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The termination of the last ice age featured a major reconfiguration of Earth’s climate and cryosphere,
yet the underlying causes of these massive changes continue to be debated. Documenting the spatial
and temporal variations of atmospheric temperature during deglaciation can help discriminate among
potential drivers. Here, we present a 10Be surface-exposure chronology and glaciological reconstruction
of ice recession following the Last Glacial Maximum (LGM) in the Rakaia valley, Southern Alps of New
Zealand. Innermost LGM moraines at Big Ben have an age of 17,840 ± 240 yrs, whereas ice-marginal
moraines or ice-molded bedrock surfaces at distances up-valley from Big Ben of 12.5 km (Lake Coleridge),
∼25 km (Castle Hill), ∼28 km (Double Hill), ∼43 km (Prospect Hill), and ∼58 km (Reischek knob) have
ages of 17,020 ± 70 yrs, 17,100 ± 110 yrs, 16,960 ± 370 yrs, 16,250 ± 340 yrs, and 15,660 ± 160 yrs,
respectively. These results indicate extensive recession of the Rakaia glacier, which we attribute primarily
to the effects of climatic warming. In conjunction with geomorphological maps and a glaciological
reconstruction for the Rakaia valley, we use our chronology to infer timing and magnitude of past
atmospheric temperature changes. Compared to an overall temperature rise of ∼4.65 ◦C between the
end of the LGM and the start of the Holocene, the glacier recession between ∼17,840 and ∼15,660 yrs
ago is attributable to a net temperature increase of ∼4.0 ◦C (from −6.25 to −2.25 ◦C), accounting for
∼86% of the overall warming. Approximately 3.75 ◦C (∼70%) of the warming occurred between ∼17,840
and ∼16,250 yrs ago, with a further 0.75 ◦C (∼16%) increase between ∼16,250 and ∼15,660 yrs ago.
A sustained southward shift of the Subtropical Front (STF) south of Australia between ∼17,800 and
∼16,000 yrs ago coincides with the warming over the Rakaia valley, and suggests a close link between
Southern Ocean frontal boundary positions and southern mid-latitude climate. Most of the deglacial
warming in the Southern Alps occurred during the early part of Heinrich Stadial 1 (HS1) of the North
Atlantic region. Because the STF is associated with the position of the westerly wind belt, our findings
support the concept that a southward shift of Earth’s wind belts accompanied the early part of HS1
cooling in the North Atlantic, leading to warming and deglaciation in southern middle latitudes.
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1. Introduction

The last glacial termination involved the largest readjustments
of Earth’s ocean and atmospheric circulation, ice extent, and bio-
geography of the past 100,000 yrs (Broecker and van Donk, 1970;
Broecker and Denton, 1989; Denton et al., 2010). However, the
drivers and processes contributing to the termination are not yet
fully resolved and thus remain a subject of great interest (Denton
et al., 2010; Clark et al., 2012; Shakun et al., 2012). Constraining
the timing of ice recession from Last Glacial Maximum (LGM) lim-
its in both polar hemispheres helps identify driving mechanisms.

Situated in the middle latitudes of the Southern Hemisphere
on New Zealand’s South Island, the Southern Alps are set within
the austral westerly wind belt at the northern edge of the Sub-

Fig. 1. Regional map of New Zealand and surrounding ocean. Purple arrows, red
arrows, and blue arrows depict schematic tropical, subtropical, and Southern Ocean
surface currents, respectively [physical oceanography is based on Carter et al., 1998].
Figure is adapted from Putnam et al. (2013). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
tropical Front (STF) (Sikes et al., 2009; De Deckker et al., 2012)
(Fig. 1). Because they lie at the southwest margin of the Pa-
cific Ocean and thus on the opposite side of the planet from the
North Atlantic Ocean, the Southern Alps are well suited for as-
sessing interhemispheric phasing of climate events during the last
glacial termination (Schaefer et al., 2006; Denton et al., 2010).
Southern Alps glaciers fluctuate primarily in response to atmo-
spheric temperature changes (Oerlemans, 1997; Anderson et al.,
2006, 2010; Anderson and Mackintosh, 2006; Purdie et al., 2011;
Rowan et al., 2013). The position of the STF, which is related to the
position of the austral westerlies (De Deckker et al., 2012), influ-
ences Southern Alps atmospheric temperatures, and hence glacier
fluctuations (Harrington, 1952; Barrows et al., 2007; Sikes et al.,
2009; Putnam et al., 2010a, 2013; Bostock et al., 2013). The land-
forms of the Southern Alps afford a record of glacier activity during
and since the LGM (Suggate, 1990; Suggate and Almond, 2005;
Barrell, 2011; Barrell et al., 2011; Putnam et al., 2013) (Fig. 2).
Here, we present a 10Be surface-exposure chronology of moraines
and ice-molded hills that document the timing of post-LGM glacier
recession in the Rakaia valley, central Southern Alps. The Rakaia
valley (Figs. 2 and 3) was occupied by a large glacier, here-
after called the Rakaia glacier, during the LGM (Barrell, 2011;
Barrell et al., 2011). In unison with a regional geomorphologi-
cal map encompassing the glacial landforms in the Rakaia valley
(Barrell et al., 2011), the 10Be surface-exposure dating method en-
ables a chronological reconstruction of ice recession during the last
deglaciation. To derive a record of past atmospheric temperature
from the glacial-geomorphologic record, we employed glaciolog-
ical simulations to generate a glacier-climate reconstruction for
deglaciation of the Rakaia valley. We then discuss mechanisms for
the last glacial termination in southern middle latitudes.

2. Geology and geomorphology of the Rakaia valley

The Rakaia valley (43◦S, 171◦E) drains a 2372-km2 catchment
on the southeastern side of the Southern Alps (Figs. 2 and 3).
The bedrock of the Rakaia catchment is predominantly greywacke
sandstone and argillite of the Triassic Rakaia Terrane (Cox and Bar-
rell, 2007).
Fig. 2. Central South Island glacial-geomorphologic map adapted from Barrell et al. (2011). Geomorphologic units and boundaries are given in legend (inset). Black box
outlines Rakaia field area (see Fig. 3 for detailed map). Labeled in bold, yellow text are pertinent geographical regions of Lakes Ohau and Pukaki, discussed in text. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Glacial-geomorphologic map of the Rakaia valley adapted from Barrell et al. (2011). Geomorphologic features are described in Fig. 2 legend. Outlined in black boxes
are field sites illustrated in detail in Fig. 4.
At the height of the LGM, the Rakaia glacier was produced by
the coalescence of ice tongues from three major tributaries, from
north to south: the Wilberforce, the Mathias, and the upper Rakaia
valleys (Fig. 3). The LGM moraine/outwash sequences deposited
by the Rakaia glacier have been divided into three main mor-
phostratigraphic components. The outer component is attributed
to the ‘Tui Creek’ advance, with successively inboard components
attributed to the ‘Bayfield’ advance and the ‘Acheron’ advances
(Soons, 1963). The Tui Creek, Bayfield, and Acheron components
were further subdivided by number. For example, Bayfield-1 and
Bayfield-2 correspond respectively to the older and younger parts
of the Bayfield moraine/outwash system (Soons, 1963; Soons and
Gullentops, 1973). Prominent outwash plains extend downstream
from the Tui Creek and Bayfield moraine belts but there is no rec-
ognizable outwash plain associated with the Acheron moraine belt
(Suggate, 1963, 1965), although Soons and Gullentops (1973) cor-
related an outwash aggradation deposit exposed in Rakaia Gorge
with Acheron moraines.

There is general agreement on the overall extent of the LGM
moraine system of the Rakaia valley, but there is great geomorpho-
logical complexity within the moraine system arising from the ex-
tensively exposed and highly irregular bedrock floor of the Rakaia
valley (Barrell, 2011; Barrell et al., 2011). As a result, the patchy
and discontinuous preservation of moraines on the valley sides and
floor makes the tracing of moraine belts within the LGM complex
problematic. There is no better illustration of this problem than
the contrasting interpretations of Soons (1963), Cox and Barrell
(2007), and Shulmeister et al. (2010), wherein each shows a differ-
ing extent of the Tui Creek versus Bayfield moraine belt. Thus the
differentiation between the two outer LGM moraine sets is sub-
jective. Our interpretation of the glacial geomorphology of the Tui
Creek and Bayfield moraine/outwash sets, from Barrell et al. (2011)
and given in Figs. 3 and 4, is also subjective, on account of the dis-
continuous moraine preservation.

Fortunately, this stratigraphic problem does not prevent us from
establishing a secure deglaciation chronology for the Rakaia valley.
Setting aside the nomenclatural issues, our approach was to target
morphologically well-defined moraines and ice-molded bedrock
hills at geomorphically stable sites. We found only one suitable site
within the main LGM moraine complex and this forms the start-
ing point of our deglaciation chronology. This site lies east of the
Acheron River and west of the Big Ben Range, and occupies the
side of an un-named ice-molded bedrock hill. The hill has a gener-
ally smooth form and comprises bedrock plastered with lodgement
till containing rounded clasts. The gently sloping western flank of
this bedrock hill is encroached by what we refer to here as the ‘Big
Ben moraines’, comprising an outermost sharp-crested moraine
ridge, inboard (west) of which is undulating morainal topography
with a series of recessional moraine ridges (Fig. 4a). These glacial
deposits are thin, with solid bedrock no more than a few tens
of meters below the ground surface. Although not critical to our
interpretation, we think it likely that the ice-molded hill was ex-
posed during retreat from the Tui Creek advance(s), and the Big
Ben moraines were deposited at the culmination of the Bayfield
advance, followed by subsequent ice withdrawal (Fig. 4).

The Big Ben moraines lie on the left-lateral flank of an exten-
sive glacial basin formerly occupied by the Rakaia glacier, within
which Soons (1963) mapped the Acheron glacial deposits. The lack
of prominent outwash plains associated with the Acheron moraine
system, and an abundance of discontinuous moraines and kame
terraces, adjoined by glaciolacustrine landforms and deposits, led
Shulmeister et al. (2010) to propose progressive withdrawal of the
glacier into the Rakaia valley trough. We concur with this view,
and consider that the advance culminating in the formation of
the outer ridge of the Big Ben moraines, and the subsequent ice
withdrawal and formation of recessional moraine ridges and kame
terraces, marks the final episode of the Rakaia glacier under full
LGM conditions.

About 28 km up the Rakaia valley from the Big Ben moraines is
Double Hill, comprising two adjoining ice-molded bedrock knolls
standing above the modern valley-floor floodplain near the con-
fluence of the Mathias and upper Rakaia valleys (Figs. 3 and 4).
These bedrock knolls also satisfied our sampling criterion of a geo-
morphically stable site, and they are plastered with glacial deposits
exposed during lowering of the ice surface.

Approximately 15 km upstream from Double Hill, within the
upper Rakaia branch of the main Rakaia valley, is Prospect Hill,
an elevated, ice-molded bedrock knob veneered by glacial deposits
(Figs. 3 and 4). Prospect Hill stands ∼230 m above the southern
side of the upper Rakaia valley floodplain. A well-defined belt of
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Fig. 4. Detailed glacial geomorphologic maps of sample sites noted in Fig. 3. (a) Big Ben. (b) Castle Hill. (c) Double Hill. (d) Prospect Hill. (e) Reischek knob. Additional
geomorphic features and boundaries are described in legends (inset). Beryllium-10 surface-exposure ages (in kyrs) are shown as black text in white boxes. Corresponding
samples are indicated by black lines and yellow dots. Sample identification tags are given in red text. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
moraine, with a prominent, sharp-crested 2–3 m high moraine
ridge at its down-valley margin, lies on the southern, western,
and northern flanks of Prospect Hill. This moraine belt delim-
its a latero-terminal position of the former upper Rakaia tribu-
tary glacier (hereafter upper Rakaia glacier), ∼43 km up-valley of
the Big Ben moraines. Burrows and Russell (1975) attributed this
moraine belt to the ‘Lake Stream’ advance, a late-stage pause or
re-advance of the upper Rakaia glacier during the overall reces-
sion of ice within the Rakaia catchment. The Lake Stream advance
(or stillstand) occurred after the distributary ice lobe of the Rakaia
glacier that spilled into the Lake Heron valley withdrew into the
upper Rakaia valley.

Located ∼15 km farther up-valley on the eastern side of the
Reischek River tributary of the upper Rakaia valley, and standing
as much as ∼550 m above the adjacent modern Rakaia floodplain,
is a prominent ice-smoothed bedrock spur with a belt of parallel
arcuate moraine ridges near the ice-proximal western side of the
spur (Figs. 3 and 4). Burrows and Russell (1975) referred to this
spur as ‘High Moraine Bluff’, but here we simply refer to it infor-
mally as ‘Reischek knob’ (Figs. 3 and 4). Much of Reischek knob
is bedrock with a veneer of glacial deposits. Sloping east from the
margin of the arcuate moraine belt are three narrow meltwater
channels that are incised into the ice-molded bedrock terrain. The
moraine belt and associated meltwater channels formed laterally
to the Reischek Glacier, at a time when it was much larger and
was confluent with the upper Rakaia glacier. Reischek knob is our
farthest up-valley site, again satisfying our criteria of a stable geo-
morphic position with clear morphological context.

As an additional check, we dated landforms at two locations as-
sociated with the Wilberforce glacier, the main northern tributary
of the Rakaia glacier. The main ice stream from the Wilberforce
catchment merged with the Rakaia glacier at the Lake Coleridge
trough (Figs. 3 and 4). We targeted an ice-molded bedrock knoll
that forms a prominent peninsula on the eastern shore of Lake
Coleridge, and an ice-molded bedrock knob, known as Castle Hill,
in the Wilberforce valley. The peninsula at Lake Coleridge lies
∼12.5 km up-valley of the Big Ben moraines, whereas Castle Hill,
lying ∼25 km up-valley of the Big Ben moraines, occupies a geo-
morphological position similar to that of Double Hill. The Lake Co-
leridge peninsula and Castle Hill became exposed as ice withdrew
from the Lake Coleridge trough. The surface of Castle Hill com-
prises numerous ice-shorn bedrock outcrops separated by patches
of ground moraine, with several discontinuous recessional moraine
ridges on the lower flanks.

Key attributes of the sites we selected to document the
deglaciation chronology of the Rakaia valley are that they have
well-defined morphologies on flat or gently sloping land surfaces
and are proximal to a solid rock foundation. These glacial land-
forms were exposed upon lowering of the former ice surface, and
all of our sampling areas are well above the maximum ca. 440 m
a.s.l. elevation of the ephemeral post-glacial lake that occupied the
Rakaia valley axis (Shulmeister et al., 2010). Thus, these sites are
essentially free of caveats in regard to slope instability, glaciokarst
instability of ice-bearing ablation drift, and glaciolacustrine pro-
cesses. Boulders at these sites, resting on ice-molded bedrock or
rooted in glacial deposits, would have commenced their exposure
to cosmic rays immediately upon ice recession, thus permitting
construction of a detailed record of deglaciation in the Rakaia val-
ley on the basis of surface-exposure dating.

3. 10Be surface-exposure dating methods

Of a total of 75 boulders from which samples were collected,
we selected a subset of 39 samples for 10Be analysis. We chose
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samples from those boulders judged to be in particularly sta-
ble positions, and with notably well-preserved surfaces. Sampling
and 10Be surface-exposure dating accorded with the field and
laboratory protocols described in Schaefer et al. (2009), Putnam
et al. (2010a; 2010b), Kaplan et al. (2010), and available online
at: http://www.ldeo.columbia.edu/tcn. Our field sampling targeted
greywacke sandstone boulders embedded firmly in moraine ridges
and in ground moraine, or else boulders resting in stable positions
on ice-molded bedrock. We avoided sampling from boulders in
proximity to patches of soil erosion, or which showed signs of hav-
ing suffered spalling or exfoliation. Samples were transported to
the Lamont–Doherty Earth Observatory Cosmogenic Nuclide Labo-
ratory for processing. Isotopic measurements were undertaken at
the Lawrence-Livermore National Laboratory Center for Accelerator
Mass Spectrometry (LLNL CAMS).

All 10Be ages were calculated using blank-corrected 10Be con-
centrations, which we determined by subtracting the number of
10Be atoms detected in procedural blanks from the number of 10Be
atoms measured in boulder samples. We propagated analytical un-
certainties attending each sample measurement with uncertainties
associated with procedural blanks. Age calculations utilized the
local South Island 10Be production rate for spallation [‘PNZ2’ of
Putnam et al., 2010b]. This production rate has been repeated by
calibration efforts in southern South America (Kaplan et al., 2011),
which further supports its usage in southern middle latitudes. We
employed the ‘Lm’ scaling protocol that incorporates the altitudinal
scaling of Lal (1991)/Stone (2000) and the high-resolution geomag-
netic model of Lifton et al. (2008) [corresponding production rate
is 3.74±0.08 at g−1 yr−1; see Putnam et al., 2010b for details]. Be-
cause the Rakaia valley lies only ∼70 km northeast of the Putnam
et al. (2010b) production-rate calibration site in Macaulay valley,
the use of different scaling methods does not produce significant
variations in calculated ages, and thus the choice of scaling pro-
tocol does not alter our conclusions. Finally, in order to facilitate
comparison with radiocarbon-based chronologies, we reference all
10Be surface-exposure ages to the year AD1950 (i.e., yrs ‘BP’, and
hereafter referred to as ‘yrs’) by subtracting 58, 60, and 61 yrs
from ages determined from samples collected in AD2008, AD2010,
and AD2011, respectively. In discussing radiocarbon-derived ages,
we state calendar ages according to IntCal09, also referred to as
‘yrs’.

4. Results

The thirty-nine 10Be surface-exposure ages obtained are inter-
nally consistent and provide a quantitative chronology of Rakaia
glacier recession from LGM limits. Details of the individual sam-
ples and analytical results are set out in Appendix A, Table S1,
whereas 10Be surface-exposure ages are reported in Table 1 and
plotted on maps in Figs. 3 and 4. Statistical representations of age
populations are given in Fig. 5. Age error limits reflect analytical
uncertainties only and are reported at the 1σ level, unless other-
wise stated.

4.1. Big Ben

Six ages determined from the sharp-crested outermost Big Ben
moraine ridge range from 17,190 to 18,210 yrs old (Figs. 3–5). The
17,190 ± 460-yr age of sample RAK-11-08 is more than two stan-
dard deviations younger than the arithmetic mean age of inboard
recessional landforms (see below) and is thus considered an out-
lier and excluded from further discussion. The remaining five ages
form an approximately normal distribution and yield an arithmetic
mean age of 17,840 ± 240 yrs for the outermost Big Ben moraine
ridge.
Four ages on boulders on recessional moraine ridges and un-
dulating morainal topography, located just inboard of the Big Ben
moraine ridge, range from 17,700 to 18,950 yrs old (Figs. 3–5). The
age of 18,950 ± 360 yrs (RAK-11-23) is an outlier, being more than
2σ older than the mean age of the outermost Big Ben moraine
ridge. Upon removal of the RAK-11-23 age, the remaining three
boulder ages have an approximately normal distribution and yield
an arithmetic mean of 17,960 ± 290 yrs for recessional moraines
immediately inboard of the Big Ben outermost moraine ridge.
This mean age is statistically indistinguishable from the 17,840 ±
240 yrs age of the outermost moraine ridge, and attests to the
withdrawal of ice from this locality no more than ∼300 yrs after
formation of the outermost Big Ben moraine ridge.

4.2. Lake Coleridge and Castle Hill

We determined exposure ages of seven boulders rooted in
glacial deposits or resting on ice-molded bedrock near Lake Co-
leridge and at Castle Hill. Two boulders from near Lake Coleridge
afforded ages of 17,070 ± 420 and 16,970 ± 330 yrs, giving an
arithmetic mean age of 17,020 ± 70 yrs (Figs. 3–5). Five boulders
on Castle Hill span elevations from 545 m (LC-11-06) to 828 m
(LC-11-18), and thus became exposed during ice-surface lower-
ing of ∼280 m. The ages of these five boulders are 17,220 ±
410 (LC-11-06 at 829 m elevation), 17,090 ± 290 (LC-11-10 at
709 m elevation), 17,710 ± 390 (LC-11-12 at 673 m elevation),
17,000 ± 330 (LC-11-14 at 614 m elevation), and 16,170 ± 310 yrs
(LC-11-18 at 554 m elevation). The age of 17,710 ± 390 yrs
(LC-11-12) for the boulder at 673 m elevation is significantly older
than those of 17,220 ± 410 (LC-11-18) and 17,090 ± 290 yrs ago
(LC-11-14) for two boulders situated higher on Castle Hill. There-
fore we consider the old age of 17,710 yrs to be too old on the
basis of morphostratigraphy and exclude it from further consid-
eration. In addition, the age of 16,170 ± 310 yrs (LC-11-06) for
the boulder at 554 m elevation, which is rooted in a recessional
moraine at the base of Castle Hill, is more than three standard
deviations younger than the 17,100 ± 110 yr mean age of sam-
ples LC-11-10, LC-11-14, and LC-11-18, all three of which came
from higher elevations than LC-11-06. We consider two explana-
tions for the relative youth of LC-11-06. First, it may be an outlier,
and if so provides no information on the emergence history of Cas-
tle Hill. However, we have no morphostratigraphic basis on which
to exclude this young age, and thus it is also possible that ice
lingered at the base of Castle Hill until 16,170 ± 310 yrs ago.
Sampling and dating of additional boulders close to the LC-11-06
boulder would be necessary to evaluate these two possible expla-
nations.

4.3. Double Hill

Six ages determined from boulders embedded in ground
moraine mantling molded bedrock at Double Hill range from
14,890 to 17,560 yrs old (Figs. 3–5). Spanning elevations from
633 m (RAK-10-10) to 465 m (RAK-10-14), the sampled boulders
became exposed during the course of ∼170 m of ice-surface low-
ering. One boulder (RAK-10-09; elevation 564 m) returned an age
of 14,890 ± 410 yrs, and is younger than the arithmetic mean
ages of Prospect Hill and Reischek knob landforms that lie well
up-valley of Double Hill (see below). We therefore treat the age
of sample RAK-10-09 as an outlier and exclude it from further
consideration. The remaining five ages from Double Hill yield an
approximately normal distribution and afford an arithmetic mean
age of 16,960 ± 370 yrs (Fig. 5). The tightly clustered ages attest to
full emergence of Double Hill from beneath ice cover over a period
of no more than a few hundred years.

http://www.ldeo.columbia.edu/tcn
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Table 1
10Be surface-exposure ages (in yrs ±1σ ) from Rakaia valley landforms, referenced to years before AD1950. ‘Outlier’ ages are italicized and marked by an asterisk (∗) next to
the sample ID. Bold ages (‘Lm’) are those discussed in text.

Sample ID St age
(yrs)

De age
(yrs)

Du age
(yrs)

Li age
(yrs)

Lm age
(yrs)

Big Ben outermost moraine ridge
RAK-11-03 18,060 ± 390 18,160 ± 390 18,100 ± 390 18,240 ± 390 17,960 ± 390
RAK-11-04 17,760 ± 330 17,860 ± 330 17,800 ± 330 17,940 ± 340 17,670 ± 330
RAK-11-07 18,320 ± 340 18,420 ± 340 18,370 ± 340 18,510 ± 350 18,210 ± 340
RAK-11-08 17,270 ± 460 17,390 ± 470 17,330 ± 460 17,470 ± 470 17,190 ± 460
RAK-11-09 17,840 ± 500 17,940 ± 500 17,870 ± 500 18,010 ± 510 17,740 ± 500
RAK-11-10 17,740 ± 330 17,830 ± 340 17,770 ± 330 17,910 ± 340 17,640 ± 330

Big Ben recessional moraine ridges
RAK-11-15 18,000 ± 340 18,150 ± 340 18,110 ± 340 18,250 ± 340 17,920 ± 340
RAK-11-16 17,780 ± 340 17,940 ± 340 17,890 ± 340 18,030 ± 340 17,700 ± 330
RAK-11-23 19,000 ± 360 19,140 ± 360 19,100 ± 360 19,240 ± 360 18,890 ± 360
RAK-11-25 18,360 ± 450 18,510 ± 460 18,460 ± 460 18,600 ± 460 18,270 ± 450

Lake Coleridge peninsula
LC-11-01 17,110 ± 430 17,350 ± 430 17,320 ± 430 17,470 ± 430 17,070 ± 420
LC-11-05 17,010 ± 330 17,240 ± 330 17,200 ± 330 17,350 ± 330 16,970 ± 330

Castle Hill
LC-11-06 16,200 ± 310 16,430 ± 320 16,380 ± 320 16,540 ± 320 16,170 ± 310
LC-11-10 17,060 ± 330 17,250 ± 330 17,190 ± 330 17,350 ± 330 17,000 ± 330
LC-11-12 17,790 ± 400 17,940 ± 400 17,870 ± 400 18,030 ± 400 17,710 ± 390
LC-11-14 17,160 ± 290 17,290 ± 300 17,220 ± 300 17,380 ± 300 17,090 ± 290
LC-11-18 17,330 ± 410 17,370 ± 410 17,280 ± 410 17,440 ± 420 17,220 ± 410
Double Hill
RAK-10-09 14,890 ± 410 15,120 ± 420 15,080 ± 420 15,230 ± 420 14,890 ± 410
RAK-10-10 16,700 ± 460 16,880 ± 470 16,830 ± 460 16,980 ± 470 16,650 ± 460
RAK-10-11 16,680 ± 450 16,930 ± 460 16,900 ± 460 17,050 ± 460 16,650 ± 450
RAK-10-12 17,600 ± 430 17,860 ± 430 17,830 ± 430 17,980 ± 440 17,560 ± 430
RAK-10-13 17,000 ± 510 17,250 ± 520 17,220 ± 520 17,380 ± 520 16,970 ± 510
RAK-10-14 16,990 ± 450 17,260 ± 460 17,230 ± 460 17,380 ± 460 16,970 ± 450

Prospect Hill
PH-08-01 16,200 ± 510 16,310 ± 516 16,250 ± 510 16,388 ± 520 16,140 ± 510
PH-08-02 16,100 ± 470 16,220 ± 470 16,160 ± 470 16,299 ± 470 16,040 ± 470
PH-08-03 16,900 ± 510 17,010 ± 510 16,950 ± 510 17,090 ± 520 16,820 ± 510
PH-08-04 17,500 ± 450 17,470 ± 450 17,390 ± 450 17,530 ± 450 17,350 ± 450
PH-08-05 15,900 ± 420 15,900 ± 420 15,820 ± 420 15,960 ± 430 15,790 ± 420
PH-08-06 16,100 ± 360 16,130 ± 360 16,050 ± 360 16,180 ± 370 16,020 ± 360
PH-08-07 14,320 ± 410 14,400 ± 410 14,320 ± 410 14,460 ± 420 14,290 ± 410
PH-08-08 16,750 ± 480 16,770 ± 480 16,680 ± 480 16,820 ± 480 16,650 ± 480
PH-08-09 16,360 ± 440 16,380 ± 440 16,300 ± 440 16,440 ± 450 16,270 ± 440
PH-08-10 15,190 ± 450 15,240 ± 450 15,170 ± 450 15,300 ± 450 15,130 ± 450
PH-08-11 16,340 ± 380 16,410 ± 380 16,340 ± 380 16,480 ± 390 16,260 ± 380

Reischek knob I: till-veneered bedrock
RK-11-09 15,700 ± 170 15,340 ± 160 15,200 ± 160 15,320 ± 160 15,550 ± 160
RK-11-11 15,930 ± 160 15,560 ± 160 15,420 ± 160 15,540 ± 160 15,770 ± 160

Reischek knob II: meltwater channel
RK-11-13 14,890 ± 170 14,570 ± 160 14,440 ± 160 14,560 ± 160 14,770 ± 170
RK-11-14 15,270 ± 330 14,940 ± 320 14,800 ± 320 14,920 ± 320 15,130 ± 330
RK-11-16 14,750 ± 170 14,450 ± 170 14,320 ± 160 14,430 ± 170 14,640 ± 170
4.4. Prospect Hill

Eleven ages on boulders protruding from the Lake Stream
moraine belt range from 14,290 to 17,350 yrs old (Figs. 3–5).
The 17,350 ± 450 yr age of sample PH-08-04 is older than the
arithmetic mean age of Double Hill landforms, and thus is consid-
ered an outlier. In addition, ages of samples PH-08-07 (14,290 ±
410 yrs) and PH-08-10 (15,130 ± 450 yrs) are younger than the
ages of the Reischek knob landforms (see below), and are therefore
also classed as outliers. The remaining eight ages form an approx-
imately normal distribution and yield an arithmetic mean age of
16,250 ± 340 yrs (Fig. 5).

4.5. Reischek knob

Samples RK-11-09 and RK-11-11 are from boulders rooted in
ground moraine overlying bedrock outboard of a prominent set of
moraine ridges (Figs. 3–5). These samples gave ages of 15,550 ±
160 and 15,770 ± 160 yrs, producing an arithmetic mean age of
15,660 ± 160 yrs (Fig. 5).

Samples RK-11-13, RK-11-14, and RK-11-16 are from boulders
in a meltwater channel that descends from the outermost part
of the moraine belt on the western side of Reischek knob. This
meltwater channel and the moraine from which it emanates are
the youngest morphostratigraphic features considered here. Ages
of these three samples range from 14,640 to 15,130 yrs, and afford
an arithmetic mean age of 14,850 ± 250 yrs (Fig. 5).

5. Chronology of recession of the Rakaia glacier

Our 10Be surface-exposure ages of glacial landforms show that
17,840 ± 240 yrs ago, the Rakaia glacier margin was at the
outermost Big Ben moraine. Ice recession was underway within
no more than a few centuries, judging from the mean age of
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Fig. 5. Camel plots (i.e., normal kernel density functions) for the six Rakaia valley field sites. Center black lines are arithmetic means of reduced data sets, while vertical black,
red, and green lines are 1σ , 2σ , 3σ uncertainty envelopes, respectively. Thin black curves are Gaussian plots representing individual samples. Dotted black lines represent
summed probability distributions for each data set, including outliers. Thick black lines are summed probability curves with outliers excluded. Statistics are inset to the right
of each corresponding plot. SEM = standard error of the mean. w = error-weighted uncertainty. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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17,960 ± 290 yrs for the recessional moraine complex at Big Ben.
By 16,960 ± 370 yrs ago, Double Hill had become ice free, im-
plying recession to a position ∼28 km up-valley from the Big Ben
moraines. As Double Hill lies at the Rakaia/Mathias valley conflu-
ence, these two major ice tributaries probably separated at about
that time.

Likewise, by 17,020 ± 70 yrs ago ice-molded bedrock east of
Lake Coleridge (12.5 km up-valley of the Big Ben moraines) had
become ice free, and by 17,100 ± 110 yrs ago Castle Hill (25 km
up-valley of the Big Ben moraines) had mostly, if not entirely,
emerged from beneath the ice. As noted above, one date allows
for the possibility that ice lingered at the base of Castle Hill until
∼16,170 yrs ago. Altogether, our chronology indicates that a reduc-
tion of 50% of the length of the glacier draining the Wilberforce
tributary valley occurred in no more than ∼2000 yrs, but prob-
ably closer to ∼1000 yrs, following recession from the Big Ben
moraines, coeval with ice retreat in the Rakaia valley.

Recession of ice within the upper Rakaia tributary was punctu-
ated by a stillstand or re-advance of the upper Rakaia glacier ter-
minus at 16,250 ± 350 yrs ago, forming the Lake Stream moraines
at Prospect Hill, ∼43 km up-valley of the Big Ben moraines. Be-
cause these moraines lie at the upstream end of an ice distribu-
tary valley extending from the upper Rakaia valley into the Lake
Heron basin, the implication is that ice had vacated that distribu-
tary by the time that the Lake Stream moraines were formed. By
15,660 ± 160 yrs ago, the surface of the upper Rakaia glacier, and
its Reischek Glacier tributary, had lowered sufficiently to expose
Reischek knob, ∼58 km up-valley of the Big Ben moraines. Sta-
bilization of the ice tongue at the Reischek knob moraine belt
initially furnished a source of meltwater that cut an outwash
channel into the molded bedrock surface. Further recession by
14,850 ± 250 yrs ago stemmed the meltwater flow and caused the
channel to become abandoned.

6. Glacier-inferred palaeoclimate reconstruction

Integration of the Rakaia glacier landform chronology obtained
in this study with glaciological simulations permits the estima-
tion of atmospheric temperature changes between ∼17,800 and
∼14,800 yrs ago. To calculate glacier extent associated with dif-
ferent climatic parameters, we applied the Plummer and Phillips
(2003) 2-D energy–mass balance and ice-flow model. We limited
the values used for temperature input to the model to increments
of 0.25 ◦C so as not to imply a greater level of precision than
is possible using a numerical model (Rowan et al., 2013). Vali-
dation of the model is afforded by a generally good agreement
between modeled glacier extents, mapped terminal and lateral
moraine positions in the Rakaia catchment, and dating results,
notably that Double Hill and Castle Hill have approximately the
same exposure ages, and the model implies that ice receded from
both locations at about the same time. In alignment with previ-
ous empirical and modeling studies of glaciers in the Southern
Alps (Oerlemans, 1997; Anderson, 2005; Anderson et al., 2006,
2010; Anderson and Mackintosh, 2006, 2012; Purdie et al., 2011;
Doughty et al., 2012; Golledge et al., 2012; Kaplan et al., 2013;
Putnam et al., 2013), we consider temperature to be the primary
driver of LGM glacier advance/retreat, and therefore examined only
temperature effects in our glacier modeling estimates of climatic
conditions. However, Rakaia glacier sensitivity to other climate
parameters, notably precipitation amount and distribution, is eval-
uated by Rowan et al. (2013; data repository). We conducted a
series of glaciological simulations using a range of different atmo-
spheric temperatures relative to modern values (hereafter referred
to as �T ) to identify the �T value necessary to sustain the Rakaia
glacier at its late LGM position near the Big Ben moraines, and
at recessional positions corresponding to our sample sites at Cas-
tle Hill, Double Hill, Prospect Hill, and Reischek knob (see Fig. 6).
In these simulations, a hypothetical steady state where integrated
glacier mass balance is equal to zero was reached within 400 yrs
of a given temperature change. Taken together, our chronology and
modeling results indicate atmospheric �T values of −6.25, −4.75,
−4.5, −3.0, −2.25, and −2.25 ◦C at 17,840 ± 240, 17,100 ± 110,
16,960 ± 370, 16,250 ± 340, 15,660 ± 160, and 14,850 ± 250 yrs
ago, respectively (Fig. 6).

Our results indicate a full-glacial �T of −6.25 ◦C, when the
Rakaia glacier constructed the Big Ben moraines ∼17,840 yrs ago.
The Rowan et al. (2013) reconstruction indicates that a �T of
−6.5 ◦C is necessary in order to sustain the Rakaia glacier at its
most outboard LGM position within the Tui Creek moraine belt,
about 10 km down-valley from the Big Ben/Bayfield moraine belt.
We cannot resolve whether the withdrawal of the Rakaia glacier
from the Tui Creek limit to the Bayfield position simply reflects un-
certainties associated with the application of the glacier model and
representation of the LGM climatology (Rowan et al., 2013), minor
climatic amelioration (as is inferred in the quantitative glaciologi-
cal modeling reconstruction), or is the result of geomorphological
processes, such as changes in ice extent due to glacier bed profile
evolution (e.g., McKinnon et al., 2012).

Recession of the Rakaia glacier, which we infer to have been
driven by atmospheric warming, commenced shortly after
17,840 ± 240 yrs ago. Modeled �T values for the Rakaia glacier
indicate that a warming of ∼4.0 ◦C took place between ∼17,840
and ∼15,660 yrs ago (Fig. 7). Net temperature rise of ∼3.25 ◦C
during the first ∼1600 yrs of this interval represents an average
annual warming rate of ∼2.0 ◦C per thousand years. We infer a
temporary stabilization of temperature slightly before ∼16,250 yrs
ago, that led to the pause in ice retreat, or re-advance, that formed
the Lake Stream moraines. The succeeding interval of retreat im-
plies a 0.75 ◦C temperature rise over ∼600 yrs, equating to an
average warming rate of 1.25 ◦C per thousand years. Another sta-
bilization of the Rakaia ice margin occurred between ∼15,660 and
∼14,850 yrs ago at the Reischek knob moraines that represent the
youngest glacier position examined in our study (Fig. 6).

A �T of −6.25 ◦C at ∼17,840 yrs ago inferred for the Rakaia
valley is indistinguishable from �T values of −6.25 ± 0.5 ◦C and
−6.25 ± 0.25 ◦C for the LGM determined by glacier modeling of
the Lake Ohau catchment of the central Southern Alps (Putnam
et al., 2013) and the entire Southern Alps icefield (Golledge et al.,
2012), respectively. Our results from the Rakaia valley are also con-
sistent with ∼3.6 ◦C of warming registered between ∼17,700 and
∼13,000 yrs ago in the Lake Ohau catchment (Kaplan et al., 2010;
Doughty et al., 2012; Putnam et al., 2013). Moreover, on the ba-
sis of palaeosnowline reconstructions, Putnam et al. (2012) and
Kaplan et al. (2010, 2013) demonstrated an overall temperature
rise of ∼0.65 ◦C during the late-glacial interval between ca. 15,000
and 11,500 yrs ago, and also that atmospheric temperatures were
∼1.6 ◦C cooler than modern values in the Southern Alps in the ear-
liest Holocene, after which air temperatures gradually increased
toward pre-industrial values by the middle Holocene. Combining
our results with those from late-glacial and Holocene palaeosnow-
line reconstructions, we obtain a net warming of ∼4.65 ◦C between
∼17,800 and ∼11,500 yrs ago in the Southern Alps, with an ad-
ditional ∼1.6 ◦C warming during the first half of the Holocene
(Kaplan et al., 2010, 2013; Putnam et al., 2012). Of the overall
∼4.65 ◦C temperature rise that had occurred by the beginning of
the Holocene, 38% took place between 17,840 and 16,960 yrs ago,
a further 32% had been accomplished by ∼16,250 yrs ago, and an
additional 16% (totaling 86%) was achieved between 16,250 and
15,660 yrs ago (Figs. 6 and 7).

The modeling assumes that the glacier was in equilibrium with
climate when it receded from each of the dated positions. Con-
ceivably, temperatures were higher and the glacier was receding
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Fig. 6. Glaciological and palaeotemperature reconstructions of the Rakaia and neighboring catchments. Ice configurations correspond to dated Big Ben, Castle Hill, Double Hill,
Prospect Hill, and Reischek knob landforms. Red lines outline ice catchments. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
in disequilibrium. In that case, our temperature estimates and in-
ferred rates of warming would be minimum values.

7. Discussion

High-quality chronological information is a requirement for de-
veloping solid mechanistic interpretations of past climate change.
Thus, we aimed to develop a chronology of glacier-inferred at-
mospheric temperature change in the Southern Alps sufficiently
resolved to compare with other well-dated palaeoclimatic and
palaeoceanographic records.
First, we compare our results to previous 10Be surface-exposure
ages from the Rakaia valley reported by Shulmeister et al. (2010).
Looking specifically at what they refer to as the Bayfield, Acheron
and Coleridge sectors of the moraine sequence, we think it likely
that their Bayfield terminal moraine correlates with our Big Ben
outermost moraine ridge, and their inner Bayfield and Acheron
moraines correlate, at least in part, with our Big Ben recessional
moraines. Their ‘Coleridge’ samples come from a geomorphic po-
sition intermediate between our Big Ben recessional moraines
and our Lake Coleridge samples. Using the data presented by
Shulmeister et al. (2010), we have recalculated ages for their
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Fig. 7. Comparison between Rakaia glacier-inferred �T and the STF. Top panel:
Glacier-inferred palaeotemperature reconstruction, based on the Rakaia valley
glacier record (this study). Horizontal dashed lines depict LGM and early Holocene
�T values for the Southern Alps [LGM �T is based on Rowan et al., 2013; Golledge
et al., 2012; and Putnam et al., 2013; early Holocene values were determined by
Putnam et al., 2012 and Kaplan et al., 2013]. Bottom panel: Percent G. ruber in core
MD03-2611, recording influxes of tropical water south of Australia and hence the
latitudinal position of the STF (De Deckker et al., 2012). Yellow band represents full
duration of Heinrich Stadial 1, whereas vertical dashed lines demarcate its early and
late phases. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

10Be samples on the same basis as the ages that we present in
this paper (Appendix A, Tables S3–S5). In order to account for
the relatively large error terms in the Shulmeister et al. (2010)
10Be measurements, we report arithmetic mean ages ±2σ , us-
ing the ‘Lm’ scaling scheme, for different grouping of moraines
as shown in Table S5. Although the number of samples from
each of their moraine areas is too few for the robust identifica-
tion of outliers, three of their samples are sufficiently dissimilar
from adjacent samples that we suspect that they are outliers (Ta-
ble S5). A mean age calculated for the full set of their Bayfield,
Acheron, and Coleridge samples, with those three outlier samples
excluded, is 17,800 ± 2200 yrs. Thus, the 10Be measurements from
the Shulmeister et al. (2010) reconnaissance dating study, despite
their relatively low analytical precision and considerable scatter,
are generally compatible with our findings. However, our results,
from sites in the middle to upper reaches of the Rakaia catchment
show that the Shulmeister et al. (2010) interpretation of the glacier
having survived in the Rakaia valley at close to LGM positions until
at least ∼15,000 yrs ago is incorrect.

The recession history for the Rakaia glacier determined in
our study is similar to that described for the Lake Ohau and
Lake Pukaki glaciers of the Southern Alps, and for glaciers in
southern South America. At Lake Ohau, deglaciation commenced
∼17,700 yrs ago and by ∼17,380 yrs ago, the Ohau glacier had di-
minished to ∼40% of its LGM size. By ∼13,000 yrs ago, ice had
receded well into the mountains of the Ohau catchment. At Lake
Pukaki, deglaciation commenced at ∼18,350 yrs ago (Putnam et
al., 2010a, 2010b). By ∼16,400 yrs ago, the glacier had receded
to a position that was more than half the distance from LGM to
present-day glacier limits (Moar, 1980; Putnam et al., 2010a). Fur-
thermore, the ice recession from the Rakaia LGM moraines that be-
gan ∼17,840 yrs ago coincided with the onset of sustained climate
amelioration, as recognized in a variety of biological and isotopic
proxy records across the New Zealand region (Alloway et al., 2007;
Barrell et al., 2013; Vandergoes et al., 2013).

The final advances of Patagonian Ice Sheet outlet glaciers into
the LGM moraine belt of the Chilean Lake District (39–43◦S) culmi-
nated ∼18,000 yrs ago (Denton et al., 1999b). Ice recession began
shortly thereafter, with retreat to within ∼10 km of present-day
glacier limits before ∼14,600 yrs ago (Heusser, 1990; Denton et al.,
1999a, 1999b). Likewise, at ∼50◦S at Lago Argentino, an eastward-
draining outlet glacier of the Patagonian Ice Sheet had receded to a
position up-valley of its late-glacial moraine belt by 16,400 yrs ago
(Strelin et al., 2011). In Cordillera Darwin (54–55◦S), withdrawal of
glaciers from LGM to near-present-day limits had taken place by
∼16,800 yrs ago (Hall et al., 2013).

Warming inferred from our glacier-derived climate reconstruc-
tion is similar to that indicated by sea-surface temperature (SST)
records developed from marine cores located in the vicinity of
the STF. For example, Calvo et al. (2007) and De Deckker et al.
(2012) determined that SSTs south of Australia warmed by 4–5 ◦C
between ∼17,800 and ∼15,000 yrs ago, with as much as 3 ◦C of
that warming between ∼17,800 and ∼17,000 yrs ago. De Deckker
et al. (2012) interpreted this SST increase south of Australia, to-
gether with coeval incursions of tropical foraminifera species, to
reflect a southward shift of the austral westerlies and the STF at
the onset of the last glacial termination (Fig. 7). Southward mi-
gration of the austral westerly wind belt (e.g., Sikes et al., 2013)
would have diminished the incidence of cool southwesterly air
flowing over Southern Alps glaciers (Tyson et al., 1997), while
an associated southward shift of the STF would have brought
warmer surface water to that part of the Tasman Sea west of
the Southern Alps, as seen for example in the SST reconstruc-
tions of Barrows et al. (2007), Petherick et al. (2013), and Sikes
et al. (2013). In addition, warming of the Western Pacific Warm
Pool ∼18,000–15,000 yrs ago (e.g., Stott et al., 2007) leaves open
the possibility for a tropical role in Southern Alps deglaciation. An
expanded Western Pacific Warm Pool, perhaps due to southward-
displaced and/or weaker trade winds associated with a southward-
displaced intertropical convergence zone (Kanner et al., 2012;
Ceppi et al., 2013), could have strengthened and warmed the East
Australian Current, increasing downstream SSTs in the Tasman Sea
as well as shifting the Tasman Front and STF southward [e.g., sim-
ilar to the mechanism described in Putnam et al., 2012]. Each of
these complementary atmospheric and oceanic processes would
have stimulated snowline rise and glacier recession in the South-
ern Alps.

An abrupt sea-surface warming that began 18,000 yrs ago has
been identified from cores at 41◦S in the southeast Pacific (Lamy
et al., 2004, 2007; Strelin et al., 2011) and in the South Atlantic
(Barker et al., 2009) and has been attributed to a southward migra-
tion of the STF. Rapid, large-scale recession of Patagonian glaciers
and Southern Alps glaciers between ∼18,000 and ∼16,000 yrs ago
is considered to reflect widespread atmospheric warming in the
southern mid-latitudes, and is consistent with a coupled south-
ward shift of the austral westerlies, STF, and the Subantarctic Front
(SAF) (Strelin et al., 2011; Hall et al., 2013). Tropical warming may
have exacerbated this mid-latitude warming.

Gradual Antarctic warming and CO2 rise also commenced
∼17,800 yrs ago (Monnin et al., 2001; Lemieux-Dudon et al., 2010;
Parrenin et al., 2013). We consider that Antarctic warming and
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atmospheric CO2 increase were mainly a consequence of pro-
gressive reduction of Southern Ocean sea-ice cover (Bianchi and
Gersonde, 2004; Divine et al., 2010) and breakdown of stratifi-
cation (Burke and Robinson, 2012), both of which are partly at-
tributable to a southward shift of the austral westerlies (Toggweiler
et al., 2006; Anderson et al., 2009). Progressive destratification
of the Southern Ocean (Anderson et al., 2009; Burke and Robin-
son, 2012), in conjunction with the warming effects of increas-
ing atmospheric CO2 (Lorius et al., 1990; Monnin et al., 2001;
Parrenin et al., 2013), would have increased the temperature of
the Southern Ocean as a whole, augmenting mid-latitude warming
arising from southward migration of the STF and SAF.

However, Heinrich Stadial 1 (HS1) sea-surface cooling and strat-
ification in the North Atlantic Ocean commenced at ∼17,900 yrs
ago (Bard et al., 2000; Cheng et al., 2009), at the same time as
general warming in the Southern Hemisphere middle-to-high lat-
itudes and the onset of extensive ice recession from the Big Ben
LGM moraines of the Rakaia valley. Southern Hemispheric warming
coeval with North Atlantic cooling is consistent with the operation
of a ‘bipolar seesaw’ mechanism for transmitting climate anomalies
between the polar hemispheres. However, still unclear is whether
this seesaw operated through the ocean interior (Crowley, 1992;
Broecker, 1998; Meckler et al., 2013), the atmosphere (Toggweiler
et al., 2006; Anderson et al., 2009; Toggweiler and Lea, 2010), or
through an interlocked switch in both oceanic and atmospheric cir-
culation (Barker et al., 2009, 2011; Denton et al., 2010).

Because a southward shift of the wind-driven STF occurred co-
evally with the beginning of HS1 (De Deckker et al., 2012), and
because Southern Alps glacier activity appears intrinsically linked
to the position of the austral westerlies and/or the STF (Harrington,
1952; Putnam et al., 2010a, 2013), we consider it most likely that
a general southward shift of the austral westerlies drove south-
ward contraction of Southern Ocean fronts and in turn initiated
the last glacial termination in southern middle latitudes during
HS1 (Denton et al., 2010; Hall et al., 2013). Therefore, we favor
an atmospheric mechanism for transmitting climate anomalies be-
tween the hemispheres (Anderson et al., 2009; Denton et al., 2010;
Lee et al., 2011; Ceppi et al., 2013), that produced sustained warm-
ing and glacier recession at Southern Hemisphere middle latitudes
during HS1. As the austral westerlies and STF shifted equatorward
at the onset of the Antarctic Cold Reversal (Putnam et al., 2010a),
the new background condition of a warmer, destratified Southern
Ocean and elevated atmospheric carbon dioxide levels may have
prevented Southern Hemisphere middle-to-high latitude climate
from reverting back into ice-age conditions.

8. Conclusions

Our 10Be chronology of landforms in the Rakaia valley, Southern
Alps of New Zealand, indicates that extensive deglaciation in this
valley occurred between ∼17,840 and ∼15,660 yrs ago, coincid-
ing with HS1 in the North Atlantic region. The glacier recession is
attributed primarily to atmospheric warming, which we estimate
to have been 4.0 ◦C based on glaciological modeling. This repre-
sents 86% (from −6.25 to −2.25 ◦C) of the total temperature rise
in the Southern Alps between the end of the LGM and the be-
ginning of the Holocene. Overall, our results are favorable to the
hypothesis that northern cooling associated with HS1 induced a
southward shift of the earth’s thermal equator, the austral west-
erlies, and southern oceanic fronts. Consequent destratification of
the Southern Ocean, reduction of sea-ice cover, and elevation of at-
mospheric CO2 levels had, by the end of HS1, securely locked the
Southern Hemisphere into an interglacial mode. Such a mechanism
affords an explanation for the last glacial termination in southern
middle latitudes, as recorded in the deglaciation chronology of the
Rakaia valley.
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