bilities of individual boulders are marked by thin lines, the total probability by the thick
line.
Cosmic ray exposure dating results

The apparent 10Be exposure ages of the nine dated boulders range
from 10.8 ± 2.1 ka to 25.0 ± 4.3 ka (Table 1). The combined analysis
of R-values and apparent exposure ages show that fresh boulders with
higher R-values have younger exposure ages and weathered boulders
with lower R-values have older ages (Table 2, Fig. 4). We interpret the
exposure age of the five fresh boulders to best represent with minimal
inheritance or earlier release from glacier the timing of glacier retreat
Figure 4. Covariant plot of 10Be exposure age andmean R-value for nine boulders dated in
this study. Best fitting power-law regression trend and equation plotted in blue.
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image of Figure�4
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from the neck of Cape Lachman. The other four apparent exposure ages
(15.9 ± 0.9 ka to 25.0 ± 4.3 ka) represent a combination of the present
exposure (since the last deglaciation) and previous exposures or earlier
exposure during the NPGIS thinning (see Table 2 and Fig. 5).

The weighted mean age of the 5 fresh boulders is 12.9 ka with the
analytical (1 sigma) uncertainty of 0.3 ka and the total uncertainty (in-
cluding the uncertainty on production rate) of 1.2 ka. Individual 10Be
data for these five boulders, which passed the combined Chi-square
test represents the same normally distributed population with a well-
defined mean and standard deviation. This indicates that the boulders
experienced similar exposure histories withminimal differences in pos-
sible pre-exposure or post-depositional changes. Hence, as an alterna-
tive solution to selecting the minimum exposure age of 10.8 ± 2.3 ka
(DN05-001), we use the weighted mean age of 12.9 ± 1.2 ka (1 sigma
uncertainty) as the most reliable deglaciation age for the glacigenic ac-
cumulation at the Cape Lachman neck. However, it could be shown
that theminimum age and themean age are statistically the samewith-
in the 1-sigma error.
Discussion

Weathering and exposure history of erratic boulders

The results presented here provide newmethod to assess the reliabil-
ity of Antarctic exposure ages. The interpretation of 10Be exposure data is
site dependent, which is especially true for Antarctica. A commonly
used approach is based on selecting the minimum exposure age for a
given elevation for deglaciation as applied e.g. by Stone et al. (2003);
Mackintosh et al. (2007); Storey et al. (2010); Johnson et al. (2011);
White et al. (2011) or Balco et al. (2013). This method is particularly
useful for cosmogenic age-versus-elevation profiles in Antarctic outlet
glacier systems near ice sheet margins, where glacially derived debris
is cumulative having been transported from multiple sites along the
valley sides of the outlet glacier. Basically three main problems limit
the use of boulders from glacigenic accumulations for direct dating
(e.g., Fink et al., 2006; Applegate et al., 2012). They are 1) the inheritance
of cosmogenic nuclide content from previous exposures prior to the last
depositional event of the boulder, 2) longer exposure of the boulder due
to earlier uncovering from glacier 3) post-depositional modification of
Figure 5. Interpreted late Pleistocene to early Holocene deglaciation chronology for the northe
Lachman elevation and Johnson Mesa are from Johnson et al., 2011 (violet) compared with re
black horizontal line). Grey column represents the range of 1-sigma uncertainty of the weighte
temperature anomalies record from the Mt. Haddington ice core (Mulvaney et al., 2012). Thin
the boulder upper surface position due to either its progressive later ex-
humation from sediment matrix or re-orientation due to moraine
stabilisation.

The combined 10Be exposure dating and SH testing provide addi-
tional information on the weathering and exposure histories of the
studied boulders. R-values are markedly inversely correlated with 10Be
exposure ages (Fig. 4) and could thus be used as a proxy for exposure
history of individual granite boulders in this region, which could be eas-
ily collected in the field. Apparent 10Be exposure ages (15.9 ± 0.9 ka to
25.0±4.3 ka) obtained for the four boulderswith lower R-values do not
represent the deglaciation age of Cape Lachman neck area. It is more
likely a combination of the present (starting from the last deglaciation)
and previous exposures. The effect of inheritance and thus previous ex-
posure of boulderswere reported earlier for the erraticmaterial from JRI
and Seymour Island (Johnson et al., 2011). We cannot tell much about
the position of these four boulders during their previous exposure(s).
However, a good inverse correlation between R-values and 10Be expo-
sure ages would favour the transport of some boulders in englacial or
supraglacial position and their earlier release from glacier.

The 10Be exposure ages of Johnson et al. (2011)were recalculated by
using our age model (Table 1) to allow for comparison of ages from this
study. It is evident that the age of 11.4 ± 0.5 ka (LAC-04; Johnson et al.,
2011) falls within the cluster of our 10Be data (Fig. 4) used to calculate
the last deglaciation age and passed the combined Chi-square analysis
of R-values and apparent exposure ages (Table 2). The other three
ages from Johnson et al. (2011) sampled from ~50–80 m above our
sampling altitude are younger than the ages from this study.
Deglaciation of northern James Ross Island

The results presented here provide new data on the initiation of
NPGIS and northern JRI deglaciation. The last glacial NPGIS advance
was responsible for a transport of large amounts of distal erratic AP de-
bris either from their outcrops or fromolder sediments en route. A com-
ponent of this debris was deposited along the margin of the ice stream
and is now preserved at the neck of Cape Lachman. Based on the suite
of five dated fresh boulders, we show that they were released from
the ice at 12.9 ± 1.2 ka, which represents the last retreat of the NPGIS
from this area.
rn JRI based on 10Be exposure ages from this study (blue) and recalculated ages for Cape
cent glacier front altitude of the ice dome located on the southern Lachman Crags (thick
dmean deglaciation age for Cape Lachman neck area. Black graph shows 100-year average
horizontal bar represents mean temperature of the period 1961–1990.

image of Figure�5
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The deglaciation age obtained by 10Be exposure dating of selected
erratic boulders predates terrestrial organic dates reported for lacus-
trine sediments from the neck of Cape Lachman (10.7 cal ka BP;
recalibrated age from Ingólfsson et al., 1992). An even older age of fresh-
water algae from southern Vega Island (11.8 ka; recalibrated age) was
reported by Zale and Karlén (1989). The minimum deglaciation age of
10.6 ± 0.2 cal ka BP originates from Beak Island on the opposite side
of Prince Gustav Channel, which represents the transition from glacial
to marine environment (Roberts et al., 2011; Sterken et al., 2012; see
Johnson et al., 2011 for a most comprehensive review of all marine
and terrestrial radiocarbon data from this area and their recalibration).

Both Lachman Lakes with altitudes of 9 and 13 m (Czech Geological
Survey, 2009; Nedbalová et al., 2013; see also Fig. 1C), from which the
oldest dated freshwater material originates (Ingólfsson et al., 1992),
lie immediately below the sampling sites for SH and 10Be at the neck
of Cape Lachman. The lakes lie below the local maximumHolocenema-
rine limit of 15–20 m set by Ingólfsson et al. (1992). The studied accu-
mulation lies between 25 and 60 m a.s.l. and most of the boulders lie
in an altitude of 30–45 m. This clearly shows that marine processes
could not affect the boulders since their release from the ice.

The highest (110 m a.s.l. based on Czech Geological Survey, 2009)
fresh erratic boulders at Cape Lachmanof Johnson et al. (2011)were ex-
posed for at least 8.6 ± 0.9 ka (mean agemodel based on boulders LAC-
02, LAC-04, LAC-05; see Table 1 for all recalculated ages) representing
the mean age for total removal of all ice from the highest elevation
site of the Cape Lachman promontory (Johnson et al., 2011). The
oldest age of Johnson et al. (2011) recalculated by using our age
model (11.4 ± 1.1 ka) lies within our mean age for the last deglaciation
and the boulder is fresh according to the R-value (57.7± 4.3).Wewere
unable to locate the other boulders sampled by Johnson et al. (2011), as
they are rather small, as may be seen in Figure 2B in Johnson et al.
(2011).

The initial deglaciation of the island was rather slow (Fig. 5). The
coastal areas of JRI (this study) became ice-free by ~12.9 ka (Fig. 5). Dur-
ing this time the thinning and retreatingNPGIS split from the remaining
ice cover left on the surface of northern JRI and both glacier bodies
evolved separately. Gradual increase of the local equilibrium line alti-
tude implied retreat of terrestrial ice cover from lower elevations of
JRI at the end of the Pleistocene and the beginning of the Holocene
due to the temperature increase between 13 and 11 ka (Mulvaney
et al., 2012). This warming led to the early Holocene temperature opti-
mum (~11–12 ka), during which the coastal areas of JRI became ice-
free. Subsequent local cooling between 11 and 9 ka (Mulvaney et al.,
2012) decelerated glacier decay, therefore the areas around 100m in al-
titude (Cape Lachman promontory) became ice-free around 8.6 ka
(recalculated age of Johnson et al., 2011 using our age model; Fig. 5).
The temperature has been rather stable and warm between 8.6 and
7.0 ka basing on the deuterium excess-based temperature anomalies
from the JRI ice core (Mulvaney et al., 2012), which led to a more
rapid deglaciation and volcanic mesas of Ulu Peninsula with altitudes
about 300 m (Johnson Mesa) became ice-free at ~7.0 ka (recalculated
age of Johnson et al., 2011 using our age model; Fig. 5). These data
shows a different deglaciation model compared to 10Be exposure data
from a more proximal part of northern AP ice streams in the southern
Prince Gustav Channel and former Larsen A ice shelf, where AP ice
streams thinned gradually with time and then retreated, thus higher-
lying elevation deglaciated first and low-lying areas became ice-free
more recently (Balco et al., 2013). Local ice cover at JRI behaved individ-
ually after splitting fromNPGIS and has been predominantly affected by
altitude-dependent glacier front retreats.

Advances of local land-terminating valley glaciers have been report-
ed at different scales for the mid-Holocene (Hjort et al., 1997) and late
Holocene (or “Little Ice Age”) times (Carrivick et al, 2012), when the
local equilibrium line altitude was significantly lower than at present
(Nývlt et al., 2010; Engel et al., 2012). We do not have enough data to
reconstruct the deglaciation of northern Ulu Peninsula during the
mid- and late Holocene period, especially for higher altitudes. The
present front of a small ice dome on the Lachman Crags lies at ~510 m
(Fig. 5; Czech Geological Survey, 2009). The generally low-lying land-
scape of northern Ulu Peninsula, JRI has thus remained ice-free for
most of the Holocene due to the absence of higher-located accumula-
tion areas for local glaciers. However, the remaining ice cover on
higher-located (N600 m) volcanic mesas has probably persisted since
at least the Pleistocene, as was demonstrated by Johnson et al. (2009)
for Patalamon Mesa on the western coast of JRI.
Northern Prince Gustav Ice Stream deglaciation chronology

Scarce chronological evidence exists for the deglaciation history of
the northeastern part of the AP shelf along the sector of Erebus and Ter-
ror Gulf and northern Prince Gustav Channel (see Fig. 1B). Deglaciation
of theWeddell Sea outer shelf in this locality started around 18.3 cal ka
BP (recalibrated age of Heroy and Anderson, 2007). The retreat from the
outer shelf to inner shelf took place between 18.3 and 12.9 ka. We have
not much evidence for the middle shelf (Erebus and Terror Gulf and
Vega Basin; Fig. 1B) deglaciation history. The only exception is the at-
tempt of a programmed-temperature pyrolysis/combustion method
applied for radiocarbon dating of the sample from the KC-49 core
drilled in the middle Erebus and Terror Gulf close to the Antarctic
Sound (Rosenheim et al., 2008). The recalibrated age of their low tem-
perature radiocarbon dating results gives the age of the upper-
most parts of muddy diamictons deposited by a grounding glacier at
11.5± 0.2 cal ka BP. Despite the improvement of themethod, the actual
age of the sediment dated from KC-49, while better constrained, re-
mains unknown (Rosenheim et al., 2008). It is very probable that the
most important retreat from outer to middle shelf occurred during
meltwater pulse 1A, i.e. ~14.5–14.0 ka (Weaver et al., 2003; Clark
et al., 2009).

In spite of the subsequent climatic deterioration during the Antarctic
Cold Reversal (~14.1–12.4 ka; Stenni et al., 2001) around Antarctica, in-
dividual ice streams of the northeastern part of AP continued to retreat
as was shown for the Southern Prince Gustav Ice Stream by Evans et al.
(2005) and Pudsey et al. (2006). This was caused by a pronounced local
atmospheric warming starting at ~13.0 ka detected by deuterium
excess-based temperature anomalies from the JRI ice core (Mulvaney
et al., 2012). The change of the grounded glaciers to floating ice shelves
and the grounding zone retreat has also been affected by the rising sea
level connected with the continuing thawing of Northern Hemisphere
ice sheets (e.g., Rinterknecht et al., 2006; Simms et al., 2007). The
debuttressing effect from break-up of ice shelf edges accelerate retreat
and affected coastal lower-lying land areas, which have ceased to be
supplied by ice from ice streams and deglaciated rapidly, as is the case
with the neck of Cape Lachman, northern JRI.

From the viewpoint of theNPGIS, the retreat of the glacier in the area
of Prince Gustav Channel near Cape Lachman represents the transition
from middle to inner shelf. The 10Be deglaciation age reported here
postdates the transition from grounded ice stream to floating ice shelf.
Therefore, this transition frommiddle to inner shelf part of the northern
Prince Gustav Channel took place prior to 12.9 ka. This is similar to the
southern part of Prince Gustav Channel, where transition occurred be-
tween 13.9 and 10.5 cal ka BP (recalibrated ages of Pudsey and Evans,
2001; Pudsey et al., 2006 by Johnson et al., 2011), but more probably
at the beginning of this interval. This is because the timing of deglacia-
tion of NPGIS was influenced by the seafloor bathymetry (Johnson
et al., 2011) and higher-lying land areas of JRI remained glaciated
when the glacier in Prince Gustav Channel became a floating ice shelf.
However, the main problem in comparing 10Be exposure ages with ra-
diocarbon ages in the surrounding of the James Ross Island archipelago
is that the organic matter from bulk sediment is affected by reworked
carbon from kerogen originating from Cretaceous sedimentary rocks
(e.g., Brachfeld et al., 2003). Thusmuchmorework is needed to improve
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chronological constrains of the deglaciation history based on the radio-
carbon dating of marine samples.

Early Holocene transition from grounded glacier to floating ice shelf
is reported from the more distant Larsen A and B ice shelves along the
eastern coast of the AP. The minimum transition age of 10.7 ± 0.5 ka
was obtained by the palaeomagnetic intensity cross-dating of the ma-
rine sediments in the inner continental shelf of the Larsen A sector
(Brachfeld et al., 2003). Slightly later transition was found for the
inner continental shelf of the Larsen B Ice Shelf based on the radiocarbon
dating of calcareous foraminifera (10.2 ± 0.1 cal ka BP; recalibrated age
fromDomack et al., 2005) from the base of the sub-ice shelf facies of the
Larsen B Ice Shelf. The beginning of the deglaciation at 13.2 ka reported
from the Palmer Deep at the western coast of the APwas interpreted as
the onset of marine deposition following the grounded glacier retreat
(Domack et al., 2001; Brachfeld et al., 2002). The deglaciation ages are
slightly younger farther south along the western coast of AP. Deglacia-
tion of inner shelf in Southern Bellingshausen Sea took place at
12.3 ka (Hillenbrand et al., 2010). The transition ages of individual
grounded ice streams to floating ice shelves around the AP thus reflect
a north-south trend on both sides of the AP. However, the western con-
tinental shelf of the AP deglaciated generally earlier than its eastern
shelf.

Conclusions

Combination of SH testing and 10Be exposure dating has been used
to reconstruct deglaciation history of NPGIS and northern JRI during
the last glacial–interglacial transition. The approach applied here re-
duces sources of potential errors (i.e., the inheritance of cosmogenic
10Be, earlier release from glacier, or later exhumation from sediment)
and can provide a reliable measure of timing of the last deglaciation. A
weighted mean exposure age is preferred for our dataset, where statis-
tical analysis confirms that 10Be exposure ages are grouped in clusters.
Furthermore, SH R-values are markedly inversely correlated with 10Be
exposure ages and could be used as a proxy for exposure history of er-
ratic granite boulders in this region.

According to the new exposure ages provided by this study, the low-
lying areas of the northern JRI became ice-free at around 12.9 ka. During
that time the thinning NPGIS detached from the remaining ice cover of
northern JRI and since then both glacier bodies behaved separately. The
higher parts of the island deglaciated in the early Holocene due to the
gradual altitude-dependent retreat of local glaciers. At the time of the
deglaciation of low-lying areas, the grounded NPGIS changed to a float-
ing ice shelf in the middle-inner continental shelf. The transition from
grounded ice to floating ice shelves around the Antarctic Peninsula re-
flects a north-south and west-east trend; thus the northern Prince
Gustav Channel was one of the first deglaciated trough valleys around
the Antarctic Peninsula. The data from this study provide evidence for
an earlier deglaciation of northern James Ross Island when compared
with other recently presented cosmogenic nuclide-based deglaciation
chronologies. Its timing coincides, however, with the rapid increase of
atmospheric temperature in this marginal part of Antarctica.
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