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Resolving patterns of tropical climate variability during and since the last glacial maximum (LGM) is
fundamental to assessing the role of the tropics in global change, both on ice-age and sub-millennial
timescales. Here, we present al®Be moraine chronology from the Cordillera Carabaya (14.3°S), a sub-
range of the Cordillera Oriental in southern Peru, covering the LGM and the first half of the last glacial
termination. Additionally, we recalculate existing '°Be ages using a new tropical high-altitude production
rate in order to put our record into broader spatial context. Our results indicate that glaciers deposited a
series of moraines during marine isotope stage 2, broadly synchronous with global glacier maxima, but
that maximum glacier extent may have occurred prior to stage 2. Thereafter, atmospheric warming drove
widespread deglaciation of the Cordillera Carabaya. A subsequent glacier resurgence culminated at
~16,100 yrs, followed by a second period of glacier recession. Together, the observed deglaciation cor-
responds to Heinrich Stadial 1 (HS1: ~18,000—14,600 yrs), during which pluvial lakes on the adjacent
Peruvian-Bolivian altiplano rose to their highest levels of the late Pleistocene as a consequence of
southward displacement of the inter-tropical convergence zone and intensification of the South Amer-
ican summer monsoon. Deglaciation in the Cordillera Carabaya also coincided with the retreat of higher-
latitude mountain glaciers in the Southern Hemisphere. Our findings suggest that HS1 was characterised
by atmospheric warming and indicate that deglaciation of the southern Peruvian Andes was driven by
rising temperatures, despite increased precipitation. Recalculated '°Be data from other tropical Andean
sites support this model. Finally, we suggest that the broadly uniform response during the LGM and
termination of the glaciers examined here involved equatorial Pacific sea-surface temperature anomalies
and propose a framework for testing the viability of this conceptual model.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pierrehumbert, 1999; Visser et al., 2003). Today, the tropical influ-
ence is exemplified by the El Nino-Southern Oscillation (ENSO),

As the energetic powerhouse of the globe, the tropics
(23°N—23°S) are the principal source of heat energy and water
vapour for the climate system and thus represent a fundamental
and dynamic component of global climate (Cane, 1998;
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during which equatorial Pacific sea-surface temperature (SST)
anomalies are transferred via deep convection to the overlying
troposphere and transmitted rapidly to the extratropics. In this
way, ocean-atmosphere dynamics in the tropical Pacific dominate
present-day climate variability (e.g., Pierrehumbert, 1995). But
what role, if any, did the tropics play in abrupt climatic perturba-
tions associated with Late Quaternary glacial cycles? Can phe-
nomena such as glacial terminations and Heinrich stadials be
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attributed to changes in tropical ocean-atmosphere heat transfer?
Despite the wealth of palaeoclimate data demonstrating the tro-
pics’ capacity for high-magnitude and abrupt transitions (e.g., Stute
et al,, 1995; Thompson et al., 2000; Blard et al., 2011; Bromley et al.,
2011a; Jomelli et al., 2014; Strikis et al., 2015), plausible mecha-
nisms for such variability remain elusive.

Palaeo-glacier records, particularly those from tropical latitudes,
afford a unique opportunity to help address these key problems.
Mountain glaciers are sensitive to small changes in temperature
(Lowell, 2000; Favier et al., 2004; Oerlemans, 2005; Schaefer et al.,
2006; Anderson and Mackintosh, 2012; Rupper and Roe, 2008;
Rupper et al., 2012; Malone et al., 2015), as confirmed by their
almost global response to modern warming (e.g., Dyurgerov and
Meier, 2000), and leave a record of past fluctuations on the land-
scape in the form of moraines. Recent development of high-
resolution glacier chronologies, fuelled by the refinement of
cosmogenic surface-exposure dating, has improved our under-
standing of past climate behaviour and provided much-needed
insight into the structure of key events including the last glacial
maximum (LGM) and subsequent deglaciation. This time period,
encompassing the last glacial-interglacial transition, is especially
pertinent as not only does it represent the highest-magnitude
climate change of the last ~100 Ka, but many of the climatic tran-
sitions also were abrupt in nature (Denton et al., 2010). Studying
the extant nature of glacier records from the LGM and termination
enables comparison of past climate conditions and potential forcing
mechanisms, such as greenhouse gases, Milankovitch cycles, and
ocean-atmosphere reorganisations.

In contrast to higher latitudes, the close relationship between
tropical glacier mass balance and climate is relatively unimpeded
by the complicating effects of mid-latitude ice sheets (e.g., albedo,
aerosols: Broecker, 1995; Pierrehumbert, 2002), insolation forcing
(Clement et al., 2004; Lee and Poulsen, 2005), and localised SST
variations (Pierrehumbert, 1995). Moreover, recent constraint of
high-altitude tropical '°Be (Kelly et al., 2015; Martin et al., 2015)
and 3He (Blard et al., 2013) production rates has increased the
viability of surface-exposure dating in these settings, enabling
more accurate constraint of past glacier behaviour. Together, these
factors make the tropics the ideal natural laboratory in which to
assess the tropical role in Late Quaternary climate change. Building
on the wealth of tropical palaeoclimate data pertaining to the LGM
and termination, the objective of our study is to help address lim-
itations in the existing data set by providing (1) detailed geomor-
phic maps of Late Quaternary glacial deposits and (2) a new
cosmogenic '°Be moraine chronology from southern Peru and (3)
recalculating previous '°Be surface-exposure data with the new
production rate of Kelly et al. (2015). We then discuss emergent
patterns of past climate behaviour in relation to the equatorial
Pacific Ocean, which, at least during the present interglacial, is the
dominant influence on tropical climate (Pierrehumbert, 1995;
Picaut et al., 1996; Chiang and Sobel, 2002).

2. Geologic setting

The Cordillera Carabaya is a sub-range of the Cordillera Oriental
in southern Peru (Fig. 1). Extending from the Bolivian border in the
south to the Rio Macusani in the north, the range forms part of the
Zongo-San Gaban Zone (Farrar et al., 1988) and is underlain by
Palaeozoic and early Mesozoic sedimentary, volcanic and intrusive
lithologies (Clark et al, 1990; Reitsma et al, 2010). With the
exception of Nevado Allinccapac (5800 m asl), a heavily glaciated
peak at the northern end of the range, the Cordillera Carabaya is
characterised by relatively low-elevation (5000—5200 m asl) alpine
topography, in which modern glaciers are largely restricted to
steep, shaded aspects (Fig. 2). Annual precipitation values in the

Cordillera Carabaya- 3"
<Fg g

Tira =
: BAjoyani i
N Laguna
“V/Aricoma

Fig. 1. Location map of the Cordillera Carabaya in southern Peru, with our two field
sites — Minas Tira and Laguna Aricoma — indicated. Also shown are the relative po-
sitions of the Quelccaya Ice Cap (QIC) and Nevado Coropuna (NC).

cordillera are relatively high, owing to the proximity of the Amazon
Basin, and range from ~800 mmy/yr on the south-western flank to
>1050 mm/yr on north-eastern slopes, with the majority of pre-
cipitation occurring during the 4—5 month summer wet season. As
elsewhere in the ‘outer tropics’ (Kaser, 2001), glacier ablation in the
Cordillera Carabaya is dominated by melting during the austral wet
season and by sublimation during the driest months. However, the
dominance of temperature over glacier behaviour is indicated both
by recent mass-balance analysis of Andean glaciers (Sagredo and
Lowell, 2012) and by the significant retreat of remaining ice
masses in recent decades, during which mean-annual air temper-
ature throughout the tropical Andes has risen by ~0.1 °C/decade
(Vuille et al., 2008).

Our study centres on two separate valley systems in the central
Cordillera Carabaya - Quebrada (henceforth, ‘Q.’) Tiratana and
Laguna Aricoma (Fig. 1) - both of which are located within the
Titicaca catchment. Quebrada Tiratana is a broad, low-gradient
valley draining Nevado Tolqueri (5275 m asl) to the south. At the
confluence of Q. Tiratana and a tributary valley, Q. Jotini, a promi-
nent series of lateral and terminal moraines defines the former
termini of Pleistocene glaciers there (Fig. 3) and is a focus of this
investigation. At its maximum extent, the Tiratana glacier extended
9 km from its source at Nevado Tolqueri, while the smaller Jotini
glacier drained the ~4850 m-high plateau 4 km to the west.
Although both glaciers terminated at the same location — a site
known as Minas Tira (4500 m asl; 14.1616°S., 70.2642°W) — the
distribution of moraines suggests the two ice tongues were never
fully confluent (see Section 4; Fig. 3). Up-valley of Minas Tira,
moraines are absent for several kilometres and the valley bottom is
characterised by wetland and river-dissected alluvial deposits.

The second site, Laguna Aricoma (4640 m asl; 14.3371°S,
69.8163°W), occupies a broad, glacially excavated basin approxi-
mately 20 km north-east of the town of Crucero and 50 km from
Minas Tira (Fig. 1). The lake is fed by a series of south-draining
valleys and tributary lakes, two of which — Veluyoccocha
(4660 m asl) and Cocanacocha (4690 m asl) — are dammed by
terminal moraine complexes (Fig. 4). Today, remnant glaciers in the
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Fig. 2. Laguna Veluyoccocha and the headwalls of the Cordillera Carabaya, seen from the outer lateral moraine of the Veluyoccocha advance. Modern glaciers are generally

restricted to shaded aspects.
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Fig. 3. Glacial geomorphic map of Minas Tira, showing the former confluence of gla-
ciers in the Tiratana and Jotini drainages. Surface-exposure ages correspond to Table 1.

Aricoma drainage total ~1 km? in area and are restricted to eleva-
tions >4900 m asl. In contrast, well-preserved lateral moraines
indicate that during the LGM the Aricoma drainage nourished an
extensive (>70 km? area) south-flowing glacier system that
terminated at ~4500 m asl, approximately 14 km from the cordil-
lera crest (Fig. 4). This glacier was laterally coalescent with ice in
neighbouring drainages, forming part of a larger ice mass centred
along the crest of the Cordillera Carabaya. Owing to constricted
topography at the LGM terminus, the Aricoma glacier did not de-
posit clear terminal moraines. Instead, former glacier extent is
demarcated by prominent coalescent lateral ridges (Fig. 4). How-
ever, subsequent ice-marginal positions are marked by prominent
belts of lateral and terminal moraines, such as those damming
Veluyoccocha (Fig. 5) and Cocanacocha. In the present study, we
focus on moraines corresponding to the LGM and the Veluyoccocha
readvance.

3. Methodology

We categorised and correlated glacial landforms in the field on
the basis of position, morphology, and relative weathering char-
acteristics. These data then were used to construct detailed glacial-
geomorphic maps (Figs. 3 and 4), which are requisite for producing
accurate moraine chronologies. Our glacial chronology is based on
19Be surface-exposure ages (n = 11) from quartz-bearing boulders
on the crests of moraines at Minas Tira and Aricoma. Samples
comprise the upper few centimetres (<5 cm) of rock from the
boulders’ top surfaces and were collected using a hammer and
chisel. The majority of sampled surfaces exhibited pronounced
glacial moulding (Fig. S1), as well as remnant patches of striae and
polish, indicating that the effects of post-depositional weathering
have been minimal. Additionally, there is no geomorphologic evi-
dence to indicate that post-depositional exhumation of boulders
has occurred at this site. Finally, despite the occurrence of consid-
erable snowfall in this humid environment, we note that we did not
apply a snow cover correction in our age calculations for two rea-
sons. First, based on (dry season) field observations, the high solar
radiation flux at these latitudes means even substantial snow cover
does not last long (hours to days) on low-albedo rock surfaces.
Second, as peak snowfall in southern Peru coincides with
maximum temperature and humidity, precipitation over the
accumulation zones of Carabaya glaciers, and thus at the elevation
of the sampled moraines, falls primarily as rain. Nonetheless, we
focused our sampling on large (>1 m tall) boulders located in
exposed positions (e.g., away from depressions that may collect
snow).

Samples were prepared at the Lamont-Doherty Earth Obser-
vatory following the methods described by Schaefer et al. (2009),
after which beryllium ratios of samples and blanks were measured
at the Lawrence-Livermore Center for Accelerator Mass Spec-
trometry facility. We calculated surface-exposure ages using the
CRONUS-Earth online calculator, version 2.2 (Balco et al., 2008), in
conjunction with the recent 1°Be production rate of Kelly et al.
(2015) the time-independent ’St’ scaling (Lal, 1991; Stone, 2000).
Our choice of production rate is based on the close proximity, both
in distance and elevation, of our field sites to the Quelccaya Ice Cap
calibration site (Fig. 1), as well as the straightforward geomorphic
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and chronologic relationships upon which that calibration was constraints at Quelccaya (Kelly et al., 2015) and elsewhere (Balco
made (Kelly et al., 2015). Similarly, our use of St scaling reflects the et al., 2009; Putnam et al., 2010a,b; Fenton et al., 2011; Kaplan
close match this scheme provides to independent chronological et al., 2011; Briner et al., 2012; Young et al., 2013). However, we
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Fig. 5. View west along the outer right-lateral moraine of the Veluyoccocha complex, with the terminal moraines visible in the distance separating Veluyoccocha from Laguna

Aricoma.

note that our results are similar (within 0.5—3% for ages <20 Ka,
4—8% for ages >20 Ka) when calculated with time-dependent ‘Lm’
scaling (probably owing to the close proximity of the calibration
site) and, thus, that our interpretations are independent of
scheme. Analytical results and ages are given in Table 1, while ages
calculated using the Bolivian production rate of Blard et al. (2013)
are given in Table S1 for the sake of comparison. Ages are reported
with 1o internal uncertainty, acknowledging that the age popu-
lation could shift slightly owing to production-rate uncertainty
(+2.4%; Kelly et al., 2015). Finally, in order to discuss the Carabaya
record in a broader palaeoclimate context, we recalculated a suite
of relevant existing 1°Be data sets from moraine boulders in the
tropical Andes (Smith et al., 2005; Zech et al., 2007, 2010; Glasser
et al.,, 2009; Smith and Rodbell, 2010; Shakun et al., 2015) using
the same production rate and scaling parameters as for our own
data (Table S2).

4. Results
4.1. Minas Tira LGM deposits

On the western valley wall of Q. Tiratana, a prominent suite of
three parallel lateral moraines marks former surface elevations of
the Tiratana glacier during the LGM. Descending southward to-
wards the former terminus, each ridge divides into multiple ter-
minal ridges, resulting in three distinct belts of terminal moraines
crossing the valley floor and separated by shallow valleys ~10 m in
width (Fig. 3). Moraines of this terminal complex typically are
2—5 m in relief, exhibit well-defined crests and ice-contact slopes,
and are mantled with granitic, conglomerate, and ignimbrite
boulders. Corresponding moraines are absent or fragmentary on
the eastern valley wall owing to the steep and mobile nature of the
slopes. In neighbouring Q. Jotini, the terminal moraine complex
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Table 1

Sample details and '°Be surface-exposure ages for Minas Tira and Aricoma moraine samples. All exposure ages are calculated using the tropical high-altitude production rate of
Kelly et al. (2015) and St scaling (Lal, 1991; Stone, 2000), rock density of 2.7 g/cm?, and zero erosion. Also shown are ages calculated with time-dependent Lm scaling. Beryllium
ratios of samples and blanks were measured relative to the 07KNSTD standard ['°Be/?Be = 2.85 x 10~'2]. Carrier °Be concentration is 1204 ppm.

Sample Latitude Longitude Elevation Thickness Shielding Quartz Carrier Lithology 10Be concentration Exposure age  Exposure age
(DD) (DD) (m) (cm) correction weight (g) added (g) (10° atoms/g) (Ka) ['st’] (Ka) [‘Lm’]

NT-11- —14.1629 —70.2690 4582 1.0 0.999 9.9915 0.1809 Conglomerate 10.36 + 0.14 26.84 + 04 2495 + 0.4
05

NT-11- —-14.1612 —-70.2712 4626 1.2 0.998 10.0215 0.1808 Conglomerate 11.21 + 0.15 28.58 + 0.4 26.35+ 04
08

NT-11- —14.1620 —70.2669 4563 0.9 0.999 10.0188 0.1812 Conglomerate 9.98 + 0.13 26.04 + 0.3 2431+ 03
13

NT-11- —14.1603 —70.2673 4560 14 0.999 4.7285 0.1813 Conglomerate 8.47 + 0.11 2221+03 2124+ 03
18

ARC-  —14.3223 -69.8240 4691 1.0 0.999 15.0205 0.1916 Granite 6.56 + 0.11 16.13 + 0.3 1594 + 0.3
09-
17

ARC-  —14.3198 —69.8204 4675 3.1 0.999 9.7910 0.1829 Granite 6.15 + 0.08 1549 + 0.2 1537 + 0.2
09-
18

ARC- —14.3181 —69.8149 4686 1.5 0.999 5.0226 0.1803 Granite 6.54 + 0.19 16.19 + 0.5 1599 + 0.5
09-
19

ARC-  —14.3455 —69.8343 4767 1.6 0.999 10.5425 0.1804 Granite 8.08 + 0.11 1935+ 0.3 18.72 + 0.3
09-
25

ARC-  —14.3455 —69.8343 4767 0.6 0.999 10.8449 0.1836 Granite 8.13 + 0.20 19.30 + 0.5 18.68 + 0.5
09-
26

ARC-  —14.3196 —69.8283 4716 1.5 0.999 5.0174 0.1810 Granite 11.67 + 0.20 28.68 + 0.5 2635+ 04
09-
44

ARC-  —14.3185 —69.8312 4708 1.0 0.999 9.4401 0.1832 Granite 6.21 + 0.11 15.16 + 0.3 15.10 + 0.3
09-
47

ARC-  —14.3173 —69.8146 4686 0.8 0.999 10.2559 0.1832 Granite 6.44 + 0.16 15.84 + 0.4 15.69 + 0.4
09-
50

(Fig. 3) comprises fewer and higher-relief (5—25 m tall) ridges, a
pattern that is consistent with the construction of composite mo-
raines in steeper drainages. Nonetheless, we note that the Jotini
moraines form three principal ridges emanating from the large (as
much as 50 m relief) lateral moraines, suggesting a similar pattern
of glacial behaviour to Q. Tiratana. Clasts on the Jotini moraines are
almost uniformly of the local monzogranite lithology.

We dated four samples from boulders located on the Tiratana
terminal moraines: two from the outermost ridge (NT-11-05, 08),
one from an intermediate landform (NT-11-13), and one from a
proximal ridge (NT-11-18). Specifically, these ages correspond to
the three principal terminal moraine belts (Fig. 3). The age of the
outer limit is constrained by samples NT-11-05 and 08 to between
26.8 + 0.4 Ka and 28.6 + 0.4 Ka (Table 1; Fig. 3). Inside this limit, NT-
11-13 gives an age of 26.0 + 0.3 Ka for the intermediate belt, while
NT-11-18 (22.2 + 0.3 Ka) corresponds to the inner moraine belt
(Table 1; Fig. 3). Acknowledging the modest size of the Minas Tira
data set and the small number of samples from each moraine, the
stratigraphic consistency of the record, as at neighbouring Aricoma
(see below), nonetheless suggests that any influence from inheri-
tance is minimal.

4.2. Laguna Aricoma LGM deposits

LGM-age glacial deposits at Laguna Aricoma comprise com-
posite lateral moraines that decrease gradually in elevation in a
southward direction for more than 5 km, before converging at the
former glacier terminus (Fig. 4). These landforms are as much as
30 m in relief and exhibit broad (10—15 m wide) grassy crests that,
in contrast to Minas Tira, are virtually devoid of boulders >0.5 m in

relief. Moreover, smaller erratics have largely been utilised for the
construction of the myriad herding shelters populating the moraine
crests. Inside these limits, much of the moraine stratigraphy in the
vicinity of the former terminus has been altered by fluvial processes
or buried by alluvium. Farther up-valley, however, well-defined,
lower-relief (2—10 m high) lateral and terminal ridges and
mounds mark subsequent ice-marginal positions of the Aricoma
glacier during post-LGM deglaciation (Fig. 4). Immediately south of
Veluyoccocha, the distribution of these recessional moraines in-
dicates that the retreating glacier had separated into separate
tongues — one draining the Veluyoccocha-Cocanacocha basins
from the west, a second draining the main Aricoma valley from the
north (Fig. 4) — prior to the Veluyoccocha readvance (see Section
4.3).

We sampled two neighbouring granite boulders located on the
crest of the composite LGM right-lateral moraine (Fig. 4). Samples
ARC-09-25 and ARC-09-26 gave indistinguishable surface-
exposure ages of 19.3 + 0.6 Ka and 19.4 + 0.5 Ka, respectively
(Table 1; Fig. S2). Farther up-valley, a third boulder (ARC-09-17),
located on a recessional moraine approximately 50 m outside the
Veluyoccocha advance limits, gave an exposure age of 16.2 + 0.3 Ka
(Table 1; Fig. 4).

4.3. Veluyoccocha deposits

Approximately midway between the LGM terminus and the
headwalls of the Aricoma drainage, a conspicuous lateral-terminal
moraine complex separates Laguna Aricoma from Veluyoccocha
(Figs. 4 and 5). These prominent landforms correspond to a read-
vance of ice in the Veluyoccocha-Cocanacocha drainage
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(henceforth referred to as the Veluyoccocha advance) following its
separation from the main Aricoma glacier, and is correlative with
similar deposits at the northern end of Laguna Aricoma as well as in
neighbouring Q. Punco and Q. Tanairi (Fig. 4). That this event was an
advance, as opposed to a standstill, is indicated both by the long,
continuous nature of the right-lateral moraines and by the cross-
cutting relationship between these landforms and older reces-
sional moraines (Fig. 4).

The Veluyoccocha complex consists of numerous lateral mo-
raines that grade into stacked, arcuate terminal moraines con-
straining the lake’s down-valley end (Fig. 4). These high-relief (as
much as 20 m tall) ridges exhibit sharp crests and steep proximal
and distal slopes, and are mantled with boulders of various local
lithologies. Many of the inter-morainal depressions are occupied by
shallow ponds. The distribution of landforms indicates that reces-
sion from the Veluyoccocha limit was through active retreat rather
than downwasting (Fig. 4). During this active retreat, and following
separation of the Veluyoccocha and Cocanacocha glaciers, a second
readvance produced the prominent, high-relief (~25 m tall)
terminal-moraine complex separating the two lakes (Fig. 4). This
younger event — the Cocanacocha advance — is the focus of a
subsequent paper and thus is not discussed further here.

The age of the Veluyoccocha advance is constrained by four 1°Be
dates. Two boulders (ARC-09-19 and ARC-09-50) located on the
terminal moraine complex give ages of 16.2 + 0.6 Ka and
15.9 + 0.5 Ka, respectively (Table 1; Fig. 4), and a mean (peak) age of
16.0 + 0.2 Ka (16.0 Ka; Fig. S2). Because ages from boulders on
moraine crests represent the last time the moraine was occupied by
ice, these data constrain the culmination of the Veluyoccocha
advance and the onset of glacier retreat. Proximal to these outer
limits, samples from two progressively younger right-lateral mo-
raines give ages of 15.5 + 0.4 Ka (ARC-09-18) and 15.2 + 0.4 Ka
(ARC-09-47) (Table 1; Fig. 4). A fifth boulder (ARC-09-44), located
on the same moraine ridge as ARC-09-18 but at a higher elevation,
gave an age of 28.7 + 0.8 Ka. We reject this sample as an old outlier
on the basis that it violates the stratigraphic order of moraine ages
both for the Veluyoccocha complex and older deposits at Aricoma.

5. Chronology of the LGM and deglaciation in the Cordillera
Carabaya

5.1. Last glacial maximum

Together, the glacial-geomorphic mapping and chronologies
from Minas Tira and Laguna Aricoma provide new insight into the
timing and structure of the LGM and subsequent deglaciation in the
southern Peruvian Andes. On a first-order basis, the exposure ages
from both sites provide evidence for maximum Late Pleistocene ice
extent throughout marine isotope stage (MIS) 2, broadly in step
with the global LGM (Bromley et al., 2009; Clark et al., 2009). Upon
closer inspection, the Minas Tira record suggests that this
maximum was achieved by 28.6 + 0.4 Ka and, therefore, that the
Cordillera Carabaya experienced full glacial conditions relatively
early in MIS-2. Moreover, although the glacier maintained a rela-
tively advanced position throughout MIS-2, the distribution of
moraines at Minas Tira reveals that the ice front underwent minor
yet progressive retreat over the course of the LGM, resulting in the
deposition of more than 14 terminal ridges over a horizontal dis-
tance of ~500 m (Fig. 3).

5.2. Last glacial termination
The youngest age in the Minas Tira data set (NT-11-18), from a

boulder on the inner terminal moraine, suggests that full glacial
conditions persisted at that site until at least 22 Ka (Fig. 3). In

contrast, two samples (ARC-09-25, 26) from the right lateral com-
posite moraine at Laguna Aricoma indicate that large-scale degla-
ciation did not commence until ~19.3 Ka (Fig. 4). Acknowledging
the uncertainties associated with assigning moraine age based on a
single datum, we tentatively consider that the Aricoma chronology
most closely represents the onset of Termination 1 in the Cordillera
Carabaya (Fig. 6), noting that this age is consistent with recalculated
10Be ages from other tropical Andean sites (see below). Thereafter,
deglaciation at Aricoma proceeded relatively rapidly, as shown by
the distribution of '°Be ages in the vicinity of Veluyoccocha (Fig. 4).
For example, by 16.1 + 0.3 Ka, when sample ARC-09-17 was
deposited on a recessional moraine immediately outside the
Veluyoccocha advance limit, the Aricoma and Veluyoccocha gla-
ciers were no longer connected and total glacier length in both
drainages had been reduced by >50% (Fig. 6).

Further constraint for this period of rapid deglaciation is pro-
vided by the subsequent Veluyoccocha advance. As detailed above,
the Veluyoccocha advance represents a brief interruption of
deglaciation that occurred after deposition of recessional sample
ARC-09-17 at 161 =+ 0.3 Ka (Section 4.2) and culminated
~16.0 + 0.2 Ka (Section 4.3). Consequently, we assign an
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approximate age of 16.1 Ka to the advance. Following the event, the
chronology indicates active recession of the Veluyoccocha terminus
resumed for at least another millennium (Fig. 4). Moreover, the
stratigraphic and morphologic consistency of mapped glacial de-
posits in neighbouring valleys (Fig. 4) indicates that the advance
was locally ubiquitous, suggesting therefore that the event was
climate driven rather than, for example, a dynamic response of
Veluyoccocha ice to its separation from Aricoma ice. In sum, this
moraine chronology documents large-scale deglaciation of the
Aricoma—Veluyoccocha drainage between 19.3 Ka and at least
15.2 + 0.4 Ka (ARC-09-47), punctuated by a short-lived episode of
renewed glacier advance at ~16.1 Ka (Fig. 6). In order to assess the
climatic significance of this pattern, we compare our record to
existing tropical surface-exposure chronologies (recalculated here
to enable direct comparison; see Methodology) and also to higher-
latitude palaeoclimate data.

6. Tropical and global comparisons
6.1. Timing of the tropical LGM

To date, most tropical surface-exposure studies have utilised
composite lateral moraines (Zech et al., 2007; Bromley et al., 2009;
Smith et al., 2008) to resolve late-Pleistocene glacier behaviour,
thereby providing constraint for the end of the LGM but relatively
little information for earlier stages. A notable exception is the
study by Smith et al. (2005), whose extensive '°Be data sets from
the central Peruvian and northern Bolivian Andes, recalculated
here for comparison to our chronology, show glaciers were occu-
pying their outermost moraines at least as early as ~30 Ka
(Table S2; Fig. S2). Similarly, al®Be moraine chronology from the
Cordillera Blanca (~10°S; Fig. 7) indicates that full glacial condi-
tions were achieved prior to MIS-2 (Smith and Rodbell, 2010;
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Table S2; Fig. S2). The Minas Tira chronology, which suggests that
maximum glaciation may have occurred by ~28 Ka, provides
support for full glacial conditions in the tropical Andes prior to the
global LGM.

In contrast, the seemingly low-magnitude retreat of the Minas
Tira terminus during MIS-2 currently has no analogue elsewhere in
the tropics. At higher southern latitudes, this pattern is evident in
Patagonia (Denton et al., 1999a; Kaplan et al., 2009; Darvill et al.,
2015) and New Zealand (McKinnon et al., 2012) and has been
interpreted as representing progressive lowering of glacier beds
due to basal erosion (Kaplan et al., 2009; McKinnon et al., 2012),
resulting in apparent shrinkage of the glacier tongue but no change
in total ice volume. Alternatively, this shrinkage might represent
periodic climatic amelioration during the LGM. Whatever the
origin, neither the spatial nor temporal resolution of existing
tropical moraine chronologies is sufficient to (a) ascertain whether
this was a widespread pattern or a localised ‘anomaly’ specific to
Minas Tira or (b) identify probable driving mechanisms.

6.2. Onset of termination 1

Within the tropical Andes, there is general accord in the onset
of deglaciation between Aricoma and other temperature-
dominated regions. In the Cordillera Blanca (Fig. 7), for instance,
Glasser et al. (2009) sampled four boulders (JEUO1-03, 07) on the
large right-lateral composite moraine marking the late Pleistocene
extent of ice in Jeullesh Valley. Because these boulders occur on
the moraine crest, they represent the very end of the LGM and
thus provide a close age for moraine abandonment. When recal-
culated, these samples give ages ranging from 170 + 0.5 to
18.9 + 0.6 Ka (Table S2; Fig. S2), with a peak age of 18.6 Ka. In
neighbouring Tuco Valley, two boulders (TUC02, 03) from a similar
stratigraphic context give recalculated ages of 17.6 + 0.6 Ka and
19.6 + 0.7 Ka (Table S2; Fig. S2). Farther north, a new moraine
chronology from Cajamarca (7°S; Fig. 7; Shakun et al., 2015), upon
recalculation, suggests that the small Galeno glacier was retreating
from its LGM moraines by 19.2 + 0.4 Ka and had all but vanished
by 18.0 + 0.3 Ka (Table S2). Similarly, recalculated '°Be data from
northern Bolivia reveal a comparable pattern. In the Cordillera
Cochabamba (17°S; Fig. 7), two boulders (WW11, 12; Zech et al,,
2010) on the outer right-lateral moraine of the Wara Wara valley
give a mean age of 19.2 + 0.6 Ka and peak age of 18.9 Ka (Table S2;
Fig. S2), indicating that ice was pulling back from its maximum
glacial position by that time. In sum, when calculated in a
consistent manner, the existing glacier chronology from the
tropical Andes exhibits broad temporal synchrony for the end of
full glacial conditions and the onset of Termination 1 approxi-
mately 19 Ka. A notable exception is the cosmogenic He moraine
record from Cerro Tunupa (20°S, Fig. 7; Blard et al., 2009, 2013),
Bolivia, which suggests ice there maintained its full-glacial
configuration until as late as 15.5 Ka. We discuss the implica-
tions of this difference in Section 6.3.

On the basis of our reassessment, we argue that Termination 1
began between 20 and 18 Ka throughout the temperature-
dominated tropical Andes. Moreover, as a function of the inherent
thermal homogeneity of the equatorial troposphere
(Pierrehumbert, 1995; Wu et al., 2001; Chiang and Sobel, 2002), we
anticipate that this tropical pattern may hold for most latitudes, as
suggested tentatively by new °Be data from tropical Africa
showing the LGM there culminated 20.5—-19.2 Ka (Kelly et al., 2014;
M. Kelly, personal communication). Beyond the tropics, the Ari-
coma chronology also aligns with mid-latitude data from both
polar hemispheres indicating initial recession beginning 20—18 Ka
(Clark et al., 2009; Denton et al., 2010; Putnam et al., 2010a,b; Hall
et al., 2013; Winsor et al., 2015).
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6.3. Deglaciation during Heinrich Stadial 1

The Aricoma record indicates that, overall, the period
~19—15 Ka was characterised by considerable glacier retreat in the
Cordillera Carabaya, during which the Aricoma glacier and its
tributaries lost over 50% of their LGM extent relative to their late
Holocene (e.g., Stroup et al., 2014) ice margins (Fig. 6, S2 and S3).
On a broader spatial scale, the recalculation of published surface-
exposure ages suggests that this pattern applies throughout much
of the tropical Andes. In northern Bolivia (16°S; Fig. 7; Zech et al.,
2007), for example, the San Francisco glacier lost >60% of its LGM
extent relative to its late Holocene position by 14.6 + 0.5 Ka
(Figs. S1—S3), while the terminus of the Wara Wara glacier (17°S;
Zech et al., 2010) had retreated over half of its LGM—early Holo-
cene distance by 14.4 + 0.1 Ka (Figs. S1—S3). During the same
period, outlet glaciers of the Coropuna ice cap (15°S; Fig. 7;
Bromley et al., 2009, 2011a) had retreated to positions midway
between the LGM and late Holocene moraines (Figs. S2 and S3),
while the Jeullesh Valley glacier (10°S; Glasser et al., 2009) had
retreated approximately a third of its LGM—late Holocene range
(Figs. S2 and S3). In neighbouring Tuco Valley (Fig. 7; Glasser et al.,
2009), two consistent °Be ages from a deglacial moraine suggest
the glacier had lost ~30% of its full LGM extent, relative to the late
Holocene moraines up-valley, as early as 15.7 + 01 Ka
(Figs. S1—-S3). We interpret this broad pattern of tropical Andean
deglaciation as reflecting substantial atmospheric warming
following the LGM.

The termination of the last ice age also coincides with marked
transitions in mean tropical precipitation. Regionally, the southern
tropics of South America experienced an abrupt increase in annual
precipitation at 18 Ka associated with southward displacement of
the intertropical convergence zone (ITCZ) and strengthening of the
South American monsoon (Strikis et al., 2015). In the Andes, this
increase was manifested in the rapid filling of pluvial lakes such as
the well-dated palaeolake Tauca (18—14.5 Ka), which maintained
maximum volume between 16.5 and 15 Ka (Placzek et al., 2006;
Blard et al,, 2011) and is correlated with increased regional pre-
cipitation during Heinrich Stadial 1 (HS1) (Blard et al., 2011).
Correspondingly, the lake’s rapid desiccation after 15 Ka coincided
with an abrupt northward shift in the ITCZ (Strikis et al., 2015).
Glaciologically, the coincidence of glacier recession and increased
precipitation during HS1 suggests that deglaciation in the Andean
regions discussed here was driven by rising temperature, since
wetter conditions would serve to increase glacier mass balance
assuming no major temperature change. According to the Car-
abaya record, the rise in tropical temperature was sufficient to
overwhelm the effects of increased snow accumulation. In
contrast, recent work in the arid southern Tauca basin (20°S)
suggests that glaciers there advanced to their Late Pleistocene
maxima in concert with the Tauca high-stand (Blard et al., 2009,
2013). If so, this pattern suggests that, unlike the temperature-
dominated humid tropics, mass balance in the sublimation-
dominated arid tropics is most sensitive to precipitation, as indi-
cated by empirical and modelling studies (Ammann et al., 2001;
Kaser, 2001; Sagredo and Lowell, 2012; Sagredo et al., 2014),
thereby explaining HS1 advance at Cerro Tunupa (Blard et al.,
2009, 2013) despite overall warming.

Beyond the tropics, we note that HS1 also was a period of
marked warming and deglaciation throughout mid-latitude South
America and in New Zealand (Denton et al., 1999a,b; Putnam et al.,
2010a,b; Strelin et al., 2011; Hall et al., 2013; Menounos et al., 2013;
Moreno et al., 2015). North of the equator, glacier behaviour during
HS1 is less well established, though we note that several moraine
chronologies show a similar pattern of retreat (Schliichter, 1988;
Ballantyne et al., 2013; Ravazzi et al., 2014).

6.4. Glacier readvance ~16.1 Ka

The Veluyoccocha advance marked a brief but prominent rein-
vigoration of the Aricoma glacier termini at approximately 16.1 Ka,
punctuating the overall pattern of HS1 retreat. Considering the
sensitivity of these glaciers to temperature (Sagredo and Lowell,
2012), we infer that this event represented a short-lived reversal
of atmospheric warming. Nonetheless, because the advance
occurred during the palaeolake Tauca highstand (Fig. 6) it might
also be argued that it was driven by enhanced accumulation during
HS1 rather than lower temperatures. We conclude that scenario is
unlikely, however, for the following reasons. First, our data show
that, for the vast majority of the Tauca pluvial event (~18—15 Ka;
Blard et al., 2011), the Aricoma glacier was retreating rather than
advancing (Fig. 6). Moreover, the pluvial event was an order of
magnitude greater in duration than the Veluyoccocha advance and
began as much as 2 Ka earlier. Had the Veluyoccocha advance been
a response to increasing precipitation, we would expect it to have
occurred in step with the rise of palaeolake Tauca, not several
millennia later. Finally, for temperature-dominated glaciers such as
those of the Cordillera Oriental (Sagredo and Lowell, 2012; Sagredo
et al., 2014), elevated accumulation would enhance glacier mass
flux, ultimately serving to raise glacier sensitivity to temperature.

Within the dating resolution of existing tropical surface-
exposure data, we note that several other moraine records exhibit
a similar, potentially correlative, event. The Jeullesh Valley glacier
(Glasser et al., 2009), for instance, deposited a prominent lateral-
terminal moraine complex approximately two thirds of the dis-
tance between the LGM and late-glacial terminal positions (Fig. S3).
The culmination of this advance is constrained by three recalcu-
lated 1°Be ages between 16.2 + 0.5 and 15.4 + 0.5 Ka (Table S2), with
indistinguishable mean (15.9 + 0.4 Ka) and peak (15.9 Ka) ages
(Fig. S2). A similar limit in the Tuco Valley gives two recalculated
ages of 16.8 + 0.6 and 15.9 + 0.5 Ka (Table S2), with mean and peak
ages of 16.4 + 0.7 Ka and 16.3 Ka, respectively (Fig. S2). South of
Aricoma, two boulders on the first moraine up-valley of the Huara
Loma LGM position (Zech et al., 2007) gave recalculated ages of
16.6 + 0.8 and 16.2 + 0.7 Ka (Table S2), with a mean age of
16.4 + 0.3 Ka and peak age also of 16.4 Ka (Fig. S2). The same
stratigraphic unit in the Wara Wara valley (Zech et al., 2010) gives a
mean age of 16.2 + 0.1 Ka (peak age 16.2 Ka (Table S2; Fig. S2).

While these Andean events all overlap chronologically with the
Veluyoccocha advance, the relatively large analytical uncertainties
associated with those earlier records means that more and higher-
resolution tropical data are required before the robustness of this
correlation can be assessed fully. Nonetheless, as discussed below
(see Section 7), several independent lines of evidence coincide to
suggest that this brief, mid-HS1 advance in the Cordillera Carabaya
was the cryospheric response to a much wider-scale climate
perturbation. Also, acknowledging the general consistency be-
tween our record and those of higher southern latitudes during
HS1 (see Section 6.3), we note the close agreement between the
Veluyoccocha advance and at least one prominent advance
(marked by the Prospect Hill moraine; Putnam et al., 2013) in the
Southern Alps of New Zealand.

7. Palaeoclimatic implications of the Carabaya glacier record

Based on our recalculations of previous surface-exposure data,
the pattern of glacial events documented in the Cordillera Carabaya
is sufficiently well expressed throughout the tropical Andes to
warrant a focused assessment of possible driving mechanisms and
the broader ramifications of Late Pleistocene tropical climate vari-
ability. Here, we draw from the growing body of palaeoclimate data
from tropical latitudes in order to suggest causal relationships
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between glacier behaviour and global climate variability, with the
overall goal of presenting viable, testable hypotheses. Ultimately,
the production of high-resolution, directly dated moraine records
from throughout the tropics will be central to testing these
hypotheses.

7.1. The tropical LGM

According to the Minas Tira chronology, full-glacial conditions
in the Cordillera Carabaya may have been attained prior to the LGM
sensu stricto (26—19 Ka; e.g., Clark et al., 2009), a scenario that
agrees with the earlier chronologies of Smith et al. (2005) and
Smith and Rodbell (2010). Should this pattern be verified by high-
resolution glacier chronologies, it will place important constraints
on the role of Milankovitch forcing in the ice ages, since summer
insolation at 65°N did not reach its LGM minimum until much later
(~23 Ka). Moreover, with insolation at 15° latitude varying by only
~35 W/m? over a precession cycle, it is difficult to explain how the
high-magnitude tropical ice ages can be related directly to orbital
variability. One possibility, that zonally asymmetric heating of the
tropical Pacific on precession timescales amplifies or dampens
Milankovitch forcing (Clement et al., 1999), is inconsistent with
evidence for an early tropical LGM relative to higher boreal lati-
tudes (Smith et al., 2005; Smith and Rodbell, 2010; this study). An
alternative model awaiting confirmation is that the tropical glacial
signal was driven by atmospheric CO,. Whatever mechanism(s)
drove the early LGM in the tropics, it is noteworthy that this pattern
also pervades the southern mid latitudes (e.g., Kaplan et al., 2004
[recalculated using a modern production rate]; Putnam et al.,
2013; Darvill et al., 2015) (Fig. 7).

7.2. The tropical termination

Termination 1 in the tropics was characterised by pronounced
warming, a sharp decline in the cryosphere, and abrupt shifts in
seasonal precipitation. On a first-order basis, tropical palaeo-
snowline reconstructions invoke LGM—Holocene warming of
approximately 5 °C at higher elevations (Porter, 2001; Blard et al.,
2007; Hastenrath, 2009; Barrows et al., 2011; Bromley et al., 2011b),
a scenario that is supported by the near-uniform (>5%o) deglacial
shift in 5'80 in tropical and extra-tropical ice cores (Thompson
et al., 2000). Moreover, a growing body of data indicates this
warming was not restricted to high altitudes. Low-elevation proxies
including groundwater noble-gas concentrations (Stute et al., 1995;
Weyhenmeyer et al., 2000), coral Sr/Ca ratios (Guilderson et al.,
1994), salinity-corrected Mg/Ca ratios of planktonic forminifera
(Mathien-Blard and Bassinot, 2009), and clumped-isotope ther-
mometry (Tripati et al., 2014) suggest post-LGM warming of
4—6.5 °C for regions located away from upwelling zones. What
exactly drove this glacial-interglacial transition in the tropics is
unclear; however, the increasing resolution of the tropical palae-
oclimate data set means we are well positioned to assess potential
driving mechanisms.

Deglaciation of the Aricoma drainage was underway by
19.3 + 1.0 Ka, a pattern supported by the recalculation of other
tropical Andean chronologies (Section 6.2). As noted by Shakun
et al. (2015), this potentially limits the role of CO; in the tropical
termination as concentrations of that gas did not rise beyond LGM
variability until ~17.5 Ka (Marcott et al., 2014). We stress, however,
that the resolution of the existing tropical data set, coupled with
the analytical uncertainty of the 1°Be production rate (+2.4%; Kelly
et al.,, 2015), currently precludes accurate assessment of lead-lag
relationships. Nonetheless, other extra-tropical factors potentially
influencing post-LGM tropical temperature include increased sur-
face melting of Northern Hemisphere ice sheets due to intensifying

summer insolation (e.g., Clark et al., 2009; Denton et al., 2010;
Toucanne et al., 2009, 2015; Ullman et al., 2015). As well as
reducing albedo forcing, rising northern insolation would also serve
to raise air temperatures over boreal land masses, thereby ampli-
fying the warming signal. Yet, to our knowledge, there is no
accepted mechanism by which a low-magnitude change in boreal
radiative forcing could dominate tropical temperature on this scale.

In the Southern Hemisphere, high-latitude temperatures also
were rising by ~20 Ka (Petit et al., 1999; Shemesh et al., 2002;
Parrenin et al., 2013; Buizert et al., 2014), possibly due to
increasing austral summer duration (Huybers and Denton, 2008).
Because of the close alignment of Antarctic temperature and sea ice
(Wolff et al., 2006), likely consequences of this warming trend
include gradually declining summer sea-ice extent (e.g., Petit et al.,
1999; Shemesh et al., 2002) and a progressive poleward shift of the
southern westerlies. Both are suggested by the steady increase in
wind-driven Southern Ocean upwelling at that time, prior to the
sharp rise at the onset of HS1 (Anderson et al., 2009). Thus, orbitally
driven changes in Southern Ocean temperature afford a plausible
means by which high-latitude warming might be transmitted to
the tropics, as the Antarctic Circumpolar Current (ACC) is a prin-
cipal source of water upwelling in the eastern Pacific cold tongue
(Toggweiler et al., 1991; Guilderson and Schrag, 1998; Anderson
et al, 2009). By this model, changes in Southern Ocean SSTs
translate directly to eastern tropical Pacific SST anomalies and thus
hold influence over the vigour of the Walker circulation and, ulti-
mately, the geographic configuration of the West Pacific warm pool
(WPWP).

The dominance of equatorial Pacific SST anomalies over tropical
climate is exemplified by modern ENSO variability (Yulaeva and
Wallace, 1994; Cane, 1998; Cane and Clement, 1999; Clement and
Cane, 1999; Sobel et al., 2002). During the positive phase (EI
Nino), the strong east—west thermal gradient in the tropical Pacific
declines, further weakening the zonal Walker circulation and
enabling eastward propagation of positive SST anomalies. Ulti-
mately, the warm pool expands from near Indonesia to cover the
entire equatorial Pacific (Fig. S5). In contrast, negative ENSO (La
Nina) involves steepening of the pan-Pacific thermal gradient,
invigorated Walker circulation, and contraction of the WPWP. Such
variability in tropical SST influences the overlying air column via
moist convection (Chiang and Sobel, 2002), which conveys latent
heat and water vapour to the troposphere (Pierrehumbert, 1995).
The magnitude of moist convection is dictated by the size of the SST
anomaly, that convection increases (decreases) as the warm pool
expands (contracts). According to Pierrehumbert (1995) and Wu
et al. (2001), this signal is then propagated by rapid geostrophic
adjustment, resulting in a quasi-uniform tropical thermal response
to equatorial Pacific SST anomalies, as with modern ENSO (Cane,
1998). Finally, that the Pacific Ocean dominates the tropical ther-
mostat is due both to its size and strength of deep convection
(Picaut et al., 1996; Chiang and Sobel, 2002).

Returning to the onset of the tropical termination, we
hypothesise that Southern Ocean warming due to increased sum-
mer duration (i.e., Huybers and Denton, 2008) resulted in warmer
circum-Antarctic waters being upwelled in the eastern tropical
Pacific, ultimately raising the temperature of the cold tongue. This
process served to lessen the east—west thermal SST gradient in the
equatorial Pacific, weakening the Walker circulation and facilitating
eastward propagation of positive SST anomalies. By this model,
tropical deglaciation commenced in response to the gradual east-
ward expansion of the warm pool and the resultant increase in
Pacific moist convection and tropospheric temperature. But what
evidence, if any, supports this scenario? Indirectly, the SST record
from ODP Site 1233 (~41°S; Fig. 7) off Chile documents a distinct
warming of the ACC beginning 20—19 Ka (Lamy et al, 2004).
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Concurrently, the 3'3C and biogenic opal records from core V19-30
(3°23'S, 83°21'W; Fig. 7; Shackleton et al., 1983; Bradtmiller et al.,
2006), located within the cold tongue itself, both document a
clear shift after 20 Ka in the nature of upwelling water, as does the
313C record from nearby core V21-30 (1°13'S, 89°41'W; Fig. 7;
Koutavas et al., 2002). These signals signify increased input of
Circumpolar Deep Water as a function of Southern Ocean destra-
tification and warming (Anderson et al., 2009).

That such changes in the nature of upwelling water can influ-
ence the thermal structure of the tropical Pacific, and thus the
overlying atmosphere, is suggested by the correlation between cold
tongue SSTs and ENSO during the late 20th Century: Guilderson
and Schrag (1998) showed that the ~1 °C warming of the cold
tongue in 1976 was driven by a change in the source — and tem-
perature — of upwelling water, and correlated this shift with
generally weaker Walker circulation and increased intensity and
frequency of warm ENSO phases since then.

A role for Pacific SST anomalies is also consistent with the high-
magnitude warming evident throughout the tropical Andes during
HS1. As during previous stadials (e.g., Wang et al., 2004) and the
subsequent Younger Dryas (e.g., Schulz et al., 1998; Lea et al., 2003),
HS1 was characterised by a mean southward shift of the ITCZ in
response to intense wintertime cooling in the North Atlantic and
reorganisation of tropical atmospheric circulation (Timmermann
et al., 2007). This shift is well documented by a wealth of model-
ling (e.g., Dong and Sutton, 2002, 2007; Chiang and Bitz, 2005;
Timmermann et al.,, 2007) and empirical studies, including pre-
cipitation and monsoon reconstructions (e.g., Placzek et al., 2006;
Wang et al., 2004; Blard et al., 2011; Strikis et al., 2015), tropical
methane records (Rhodes et al., 2015), and patterns of upwelling
(Rithlemann et al., 1999; Lea et al., 2003). Such data also confirm the
abrupt nature and global extent of these shifts.

Over the tropical Pacific, southward shifts of the ITCZ are asso-
ciated with weakening of the south-east trade winds, diminished
Walker circulation, and warm pool expansion (Deser and Wallace,
1990; Dong and Sutton, 2002; Kanner et al., 2012; Ceppi et al.,
2013), as today during the positive ENSO phase. Thus, by our
model, HS1 was characterised by a southward shift of the ITCZ
forced by boreal stadial conditions, resulting in zonal expansion of
positive SST anomalies across the tropical Pacific, enhanced ocean-
atmosphere heat transfer, and net tropospheric warming. This
scenario, though tentative, is supported by Indonesian SST and
salinity records (Stott et al., 2002) and by seasonality data from
Tahiti (Felis et al., 2012), both of which indicate increased ENSO-like
variability during HS1. Not only does Pacific modulation of tropical
temperature help reconcile the pronounced warming and
increased precipitation over the southern tropical Andes during
HS1, it also offers a viable explanation for the brief reversal of
warming at ~16.1 Ka, when new high-resolution methane (Rhodes
et al.,, 2015) and speleothem §'80 (Strikis et al., 2015) data show a
distinct northward jump of the ITCZ. We suggest this abrupt
dislocation was sufficient to reinvigorate the Walker circulation,
reduce Pacific deep convection, and sustain a brief cooling of the
tropical troposphere manifested by glacier readvance. Subse-
quently, renewed warming and deglaciation accompanied the
southward return of the ITCZ during the latter part of HS1 (Strikis
et al,, 2015).

This model is consistent with the course of events reported from
the southern mid latitudes. The displacement of the ITCZ that we
propose affected tropical Pacific SSTs also served to shift the
southern westerlies and the Subtropical Front (Anderson et al.,
2009; Denton et al., 2010; De Deckker et al., 2012), both of which
have been invoked to explain high-magnitude warming and
deglaciation of New Zealand and Patagonia during HS1 (Hall et al.,
2013; Putnam et al,, 2013; Sikes et al., 2013). Additionally, the

sustained tropical ocean-atmosphere transfer of heat and water
vapour during HS1 undoubtedly impacted tropospheric tempera-
tures well beyond the tropical latitudes. By extension, the tempo-
rary reversal of these processes when the ITCZ briefly shifted north
is a possible explanation for the synchronous advance of glaciers in
both tropical and southern mid latitudes around 16.1 Ka.

The scenario proposed here need not operate exclusive of other
factors invoked to push Earth’s climate from glacial to interglacial
states. Concurrent with the HS1 expansion of the Pacific warm pool,
atmospheric CO, was beginning to rise via wind-driven outgassing
from the Southern Ocean (Anderson et al., 2009). The oceanic bi-
polar seesaw may also have been at work via weakening of North
Atlantic overturning circulation (Broecker, 1998; Grimm et al.,
2006). It is plausible, therefore, that such processes acted in uni-
son. Yet neither CO, nor the bi-polar seesaw alone can explain the
onset of tropical deglaciation 20—19 Ka, nor the abrupt cooling of
the tropical troposphere at ~16.1 Ka and subsequent warming.
Thus, we hypothesise that zonal variability in equatorial Pacific
SSTs, potentially forced by Northern Hemisphere stadial events, is a
fundamental component of tropical terminations.

Testing this hypothesis requires development of high-resolution
glacier records for the temperature-dominated tropics, focusing
explicitly on the fine structure of the LGM and termination. If such
records replicate the pattern reported here — onset of warming
prior to HS1, marked deglaciation during North Atlantic stadials,
and interstadial readvance — it will confirm that this is a tropics-
wide signal and likely represents variability in equatorial Pacific
SSTs anomalies. Also, if periods of gradual tropical warming are
found to correlate with orbitally driven Southern Ocean warming, it
will support a high-latitude oceanic influence on equatorial Pacific
SSTs via modulation of the Walker circulation. Finally, should
Heinrich stadials and abrupt ITCZ displacement be shown to coin-
cide with marked tropical glacier recession, both in timing and rate,
it will suggest a key role for ENSO-like SST anomalies, as will the
concurrence of interstadials and tropical advances. In addition to
HS1, appropriate targets include the late-glacial period, for which
this pattern is already becoming apparent (Bromley et al., 2011a;
Jomelli et al., 2014; Stansell et al., 2015), and the full glacial, dur-
ing which abrupt shifts in the ITCZ occurred (e.g., HS2, HS3).

8. Conclusions

1) On the basis of the Cordillera Carabaya glacier record, we
conclude that glaciers in the SE Peruvian Andes were occupying
their outer LGM moraines by 28—26 Ka, supporting the argu-
ment for full glacial conditions in the tropics prior to the global
LGM as defined by the sea-level low stand. Should this pattern
be replicated, it will place important constraint on the respec-
tive roles of insolation and CO, in the tropical ice ages, since
neither aligns well with glacier-inferred temperature. Subse-
quently, while maintaining an advanced position throughout
the global LGM, the Q. Tiratana glacier nonetheless underwent
minor shrinkage during MIS-2.

2) The onset of Termination 1 in the Cordillera Carabaya occurred
approximately ~19 Ka. Tentatively, we link this warming to the
expansion of positive SST anomalies in the tropical Pacific,
potentially driven by upwelling of warmer Southern Ocean
water in the Pacific cold tongue and consequent weakening of
the Walker circulation. An alternative scenario, that tropical
temperatures during the termination were dominated by at-
mospheric CO,, will require higher-resolution tropical moraine
chronologies than currently exist in order to be tested
thoroughly.

3) Like much of the tropical Andes, the Cordillera Carabaya expe-
rienced widespread deglaciation during HS1, despite increased
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precipitation. Moreover, the close agreement between our data
and existing records suggests that HS1 was a period of pro-
nounced warming and deglaciation throughout much of the SH.
We hypothesise that warming of the tropical troposphere was
driven by positive SST anomalies in the tropical Pacific resulting
from the southward displacement of the ITCZ. Northern Hemi-
sphere stadial events potentially drove these shifts.

4) Interrupting HS1 deglaciation, a short-lived advance at ~16.1 Ka
potentially reflects a brief northward shift of the ITCZ, which
resulted in a cold SST anomaly in the tropical Pacific and tem-
porary cooling of the tropical troposphere. This pattern was
reversed after 16 Ka.

5) Moraine records of the highest resolution are requisite to testing
these, and other, hypotheses for the causes and mechanisms of
tropical climate variability, and thus should remain a priority of
the palaeoclimate community.
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