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Glacier retreat in New Zealand during the Younger
Dryas stadial
Michael R. Kaplan1, Joerg M. Schaefer1,2, George H. Denton3, David J. A. Barrell4, Trevor J. H. Chinn5,

Aaron E. Putnam3, Bjørn G. Andersen6, Robert C. Finkel7,8, Roseanne Schwartz1 & Alice M. Doughty9

Millennial-scale cold reversals in the high latitudes of both hemi-
spheres interrupted the last transition from full glacial to inter-
glacial climate conditions. The presence of the Younger Dryas
stadial ( 12.9 to 11.7 kyr ago) is established throughout much
of the Northern Hemisphere, but the global timing, nature and
extent of the event are not well established. Evidence inmid to low
latitudes of the Southern Hemisphere, in particular, has remained
perplexing1–6. The debate has in part focused on the behaviour of
mountain glaciers in New Zealand, where previous research has
found equivocal evidence for the precise timing of increased or
reduced ice extent1–3. The interhemispheric behaviour of the
climate system during the Younger Dryas thus remains an open
question, fundamentally limiting our ability to formulate realistic
models of global climate dynamics for this time period. Here we
show that New Zealand’s glaciers retreated after 13 kyr BP, at the
onset of the Younger Dryas, and in general over the subsequent
1.5-kyr period. Our evidence is based on detailed landform

mapping, a high-precision 10Be chronology7 and reconstruction
of former ice extents and snow lines from well-preserved cirque
moraines. Our late-glacial glacier chronology matches climatic
trends in Antarctica, Southern Ocean behaviour and variations
in atmospheric CO2. The evidence points to a distinct warming
of the southern mid-latitude atmosphere during the Younger
Dryas and a close coupling between New Zealand’s cryosphere
and southern high-latitude climate. These findings support the
hypothesis that extensive winter sea ice and curtailed meridional
ocean overturning in the North Atlantic led to a strong inter-
hemispheric thermal gradient8 during late-glacial times, in turn
leading to increased upwelling and CO2 release from the Southern
Ocean9, thereby triggering Southern Hemisphere warming during
the northern Younger Dryas.

The transition of Earth’s climate from the last ice age to the warm
conditions of theHolocene epoch (the past,11.5 kyr) is not yet fully
explained. Polar ice-core records show that during this transition a
period of general warming was interrupted in each hemisphere. The
Antarctic cold reversal (ACR), as defined by a distinct levelling off or
slight reversal of warming over Antarctica between ,14.5 and
,12.9 kyr ago, is mirrored by parallel deglacial changes in atmo-
spheric CO2 (ref. 10). Subsequently, Antarctic temperatures and
atmospheric CO2 concentrations increased and reached full intergla-
cial values by ,11.5 kyr ago. In the North Atlantic region, the
Younger Dryas stadial (YDS) period between ,12.9 and ,11.7 kyr
ago11,12 saw annual temperatures cool by ,15 uC in Greenland (and
perhaps farther afield from there) despite steadily increasing global
atmospheric CO2 concentrations13,14. The YDS coincided with

weakened intensity of the Asian monsoon15, cooler sea surface tem-
peratures in the tropical Atlantic16 and increased precipitation in
Brazil as far south as 28 uS17.

Thus, the sea surface temperature signature of the YDS can be
traced south to at least the northern tropics, and affected precipita-
tion patterns even in the southernmost tropics17. Outstanding ques-
tions include determining the location of the southern boundary of
the YDS climate imprint, the nature of the transition to the ‘ACR-
type’ climate that is recorded in southern polar latitudes and the place
where this transition occurred.We investigate past atmospheric con-
ditions in the southern mid latitudes to find a missing piece of the
jigsaw puzzle of late-glacial climate. New Zealand’s oceanic island
setting in the southwest Pacific Ocean is ideal for testing hypotheses
concerning late-glacial climate change, far from the influence of
Northern Hemisphere ice sheets and the North Atlantic deep-water
convection. So far, studies in the New Zealand region have shown
ambiguous signatures of late-glacial climate. Some records show a
late-glacial reversal spanning both theACRand theYDS time interval,
and others display dominant imprints of the ACR (see, for example
refs 1–4, 18–20).

We report here on a cirque basin, of about 7-km2 extent, at the
head of Irishman Stream in the BenOhau range on the eastern side of
the Southern Alps of South Island, New Zealand (Fig. 1). This basin
was purposely chosen for study because of its outstanding suitability
for quantifying palaeoclimate (Supplementary Information). The
moraines of the Irishman basin are exceptionally well preserved
and the topographic setting allows the former glaciers to be recon-
structed to a high degree of certainty. As a result, precise limits can
be placed on the dimensions and snow lines associated with these
glaciers. Furthermore, the basin floor gradients are such that the
former glacier was particularly sensitive to small climate fluctuations.
To track late-glacial glacier dynamics in detail, we produced a geo-
morphic map (,1:10,000 scale), which forms the foundation for a
comprehensive, precise and accurate 10Be chronology7 based on a
nearby production rate calibration of high precision21. To evaluate
the amplitude of late-glacial climate changes, we reconstructed the
former glacier extents and estimated their commensurate equilib-
rium line altitudes (ELAs).

South Island glaciers are very responsive to climate fluctuations,
particularly variations in summer temperatures. Consequently, res-
ponse times for glaciers of the sizes that existed in Irishman basin are
on the order of years22,23. The glacier in the Irishman basin recorded
atmospheric changes well above sea level, between ,1,700 and
,2,300m. Our chronology of glacier and snow-line changes is thus
interpreted to represent a centennial-scale proxy record of regional
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atmospheric conditions, especially summer conditions, for South
Island.

Well-defined moraine ridges are preserved in the outer and inner
parts of the Irishman basin. Most striking is a prominent, very well-
preserved, arcuate moraine that was a focus of our study (Fig. 1). We
refer to this moraine as ‘the outer moraine belt’. On its down-valley
(outboard) side lies very subdued morainal and ice-smoothed bed-
rock topography, with few distinct moraine features (Supplementary
Information). The inner parts of the basin, within ,0.75 km of the
headwall, contain a set of two prominent ridges, referred to here as
‘inner moraine belt A’ and ‘inner moraine belt B’. Between the outer
moraine belt and inner moraine belts A and B, there are a few dis-
continuous ‘intermediate’ moraine ridges. Up-valley of inner
moraine belt B, within 100 to 200m of the headwall, are several small
moraine ridges partly overlain by subsequent scree and rock-glacier
(that is, mass-creep) deposits.

We sampled large boulders protruding from the moraine deposits
in the Irishman basin. Analytical results and ages are presented in
Fig. 1 and in Supplementary Tables 1 and 2. Individual 10Be data are
shown with 1s analytical uncertainties, and the arithmetic mean ages
of moraines are presented with an error that includes propagation of

the analytical uncertainty and the uncertainty in the local production
rate (Supplementary Fig. 4). The data set is of high internal consist-
ency and only three out of 37 ages are considered outliers (IS-06-16,
IS-06-17 and IS-06-20; Fig. 1). All nine 10Be ages from the outer
moraine belt are normally distributed and have a high internal con-
sistency (x25 1.3). They range from 13.76 0.3 to 12.66 0.3 kyr,
with a mean of 13.06 0.5 kyr. Four samples from the outermost of
the intermediate ridges yielded a statistically indistinguishable mean
age of 12.76 0.6 kyr. Farther inboard, three 10Be ages from inner
intermediate ridges yield a mean age of 12.16 0.5 kyr. On inner
moraine belt A (Fig. 1), five boulders yield a mean age of
12.26 0.4 kyr, which is statistically indistinguishable from that
determined from the inner intermediate ridges. On inner moraine
belt B, five boulders range in age from 11.96 0.3 to 11.16 0.3 kyr,
with a mean age of 11.56 0.4 kyr (x25 1.4). Collectively, the
moraine ages in the Irishman basin are sufficiently precise to bracket
an overall period of reduction in glacier size over ,1.5 kyr, from
,13.0 to ,11.5 kyr ago.

The 10Be chronology indicates thatmost of themoraine sequence in
the Irishman basin was formed during late-glacial time. The promi-
nent,13-kyr moraine represents a distinct glacier terminal position,
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Figure 1 | Glacial geomorphology map of the moraines in the Irishman

basin, showing locations of sample sites andmeasured 10Be ages. Themap
(,1:10,000 scale) differentiates between discretemoraine ridges and areas of
more diffuse moraine28. Individual ages are shown in kiloyears with their 1s

analytical errors. Outliers are in non-bold. Systematic uncertainties, such as
that associated with the production rate, are minimal when comparing ages
of adjacent moraines. Inset maps show location on South Island (top right)
and in relation to adjacent major valley systems (top left).
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probably in equilibrium with the climate prevailing at the time.
Between ,13 and ,12 kyr ago, the record attests to a large change
in glacier dimensions and overall recession, with no prominent
moraines deposited during this time. By ,12 kyr ago, the glacier
was much less than half of its 13-kyr ice extent (Figs 1 and 2). By
,500 yr later, the glacier had built another moraine less than 100m
farther inboard (Fig. 1). This moraine indicates the glacier position at
the Pleistocene/Holocene boundary, the end of the YDS. The ,12-
and ,11.5-kyr inner moraine belts A and B represent the most
important pauses in general retreat up the basin after ,13 kyr ago,
and were built by a glacier of much smaller dimensions. We cannot
determine whether recession and re-advance preceded the formation
of inner moraine belts A and B, or whether these moraines simply
represent stillstands during recession.

We reconstructed the geometries of the former glacier when the
margin was at the outer moraine belt and inner moraine belt A
terminal positions. From these reconstructions, we estimated the
formative ELAs and associated climate changes (Supplementary
Information). Between ,13 and ,12 kyr ago, the ELA rose by

756 40m. Assuming an adiabatic lapse rate of 0.6–1u per 100m, this
ELA change translates into a warming of between ,0.25 and ,1 uC
(neglecting precipitation change). The ELA at ,11.5 kyr ago was
slightly higher than at ,12 kyr ago, but the difference was probably
of the order of metres, judging by the ,100-m separation between
inner moraine belts A and B.

The Irishman basin results represent a sampling of late-glacial
atmospheric conditions over New Zealand. This precisely dated
record of late-glacial moraines, where former snow lines are also
precisely quantified as proxies for atmospheric conditions, is unique.
We look to other record types for comparison and confirmation of
the regional significance of the findings. Vegetation and chironomid
data from the intermontane valleys and basins of the Southern Alps
show that climatic amelioration, with some variability, occurred
between,13 and,11.5 kyr ago1,18–20. At Kaipo bog on northeastern
North Island, verywell-dated vegetation changes1,19 (Fig. 2) indicate a
return to cooler conditions shortly before, and warming near the
onset of and generally throughout, the YDS interval. Offshore to
the east of North Island, the MD97-2121 core is linked directly to
the Kaipo bog record by rhyolitic tephras common to both sites.
These allow direct alignment of these palaeoclimate records indepen-
dently of individual dating uncertainties1. At MD97-2121, isotopic
and chemical properties of both benthic and planktonic fossils are
used to infer a major pause in deglacial warming, beginning well
before 13 kyr ago24. During the YDS interval, the late-glacial reversal
ended with marked changes in bottom-water properties and general
surface warmth, with variability, through to the Holocene24.

Thus, high-resolution records from the southwest Pacific region
and elsewhere, including Antarctica1,6,25, show a consistent Southern
Hemisphere late-glacial climatic signature of overall decreased ice
extent or progressive warming, with fluctuations, between ,13 and
,11.5 kyr ago. Atmospheric CO2 change and Southern Ocean
dynamics exhibit a similar pattern (Fig. 2). Specifically, atmospheric
CO2 concentrations increased markedly, with some minor fluctua-
tions between ,13 and ,11.5 kyr ago, linked closely with Southern
Ocean upwelling intensity, during the YDS9.

This study highlights an emerging capability to use precise and
accurate 10Be dating of well-mapped moraines to distinguish, with
submillennial-scale resolution, between northern and southern
climatic signatures7. The ,13-kyr outer moraine belt formed late
in the ACR, as defined in Antarctica (Fig. 2). Throughout YDS time,
the Irishmanglacier becameunequivocally smaller in comparisonwith
its,13-kyr size, and by,12 kyr ago the ice had lost more than half its
area and was almost at its 11.5-kyr limit. During this period of retreat-
ing glacier ice, rising snow lines and, thus, warmer temperatures, the
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Figure 2 | Glacier changes in Irishman basin, New Zealand, in comparison

with other climate proxy records. a, For the Irishman basin, glacier
terminus retreat distance and ELA changes are shown for,13.0 kyr,,12 kyr
and ,11.5 kyr BP, calculated on the basis of 10Be dating of the moraines
(Supplementary Information). Retreat distance is used to show the response
of the glacier. We emphasize the pattern of change during the ,1.5-kyr
interval for these two parameters. Age uncertainties for the,13- and,11.5-
kyr moraines include the systematic uncertainties for production rate used,
for comparison with other records. b, Carbon abundance (percentage
carbon) and ratio of lowland podocarp to grass pollen (LPG) from Kaipo
bog, North Island19. These proxies indicate the end of the late-glacial reversal
and warming early on and through the YDS interval. The age model is based
on midpoints of calibrated age ranges19. c, dD (deuterium) and CO2 from
European Project for Ice Coring in Antarctica (EPICA) Dome C29,30. The
late-glacial ACR interrupted the prominent glacial-to-interglacial CO2

increase. d, Opal flux from sediment core TN057-13PC9. Spanning the onset
of the YDS, between,13 and,12 kyr ago, records a–d showwarming in the
Southern Hemisphere that matches closely the rise of CO2 concentrations
and variations in oceanic upwelling as recorded in the flux of opal. e, f, d18O
((18O/16O)sample/(

18O/16O)standard2 13 1,000, where the standard is standard
mean ocean water) from the North Greenland Ice Core Project11 (NGRIP;
e) and from the Hulu and Dongge caves, China15 (f). Dark- and light-blue
shaded regions represent the YDS and ACR cold periods, respectively10,11,30.
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only well-defined moraines are well inboard of the,13-kyr moraine.
Inner moraine belts A and B may represent brief fluctuations of
climate, conceivably manifestations of variations seen in other
Southern Hemisphere records (Fig. 2b, c), during the late YDS time
interval, as defined in the Greenland ice core11.

The results presented here support the hypothesis of a steep inter-
hemispheric thermal gradient during the YDS8. Whereas North
Atlantic mean annual temperatures dropped drastically, by at least
15 uC (refs 13, 14), atmospheric temperatures in the southern mid
latitudes increased during this period (Fig. 2). A classic explanation
for these observations is the bipolar seesawmechanism26,27, which pro-
poses curtailment of North Atlantic overturning, leading to heat being
retained in the SouthernHemisphere, increased formation of southern
deep water and a warming of the Southern Ocean and the southern
atmosphere. A recentlyproposed, complementarymechanism involves
North Atlantic cold conditions paired with southward movement of
northern sea ice cover leading to more extreme seasonality14. This
would shift the intertropical convergence zone and westerly wind pat-
terns8,27 southwards,whichhas been shown to increase SouthernOcean
upwelling and outgassing of CO2 abruptly

9. In this picture, during late-
glacial times southern mid latitudes warm owing to CO2 forcing and
New Zealand glaciers should have exhibited marked retreat between
,13 and,11.5 kyr ago, with the possibility of pausesmirroringminor
fluctuations in theCO2 increase (Fig. 2). It remains an open question as
to howmuchof thewarmingwas due to risingCO2 concentrations and
howmuch was due to hemispheric heat redistribution by means of the
bipolar seesaw mechanism. Nonetheless, the striking match between
our late-glacial observations and the atmospheric CO2 concentration
indicates a link among the behaviours of the Southern Ocean, the
southern atmosphere, atmospheric CO2 and New Zealand’s tempera-
tures as indicated in the activity of its cryosphere. To conclude, CO2

increase and atmosphericwarming seem tohavebeenkey influences on
glacier behaviour in the southern mid latitudes during the transition
from the last ice age to the present interglacial.
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Supplementary Methods, Discussion, Tables, and Figures 

 

I. Rationale for choosing the Irishman Stream basin for paleoclimate study (Figs. S1,S2) 

We selected the Irishman basin for study after careful mapping and examination of 

valleys across the Southern Alps
1
. Our reasons for selecting this valley included the following: 

1) The former glacier was relatively small and therefore likely to have been sensitive and 

responsive to climate change; 

 2) The moraines lie at relative high altitude, between 1780 and ~2060 m, and record past 

changes in atmospheric conditions well above sea level. The cirque sits in an open setting near 

the crest of a mountain range and thus lies in the main air stream (i.e., not perturbed by valley 

topography) over the central Southern Alps. As the Irishman basin is located just downwind of 

the most glacierized sector of the Alps, it was affected by the same (and hence is representative 

of the same) regional atmospheric conditions as other nearby glaciers; 

3) The geometry of the former glacier was relatively simple. An essential point is that there were 

no independent tributaries that fed ‘outside’ ice into the basin (Fig. S1a), which would have 

introduced complications in overall glacier response and behavior; 

4) The geometry of the valley is simple. The valley floor is broad and there are no major changes 

in the width or topography of the floor between the inner and outer moraines. The relatively 
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simple topographic geometry was recognized as making this basin ideal for reconstructing the 

former glacier and associated snow lines (Fig. S3); 

5) There are no thick unconsolidated deposits that could have been molded by the glacier to 

change the valley geometry, or influence basal dynamics in a major way, over the relative short 

(10
3
 yrs) time period spanning the formation of the moraine belts. The lack of thick deposits, in a 

basin where there is no outwash train, means that all of the material carried by the glacier are still 

in the basin. Ice-smoothed bedrock with relatively thin (~10
0
 to ~10

1
m) till veneers characterizes 

the basin floor; 

5) There are no large mountains overshadowing the basin that could have produced a major 

shading effect on mass balance for a glacier terminating at one or other of the moraine positions; 

6) The well-preserved arcuate cirque headwall lacks any major concave indentations. The 

absence of such indentations indicates that no large landslides have likely fallen into the basin. 

Furthermore, the dominance of smoothed bedrock and thin till veneer in the basin (i.e., no 

voluminous tills) also supports a lack of major amounts of landslide material onto the glacier; 

7) The geometry of the valley means that, aside from small ponds, no large glacier-retreat lakes 

have existed. Thus, the Irishman glacier has been free of the dynamic effects of floating or 

calving ice that characterize some larger, low-gradient valley glaciers; 

8) The major stream flows within a narrow single-thread channel. Thus, the moraines show 

minimal modification due to fluvial erosion or sedimentation (Figs. S1, S2); 

9) There is an exceptionally well preserved record of moraine crests. The glacier history is 

distinctive, i.e., with several moraines preserved, because the glacier terminus was situated in a 

flattish part of the valley during the time in question. 
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Thus, careful effort went into selecting this field site and for the above reasons we 

assume that fluctuations of this former glacier sample the regional climate of the Southern Alps. 

The above list of favorable characteristics is a rare combination and is matched by few other 

valleys in the Southern Alps. A fortuitous combination of topography and glacier history led to 

the well preserved moraine record in Irishman basin, in the general absence of attributes that 

could have introduced ‘non-climatic’ complications into the proxy record. For comparison, other, 

locations in New Zealand where moraines of late-glacial age have been documented and dated 

do not have the topographic simplicity or level of moraine preservation of the Irishman basin, in 

particular for glacier and snow line reconstructions. And, regionally, the mountains of Australia 

did not intersect late-glacial snow lines
 (e.g., ref. 2)

.  

 

II. Materials and Methods 

Geologic and geomorphic setting 

New Zealand is situated in the southwest Pacific region and its temperate climate reflects 

the interaction of sub-tropical and sub-polar air and water masses. The Southern Alps form a 500 

km long barrier to the prevailing westerlies, creating an orographic precipitation regime. Mean 

annual precipitation rises rapidly from 3,000 mm at the seaward edge of the narrow western 

coastal plains to a maximum of at least 10,000 mm in the western part of the Alps close to the 

Main Divide. From there, precipitation diminishes approximately exponentially to about 1,000 

mm in the eastern ranges
3
 including around the Irishman basin.  

Our mapping is in general agreement with that of prior studies
4,5

, although we place more 

emphasis on the geomorphic expression of moraine ridges (Fig. 1). Previously, ages were 

estimated using relative-age methods, such as rock weathering rinds and quartz-vein heights (see 
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Geologic sources of error). However, we have the advantage of a new and precise chronometer, 

in-situ produced 
10

Be. Our dating shows that moraines in Irishman basin previously inferred to 

be of mid- to late Holocene in age
4,5

 are actually late-glacial to earliest Holocene (Fig. 1). Down-

valley of the ‘outer moraine belt’ (e.g., Fig. S1) lies a generally smooth basin floor, with a poorly 

preserved ridge, partly buried by scree on the true left side of the basin.  We refer to this area of 

smooth ground and the poorly preserved ridge as the ‘outboard moraine’ (Fig. 1). McGregor
4
 and 

Birkeland
5
 inferred a late-glacial age for the poorly preserved ridge. By their criteria and 

assessment this implied that they considered it to be substantially older than the well defined 

moraines documented here. As these moraines are now documented to be late-glacial in age, the 

outboard moraine ridge may thus be older, possibly closer in age to LGM, given the substantial 

differences in weathering characteristics and preservation
4,5

.  

The 
10

Be samples came from large boulders embedded in the crests of discrete moraine 

ridges, except for IS-06-29, and -30 and -49. Of these, the two large isolated boulders that 

provided samples IS-06-29 and 30 lie down-valley of the outer moraine belt, within the smooth 

outboard moraine area. The modes of emplacement of these boulders and their geomorphic 

significance are not clear, given they are not on a moraine ridge. Possibilities include that they 

were deposited by ablating ice, that they are the products of rock fall from the nearby valley side 

or that they rolled off the late-glacial ice snout down-valley (their ages are statistically 

indistinguishable from those on the outer moraine belt). The latter, IS-06-30, is relatively closer 

to the scree-covered valley wall and has a steeply sloping side that was sampled. The top of 

boulder IS-06-29 is also relatively eroded compared with most other samples (see Geologic 

sources of error). We note also that IS-06-49 is a prominent embedded boulder relatively far 
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from valley walls and located close to a small remnant moraine ridge. However, it is encircled by 

alluvial fan material (Fig. 1), the emplacement of which may have affected its exposure history. 

 

Interpretation of moraine records 

The temperate environmental setting of South Island glaciers means that they respond 

sensitively to small changes in climate, especially temperature (<0.5°C)
6-9

, as they are not 

‘precipitation-limited.’ Small, geometrically simple, glaciers are likely to equilibrate rapidly (e.g. 

of the order of years) to a shift in climate.  Thus, we assume that lateral or terminal moraine 

ridges have been constructed at times when a glacier was in, or close to, equilibrium with 

prevailing climate. Surface sediments on a moraine ridge represent the culmination of its 

construction and we assume that the construction ceased due to withdrawal of the glacier from 

that position. Thus, we regard the surface exposure age of a boulder on a moraine ridge as a close 

approximation of the time when the glacier withdrew from that ridge.  

 

Sampling and field protocols 

We sampled large boulders composed of a Mesozoic-age, hard, quartzo-feldspathic, fine-

grained greywacke sandstone. Many of the boulders contain fracture-fill quartz veins of various 

thicknesses (Fig. S2). Samples were taken from the upper 1-3 cm from the most stable-looking 

flattish section, and if possible the center, of the boulder’s top surface. Samples were collected 

with either hammer and chisel or a drill. The azimuthal elevations of the surrounding landscape 

were measured using a compass and clinometer. We used a Trimble ProXH GPS system relative 

to the WGS 1984 datum to measure position including altitudes. All measurements were 

corrected differentially using continuous data collected by the Mt. John Observatory base station 
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(MTJO; latitude: −43.985706, longitude: 170.464943, height above ellipsoid: 1043.660 m; 

height above mean sea level relative to the tide-gauge data at Lyttelton, New Zealand: 1037.46 

m). Post-processed uncertainties (1σ) ranged from 0.2 to 0.7 m, and 0.2 to 1.2 m, for latitude-

longitude and altitudes, respectively, for all sample sites.  

 

Cosmogenic 
10

Be measurements 

All samples were processed at the cosmogenic dating laboratory at the Lamont-Doherty 

Earth Observatory (LDEO). Samples were measured, described and photographed before 

crushing to 125 µm–710 µm.  We followed geochemical processing protocols as explained in ref. 

10 and at LDEO_Cosmogenic_ Nuclide_Lab/Chemistry.html.  In Figure S4 we present different 

statistical central tendencies, i.e., mean, median, and associated errors, which notably provide the 

same result. For the arithmetic mean ages of the moraines, we choose to present a conservative 

error, i.e., including that for the analytical AMS measurement and the production rate. 

Three recent developments enable unprecedented accuracy in the 
10

Be dating of late-

glacial moraines in New Zealand (see ref 10). First, a local production rate is utilized and thus 

systematic uncertainties that have plagued prior studies are reduced (see Local production rate 

and other systematic sources of error, below). Second, a ‘custom-made’ low process blank made 

from a deep mine beryl crystal allows preparation and measurement of samples as few as ~10
3
 

atoms of 
10

Be per gram with 
10

Be/
9
Be ratios >1x10

-14
.  The process blanks measured with the 

samples presented in Table S1 afforded 
9
Be/

10
Be measurements between 5 x10

-16
 and 20x10

-16
 

corresponding to between 6,000 and 26,000 
10

Be atoms/g. The low background blank allows 

smaller samples (i.e., faster processing) and efficient removal of all material except 
10

Be in the 

chemical procedures, resulting in high AMS currents and precise measurements. We spiked all 
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samples with 0.2 mg of the 
9
Be carrier (concentration = 996 ppm). Third, recent developments at 

the Center of Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory 

(LLNL) make it possible to measure low 
10

Be concentrations. A custom-designed ion source 

produced high 
9
Be ion currents ranging from 12 to 21 uA (mean of ~18 uA) for the samples 

presented in Table S1, and yielded 
10

Be measurements of typically <3% (1σ). Such precision 

also allows better comparison than previously possible of successive glacial events close in time 

in the same area, such as between the outer moraine belt and inner part of Irishman basin. All 

input parameters needed to calculate the 
10

Be ages discussed in this paper are given in Table S1.  

 

Local production rate and other systematic sources of error 

Typically, the major sources of systematic error relate to the production rate value and 

scaling schemes used to calculate cosmogenic ages. In contrast to previous 
10

Be-based studies 

such as on South Island and elsewhere in the Southern Hemisphere (e.g., in ref 11,12), we 

minimize the systematic uncertainties by using a newly-established, high-precision 
10

Be 

production rate from Macaulay valley, ~60 km northeast of Irishman basin
13

. This production 

rate was tested nearby, ~7 km southeast of the Irishman basin, on independently-dated moraines 

~800 m in elevation at Boundary Stream. Utilizing the generally accepted global production 

rate
14,15

 yielded 
10

Be ages at Boundary Stream that are inconsistently young compared to the 

independent 
14

C age control.  In contrast, the Macaulay-South Island production rate provided 

10
Be ages that agree with the 

14
C data

13
. The local production rate in New Zealand is ~12 to 14% 

lower than the global production rate summarized in refs 14 and 15, but similar to that 

documented in ref. 16. 
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In Table S2, we provide ages according to the different currently accepted scaling 

schemes. Existence of a local production rate also reduces the differences between scaling 

schemes, mainly to an elevation influence
15

, as the variability due to latitude and longitude on 

central South Island is minimal. However, we discuss ages in this paper based on the ‘Lm’ 

scaling scheme
15

 for two reasons. First, and most important, the ‘best fit’ between the 
14

C and 

10
Be data at the nearby Boundary Stream and Macaulay sites is achieved with the ‘Lm’ scaling 

scheme
13

. Second, for consistency between this and other Southern Hemisphere studies (which 

used the non-local production rate in ref. 14,15)
11,12

 we use ‘Lm’. Nonetheless, age differences 

depending on the scaling scheme do not affect the main conclusions drawn here.  

We also highlight that when comparing relative ages of adjacent moraines, e.g., within 

Irishman basin, systematic uncertainties can be ignored because spatial differences are negligible.  

 

Geologic sources of error 

Near-surface geologic and geomorphic processes may lead to erroneous apparent surface 

exposure ages. For example, a boulder may contain 
10

Be inherited from prior exposure to cosmic 

radiation, either in-situ in its original outcrop or due to reworking from a previous surficial 

deposit. Inheritance is typically indicated by anomalies in the age distributions, or by the 

presence of significantly older age outliers. Geomorphic processes may also produce boulder 

ages that are younger than the time of deposition. For example, after a glacier retreated, a 

boulder may have moved due to melting of buried ice, or a boulder may have been deposited 

after formation of the moraine, by nonglaciogenic processes, such as rockfall. Other processes 

that may produce exposure ages that are younger than the true age of the moraine include 

boulder surface erosion, snow-cover (see below), and post-depositional exhumation.  
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The greywacke lithology is relatively resistant to weathering on the short time scales 

considered here, particularly where annual precipitation volumes are relatively small.  We 

assume the erosion of the sampled surface to be minimal over the time-scales discussed here 

(excluding perhaps two ‘young outliers’ at 2σ; IS-06-16 and 17; see below). This assumption is 

supported by the relative relief of quartz veins that stand above the surfaces that we sampled. On 

all boulders sampled, quartz vein heights were measured. These veins typically are less 3 mm 

high and provide a minimum value for the amount of erosion since emplacement of the boulder, 

of less than 0.3 cm over >10,000 years. These quartz vein heights are consistent with data from 

Birkeland
5
 (2.59±0.86 to 4.3±1.32 mm) especially in light of the fact that we avoided boulders 

and surfaces that had obvious erosion and chose the most stable part of the top. Erosion rates of 

0.3 mm/kyr would result in measured ages that underestimate the emplacement ages by <0.3%. 

Nonetheless, we highlight that all ages are presented as zero-erosion ages and this uncertainty 

does not affect our conclusions. 

Effects of such geologic or geomorphic processes appear to be minimal in the Irishman 

basin study area.  Moraine ages are exceptionally consistent, even given <3% analytical errors, 

and there are only three outliers at >2σ, all in the NE area of the basin (IS-06-16, 17, 20). The 

outer moraine belt and inner moraine belts A and B provide coherent age distributions (Fig. S4), 

and each has mean and median ages that coincide. The standard deviation of the mean ages of 

each moraine set is similar to the individual age error (analytic) and the reduced chi-squared (χ2
) 

values are close to 1, indicating that the samples may be regarded as a single population and that 

the analytical errors alone may account for the age scatter
17

.   

In this middle latitude setting, where ice was likely warm-based, inheritance relative to 

the analytical precision is not apparent, as it should be uniquely different for each sample. A 
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notable exception in this study is sample (IS-06-20) which affords an age more than 2σ different 

than all other ages. The sampled face of this boulder was most likely formerly exposed in a rock 

outcrop, given its position relatively close to the headwall, before the late-glacial period. Two 

samples provide ages that are >2σ different (less) than other sample ages on their respective 

moraines, IS-06-16 and IS-06-17.  The former sample was re-measured, which confirmed the 

anomalously young exposure age obtained at first measurement. Post-depositional erosion or 

exfoliation of the boulder surfaces is a likely explanation. 

The Irishman basin lies above the elevation (~1500 m) at which snow lies persistently 

during the winter months in the Southern Alps.  This raises the possibility that seasonal snow 

cover may have affected the exposure to cosmic radiation on the tops of boulders on moraine 

crests in Irishman basin. We outline three points of information.  First, the winter snow pack in 

this part of the Southern Alps, judging from nearby skifield measurements over the last few 

decades, has rarely been thicker than 2 m or so, and at such thicknesses persists at most for a few 

months.  Second, we over-flew the Irishman basin area on 22 August 2009 in order to inspect the 

snow cover. At that time of year (austral late winter), seasonal snow is typically at its maximum 

and 2009 was notable for thicker than usual snow cover. We observed that boulders on moraine 

crests, including many of those sampled, stood out prominently from the snow blanket (also see 

Fig. S1a). Third, the coherence of the age distributions, especially given 1σ uncertainties 

typically <3% (300 years, Table S2) does not reveal any notable effect, as would be expected 

from episodic attenuation of cosmic radiation due to a differential thickness of snow cover, on 

sampled boulders having varying heights and top shape-sizes. 

A lack of knowledge of snow conditions prior to recorded observations (in New Zealand, 

the last 150 years at most) leaves no option other than to extrapolate modern observations back 
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into the past. We thus assume that on average over the Holocene, 2 meters of snow may have 

covered the ground for 4 months of the year. The heights of the boulders range from about ~1 to 

4 meters, with most sides of most blocks between 1 and 3 m high. Assuming 2 m of snow from 

the ground up, and a draping over the landscape, this means that boulders could have had ~1 

meter of snow on top surfaces or much less; many boulder top flat surfaces, where sampled, are 

small in area (~50 cm across) and would not sustain relatively thick ‘top-hat scenarios’ of snow 

cover (e.g., see Fig S2). In depressions, more than 2 meters is expected to collect during winter, 

but all samples are from moraine crests, and the boulders sit on top of the crests (except IS-06-29 

and 30, and 49). Assuming a maximum of 1 m of snow (density of <0.3gm/Kg) for 4 months of 

the year increases the ages by <2.9%. The existence of 50 cm of snow for 4 months increases the 

ages by <1.3%. Given the uncertainty as to whether or not any correction is even needed, we 

prefer not to introduce any speculative minor adjustments for snow cover. We note that for the 

ages ranges discussed here, the worst case of ~2 m of snow on the ground and ~1 m on every 

boulder top implies age increases of between 300 and 400 years, which do not alter the main 

conclusions of this paper.    

 

II. Glacier surface area, distance of retreat, and snow lines 

Reconstructions of the former glacier extents are presented in Figure S3, along with 

derived former snow line elevations (Equilibrium Line Altitudes). We have reconstructed the 

glacier as it was at the completion of formation of the outer moraine belt and at inner moraine 

belt A. In addition we illustrate the ice retreat distance between these two positions. Data are 

summarized in Table S3. Glacier lengths were measured from the outer moraine belt, back up-
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valley. The emphasis in this study is on the pattern of change for these parameters, between ~13 

and 11.5 kyr ago. 

 

Glacier and paleo snow line reconstructions (Fig. S3) 

We reconstructed the glacier surface dimensions using the following procedure: 

1) Glacier extent: downstream ice limits are defined precisely by terminal moraines 

where they are preserved. Maximum upstream limits are defined by the catchment head. 

We have made ‘larger volume ice models’ (Fig. S3 a,b) where the upstream glacier 

margin extends to the catchment head. In addition we have constructed ‘smaller volume 

ice models’ where the upstream limit runs closer to the ~bases of steep bluffs around the 

catchment headwall (Fig. S3 c,d) and the right lateral margin follows the rock glacierized 

landforms on the west side of the basin for a short distance, assuming they were the 

former right lateral moraines. The upper limit of the glacier at the headwall, which affects 

the total glacier area, remains relatively constant as glacier area changes, as the 

topographic factors controlling the uppermost part of the accumulation limit change little. 

Thus, changes in placement along the uppermost approximately vertical headwall have 

little effect on our reconstructions at different times for each respective ice model (S3a-

d); 

2) Glacier surface elevations: where present day topographic contours cross former ice 

margin, they define to close precision the elevation of that ice margin. Such areas are 

illustrated in Figure S3 as ‘height control’, and these provide the most robust controls on 

glacier surface reconstruction. From these points of control, paleo-contours are inferred 

on the ice surfaces using a variety of considerations. Least ambiguous are where paired 
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control points exist on opposite margins, such as the outer moraine belt between 1780 

and 1860 m. The terminus of inner moraine belt intersects contours between 1880 and 

2000 m.  These points of control define the glacier surface gradients in the lower reaches 

of the ice tongue (Fig. S3 a,b). The ice gradients provide a starting framework for 

extrapolating the ice surface up-valley. Ice flow is approximately downhill and we 

employ the principle that ice surface topographic contours (isolines) are always normal to 

the flow vectors (flowlines). The flowlines typically converge above the ELA and 

diverge in the ablation area
18

. Except where there may be obvious irregularities that 

would have been salient above the ice surface, an assumption of at least 20 m ice 

thickness has guided the ‘larger ice volume model’ reconstruction. This model is also 

directly constrained by the headwall topographic contours, which define ice surface 

elevations there. Caution was exercised in places where the basin floor (i.e. former 

glacier bed) has been modified by subsequent deposition, via younger moraines, screes or 

rock glacier debris. The reconstructed glaciers had no major source tributaries entering 

Irishman basin or calving margins, to consider. In addition, striation vectors are available 

at two sites (Fig. S3a). The reconstructed glaciers, isolines and flowlines are all illustrated 

in Figure S3; 

3) We then calculated the cumulative area of ice within the 1900, 2000, 2100, and 2200 

m, and the uppermost limit of surface contours (Table S3; Fig. S3e-f);  

4) Equilibrium Line Altitude (ELA), commonly called ‘snow line,’ was estimated from 

the area versus altitude delineations (Fig. S3e-f). The universal average accumulation to 

ablation area (AAR) ratio of 2:1 or 0.67/0.33 is used here
19

. ELA values in Irishman 

basin are for a south-southwest facing aspect
19

; 
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 5) As our elevation control is derived from the 20-m topographic contours mapped 

photogrammetrically, we place an indicative ±20 m error on each ELA estimate. The 

difference in ELA is thus assigned an indicative error of ±40 m. 

 

 Of the models presented, we regard the ‘larger ice volume’ models as maximum 

estimates of ice tongues in this basin. The ‘smaller ice volume’ models are perhaps characteristic 

of how small a glacier could be in order to form the observed moraines (cf., 
10

Be ages on 

moraine surface boulders). Most important, in this study we emphasize the increase in ELA from 

the 13 kyr outer moraine belt to the inner moraine belt A (e.g., in Fig. 1), which is similar (~70-

80 m), whether the minimum or maximum reconstructions are used. An alternative possibility is 

that the best working estimate of ELA is the median of each model for each respective glacier 

extent. This would equate the outer moraine belt with an ELA of 1965 m and inner moraine belt 

A with an ELA of 2040 m. Taking the above ELA values, along with the effects of slope aspect 

on ELA
19

, we have drawn the approximate extent of the accumulation versus ablation areas in 

Figures S3a-d.  This subdivision equates well with the AAR of 0.66 assumed in these 

reconstructions.  

We have two lines of ground truthing for our ELA estimates. First, the maximum 

elevation of the lateral moraine deposits is a minimum for the ELA of the glacier that formed the 

moraine. The approximate maximum elevations of preserved lateral moraines are 1900 and 2000 

m, respectively, for the outer moraine belt and inner moraine belt A. Second, the difference in 

elevations of the termini is a broad maximum for the difference in ELA at the times each 

moraine formed. The difference in terminal elevations (Fig. S3) is 1780±20 compared with 
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1850±20 m. Our estimate of the ELA change of ~75±40 m (or 70-80±40) is compatible with 

both these considerations.  

The two prominent inner moraine belts A and B are immediately adjacent to one another 

(Figs. 1, S1, and S2) and the ELA on inner moraine belt B must have been only slightly higher 

than that of inner moraine belt A. There is insufficient geomorphic or elevation control to 

attempt a meaningful reconstruction of the inner moraine belt B glacier extent relative to that of 

inner moraine belt A. The difference in their terminal elevations is approximately 30 m, and this 

provides a broad maximum for the difference in their ELAs. Alternatively, extrapolation of ELA, 

based on <100 m of additional retreat from the outer moraine belt and inner moraine belt A leads 

to an estimated increase of ~10 m.  

 

Innermost moraine sequence and the modern snow line  

In Figure 2, panel a, the <11.5 kyr ago retreat distance and ELA values are shown as 

dashed lines for ~500 years. We simply assume an average retreat rate from 11.5 kyr ago until 

present for the short distance to the headwall. However, we highlight that this study focuses on 

the time period 13 to 11.5 kyr ago, and the precise nature of snow line change after this interval 

does not affect the main conclusions. The chronology here indicates that after 11.5 kyr ago, the 

margin did not readvance to this position during the Holocene. The few moraines preserved 

farther inboard were suggested in ref 5 to be late Holocene. However, our high-precision dating 

has shown that earlier estimates using relative-dating methods should be regarded as minima for 

the time of deposition. We note that the innermost moraines near the headwall lie adjacent to, 

and locally have been disrupted by, large, complex rock glaciers, and are flanked by extensive 
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scree. Thus, at least some of these innermost moraines seem to be set in an immediate landscape 

with some maturity of age.  

No glaciers exist today in the Irishman basin catchment. The nearest modern glaciers are 

5 km away to the northwest. During fieldwork, we noted that permanent snow and ice patches 

persist under the cirque headwall in the northwest part area, starting at ~2260 m, through the 

summer.  The lack of an observed modern permanent snow line in Irishman basin prevents the 

estimation of late-glacial snow line depression relative to present snow line. For comparison, a 

general snow line elevation trend surface for the Southern Alps
19,20

 predicts that over Irishman 

basin the modern ELA should be about or greater than 2200 m. Past snow line gradients though 

may not have been parallel to that at present over the Ben Ohau range. We reiterate that our 

study focuses on the time period 13 to 11.5 kyr ago, and our conclusions are not affected by the 

precise nature of present ELA.  
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Note: Four procedural blanks in total (
10

Be/
9
Be = (0.3– 2)*10

-15
), consisting of 0.2 ml of 

9
Be 

carrier, were processed identically to the samples, with one accompanying each sample batch, 

respectively (4 batches in total). Standards used for normalization: 3.15
-12 

= KNSTD3110; 2.85
-12 

= 07KNSTD3110. Shown are 1σ analytical AMS uncertainties. 
a
Measured with a Trimble GPS system.  

b
IS-06-16 was measured twice.

Table S1. Geographical and analytical data for the samples from Irishman basin

Sample Lat.  (°S) Long. ( °W) Elev Thickness Topographic
                10

Be
10

Be/
9
Be ratio

(m a.s.l.)
a

(cm) Shielding     (atoms gm
-1

) standard

Outer part of Irishman basin

IS-06-31 -43.9985 170.0394 1817 1.11 0.983 253,696 ± 6,026 3.15E-12

IS-06-32 -43.9984 170.0401 1820 2.65 0.995 251,833 ± 6,778 3.15E-12

IS-06-33 -43.9983 170.0401 1820 3.88 0.995 217,902 ± 4,692 2.85E-12

IS-06-35 -43.9985 170.0383 1809 1.40 0.992 239,869 ± 5,697 3.15E-12

IS-06-36 -43.9986 170.0372 1797 1.10 0.994 211,444 ± 4,191 2.85E-12

IS-06-37 -43.9985 170.0377 1804 3.64 0.988 233,155 ± 5,533 3.15E-12

IS-06-38 -43.9967 170.0358 1816 3.40 0.991 233,809 ± 5,551 3.15E-12

IS-06-39 -43.9968 170.0358 1815 2.16 0.992 240,888 ± 5,712 3.15E-12

IS-06-40 -43.9975 170.0357 1810 0.96 0.994 214,422 ± 5,081 2.85E-12

IS-06-41 -43.9975 170.0389 1803 2.38 0.992 235,223 ± 5,514 3.15E-12

IS-06-42 -43.9975 170.0391 1804 2.15 0.993 235,406 ± 5,519 3.15E-12

IS-06-43 -43.9969 170.0383 1803 0.63 0.990 202,065 ± 5,838 2.85E-12

IS-06-44 -43.9967 170.0396 1808 2.11 0.988 219,044 ± 3,952 2.85E-12

IS-06-29 -43.9993 170.0381 1809 1.67 0.993 234,510 ± 5,520 3.15E-12

IS-06-30 -43.9998 170.0384 1807 2.30 0.993 233,739 ± 5,524 3.15E-12

Inner part of Irishman basin

IS-06-15 -43.9919 170.0491 2001 2.59 0.973 234,429 ± 5,413 2.85E-12

IS-06-16
b

-43.9919 170.0491 1999 1.99 0.989 139,381 ± 2,956 2.85E-12

IS-06-16
b

-43.9919 170.0491 1999 1.99 0.989 139,331 ± 3,649 2.85E-12

IS-06-17 -43.9901 170.0512 2016 2.77 0.983 198,061 ± 4,543 2.85E-12

IS-06-18 -43.9901 170.0513 2015 3.07 0.981 231,801 ± 6,781 2.85E-12

IS-06-19 -43.9905 170.0505 2006 1.89 0.988 229,467 ± 4,796 2.85E-12

IS-06-20 -43.9904 170.0495 2003 2.98 0.988 345,737 ± 7,951 2.85E-12

IS-06-21 -43.9900 170.0479 2004 1.91 0.988 226,377 ± 5,251 2.85E-12

IS-06-22 -43.9900 170.0475 1994 2.78 0.988 239,078 ± 5,773 3.15E-12

IS-06-23 -43.9902 170.0473 1982 1.57 0.987 231,041 ± 5,563 3.15E-12

IS-06-24 -43.9906 170.0475 1981 2.53 0.991 236,520 ± 5,464 2.85E-12

IS-06-25 -43.9909 170.0468 1955 2.67 0.986 245,617 ± 5,340 3.15E-12

IS-06-26 -43.9908 170.0450 1917 3.15 0.982 202,443 ± 5,155 2.85E-12

IS-06-27 -43.9908 170.0443 1905 4.44 0.984 207,131 ± 5,262 2.85E-12

IS-06-28 -43.9916 170.0443 1878 2.72 0.984 206,810 ± 5,865 2.85E-12

IS-06-47 -43.9917 170.0421 1850 1.13 0.984 229,365 ± 5,471 3.15E-12

IS-06-49 -43.9926 170.0422 1844 1.05 0.980 220,185 ± 5,207 3.15E-12

Near NE headwall

IS-06-01 -43.9905 170.0505 2006 1.89 0.988 229,467 ± 4,796 2.85E-12

IS-06-02 -43.9906 170.0475 1981 2.53 0.991 236,520 ± 5,464 2.85E-12

IS-06-03 -43.9909 170.0468 1955 2.67 0.986 245,617 ± 5,340 2.85E-12
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Table S2. 10Be ages from Irishman basin

Sample Lm int ext Du int ext Li int ext De int ext

Outer part of Irishman basin

IS-06-31 13700 ± 330 440 13200 ± 310 420 13200 ± 320 410 13300 ± 320 420

IS-06-32 13500 ± 370 470 13000 ± 350 450 13100 ± 350 430 13100 ± 350 450

IS-06-33 13100 ± 280 400 12600 ± 270 380 12600 ± 270 370 12700 ± 270 380

IS-06-35 12900 ± 310 410 12400 ± 300 390 12500 ± 300 380 12500 ± 300 400

IS-06-36 12600 ± 250 370 12200 ± 240 350 12200 ± 240 340 12300 ± 240 350

IS-06-37 12800 ± 310 410 12400 ± 300 390 12400 ± 300 380 12500 ± 300 390

IS-06-38 12700 ± 300 410 12200 ± 290 390 12300 ± 290 380 12300 ± 290 390

IS-06-39 13000 ± 310 420 12500 ± 300 400 12500 ± 300 380 12600 ± 300 400

IS-06-40 12700 ± 300 410 12200 ± 290 390 12300 ± 290 380 12300 ± 290 390

IS-06-41 12800 ± 300 410 12300 ± 290 390 12400 ± 290 380 12400 ± 290 390

IS-06-42 12800 ± 300 410 12300 ± 290 390 12300 ± 290 380 12400 ± 290 390

IS-06-43 12000 ± 350 430 11600 ± 340 420 11600 ± 340 410 11700 ± 340 420

IS-06-44 13200 ± 240 370 12700 ± 230 350 12700 ± 230 340 12800 ± 230 350

IS-06-29 12600 ± 300 400 12200 ± 290 390 12200 ± 290 370 12300 ± 290 390

IS-06-30 12700 ± 300 410 12200 ± 290 390 12200 ± 290 380 12300 ± 290 390

Inner part of Irishman basin

IS-06-15 12500 ± 290 400 11900 ± 280 370 12000 ± 280 360 12000 ± 280 370

IS-06-16a 7260 ± 150 220 6970 ± 150 210 6890 ± 150 200 6960 ± 150 210

IS-06-16a 7260 ± 190 250 6970 ± 180 230 6890 ± 180 220 6960 ± 180 230

IS-06-17 10400 ± 240 330 9880 ± 230 310 9850 ± 230 300 9940 ± 230 310

IS-06-18 12200 ± 360 440 11600 ± 340 420 11600 ± 340 410 11700 ± 340 420

IS-06-19 12000 ± 250 360 11400 ± 240 340 11400 ± 240 330 11500 ± 240 340

IS-06-20 18100 ± 420 570 17200 ± 400 540 17300 ± 400 520 17400 ± 400 540

IS-06-21 11800 ± 280 370 11300 ± 260 350 11300 ± 260 340 11400 ± 260 350

IS-06-22 11400 ± 280 370 10900 ± 260 350 10900 ± 260 340 11000 ± 270 350

IS-06-23 11100 ± 270 360 10600 ± 260 340 10600 ± 260 330 10600 ± 260 340

IS-06-24 12600 ± 290 400 12000 ± 280 380 12000 ± 280 360 12100 ± 280 380

IS-06-25 12100 ± 260 370 11600 ± 250 350 11600 ± 250 340 11700 ± 250 350

IS-06-26 11400 ± 290 380 10900 ± 280 360 10900 ± 280 350 11000 ± 280 360

IS-06-27 11900 ± 300 400 11400 ± 290 380 11400 ± 290 370 11500 ± 290 380

IS-06-28 11900 ± 340 430 11500 ± 330 410 11500 ± 330 400 11500 ± 330 410

IS-06-47 12100 ± 290 390 11600 ± 280 370 11600 ± 280 360 11700 ± 280 370

IS-06-49 11700 ± 280 370 11200 ± 270 360 11300 ± 270 350 11300 ± 270 360

Near NE headwall

IS-06-01 11400 ± 260 360 10800 ± 250 340 10800 ± 250 330 10900 ± 250 340

IS-06-02 9690 ± 210 300 9210 ± 200 280 9160 ± 200 270 9250 ± 200 280

IS-06-03 13300 ± 310 420 12600 ± 290 390 12700 ± 290 380 12800 ± 300 400  
Note: 

10
Be ages in years based on four different scaling protocols

15
. ‘Lm’ is the time dependent 

version of Stone/Lal scaling scheme
14

. ‘Du’ is based on the scaling scheme according to ref 21, 

‘Li’ the scaling according to refs 22 and 23, and the ‘De’ scaling scheme is given in ref. 24. We 

use the new production rate locally determined at the Macaulay valley
13

. Age uncertainties 

include internal analytical error only (=int) and external error, including systematic uncertainties 

(=ext)
15  

that
 
 include scaling to the latitude and altitude of Irishman basin. The discussion is 

based on the numbers given in the first age column (Lm) as explained in the text.  
a
Sample IS-06-16 was measured twice. 
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 Notes: ELA=equilibrium line altitude, which is estimated using an accumulation to ablation area 

ratio (AAR) of 2:1 or 0.66
19

. We place an indicative ±20 m error on our respective ELA 

estimates. For this table, systematic uncertainties are ignored because (relative) moraine ages are 

compared in the same basin (Fig. S4). 
a
 Estimates for maximum glacier reconstruction shown in Figure S3. 

 

b
 Estimates for minimum glacier reconstruction shown in Figure S3 (used in Figure 2, panel A). 

However, we highlight that the ELA increase from the 13 kyr outer moraine belt to the inner 

moraine A is similar (~70-80 m), whether the minimum or maximum reconstructions are used.
 

c
 For inner moraine belt B, for Figure 2, extrapolation of ELA (italics) is based on ~100 m of 

additional retreat from the outer moraine belt and inner moraine belt A (see text).

Table S3. Reconstructed glacier parameters for Irishman basin

Moraine Age Retreat Cum. ELA Cum. ELA

(kyr) Distance area  @ 0.66a area  @ 0.66b

(km) (km2)a (km2)b

Outer moraine belt 13.0 ± 0.4 0 1.973 1980 1.66 1950

Inner moraine belt A 12.2 ± 0.3 980 1.065 2050 0.66 2030

Inner moraine belt Bc 11.5 ± 0.3 1080 2040
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Figure S1. Images that illustrate why the Irishman Stream basin was chosen for study of 

paleoclimate (see text). a, A photograph that focuses on the entire Irishman basin, and the 

locations of all the 
10

Be ages (Table S2, individual ages are shown with 1σ analytical error), with 

the last part of the sample label (photo: G. Denton). Color of lines matches location symbols on 

Figure 1. Vantage is east; b, Google Earth image of the outer part of Irishman basin. The figure 

highlights the well preserved morphology of the late-glacial moraine (outer moraine belt) in this 

part of the Ben Ohau Range, which specifically led us to target it for 
10

Be analyses. 
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Figure S1 (continued). c, A photograph of Irishman basin that focuses in particular on the outer 

moraine belt and adjacent samples (photo: G. Denton). Vantage is north. The locations of the 
10

Be dated samples are indicated (individual ages are shown with 1σ analytical error), with the 

last part of the sample label (Table S2). Color of lines matches location symbols on Figure 1. In 

the background are inner moraine belts A and B (Fig. 1). 
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Figure S2. Photographs of boulder samples and moraines. a-c, Views of outer moraine belt 

and sampled boulders. Vantage is southwest and northwest (c). d, View of inner moraine belts A 

and B. The moraines are ~100 meters, or less, apart. Vantage is northeast. e, View of the basin 

from near sample IS-06-22. Vantage is southwest. f, View of inner moraine B (foreground to 

centre skyline) and inner moraine belt A (centre left). Vantage is northeast. 
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Figure S3. Reconstruction of the Irishman basin glacier and estimates of the ELA at ~13 

and ~12 kyr ago, when the ice margin was at the outer moraine belt and inner moraine belt 

A, respectively (Table S3, see text). a-b, Larger ice volume model at ~13 and ~12 kyr ago, 

respectively. Two small black circles in Figure S3a are locations of striation measurements; c-d, 

Smaller ice volume model at ~13 and ~12 kyr ago, respectively. 
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Figure S3 (continued). e, For larger ice volume model, cumulative area of glacier versus 

elevation (Fig. S3a, b) and ELA at ~13 and ~12 kyr ago; f, For smaller ice volume model, 

cumulative area of glacier versus elevation (Fig. S3c,d) and ELA at ~13 and ~12 kyr ago. We 

highlight that the ELA increase from the ~13 kyr outer moraine belt to the inner moraine A is 

similar (~70-80 m), whether the minimum or maximum reconstructions are used. 
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Figure S4. Probability distribution plots of boulder and moraine ages for Irishman basin. 

Individual ages are shown by thin black curves with 1σ uncertainties. The thick black line 

represents the probability distribution of the respective age population (normalized to 1). 

Arithmetic mean is indicated by the central vertical line, ±1σ range given by width of yellow 

rectangle, ±2σ range given by red lines, and ±3σ range given by outermost vertical lines. A 

production rate uncertainty of 2.2% is used based on the results in ref 13. In the text, the 

arithmetic mean ages are presented with an error that includes propagation of the analytical 

uncertainty and the uncertainty of the local production rate used (underlined value). 

Distribution plots of ages are presented first for the outer moraine belt and second for 

inner moraine belt B, which are the outer and inner moraines dated and bracket the ~1500 yr 

period of ice recession in this study (Figs. S4a and S4b). The four samples on the intermediate 

moraines in the outer part of the basin (Fig. S4c) provide indistinguishable 
10

Be ages (±1σ) from 

the adjacent outer moraine belt crest. In fact, inclusion of these four samples in the distribution 

for the outer moraine belt provides a mean age of 12.9±0.4 kyr for all thirteen samples, 

indistinguishable from 13.0±0.5 kyr (i.e., Fig. S4a). Nonetheless, based on geomorphic grounds 

(i.e., the samples are on different crests), we present them in a separate distribution. In the inner 

part of Irishman basin, 
10

Be ages on boulders from the inner intermediate crests and inner 

moraine belt A are also statistically indistinguishable (Fig. S4d and e), ~ 12 kyr.  

The arithmetic or weighted mean, median, and peak ages are statistically 

indistinguishable for each moraine set (each is calculated before rounding off to three significant 

figures, Table 2). Thus, the datasets resemble normal distributions and for the discussion of 

moraine ages the findings and conclusions of the study are the same if the mean or median ages 

are used. Reduced chi-squared (χ2
) values are also ~1, except for the outer intermediate moraines 

(Fig. S4c, χ2 
= 2.6).  

Three samples are dated from isolated inner moraines under the high northeast headwall 

(06-01, 06-02 and 06-03). These are not included in any of the probability distribution plots 

because rock glacier activity has obscured the morphologic relationship between these landforms 

and the inner moraine ridges farther west. The ages indicate that these small isolated moraines 

formed from ice flowing off the northeast headwall during Late-glacial, or early Holocene, time. 

Lastly, two samples (IS-06-29 and 30, Fig. S1) were collected beyond the outer moraine belt. 

These are not on moraine crests and their geomorphic context is unknown in relation to the outer 

moraine belt. Thus, they are not included in the above distribution. 
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a, The prominent ‘outer moraine belt’ ridge that crosses the valley (Fig. S1). Samples include 

(n=9) IS-06-31, -32, -33, -35, -36, -37, -38, -39, and -40 and all boulders are from the same crest. 
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b, The innermost moraine crest dated, inner moraine belt B (Fig., 1). Samples include (n=5) IS-

06-21, -22, -23, -26 and -27 and all ages are on boulders from the same crest. 
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c, The intermediate moraines (Fig. 1) in the outer part of the Irishman basin that are close to the 

outer moraine belt. Samples include (n=4) IS-06-41, -42, -43, and -44. 
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d, The inner intermediate crests (Fig. 1). Samples include (n=8) IS-06-15, -47, and -49.  
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e, Inner moraine belt A (Fig. 1). Samples include (n=8) IS-06-18, -19, -24, -25, -28. 
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