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Highlights:
e Relict moraines in the northern Colombian Andes reveal changes in tropical air
temperature over the last ~16,000 years.
e Colombian glaciers advanced during the Antarctic Cold Reversal and retreated during the
Younger Dryas period, similar to the broader tropical pattern of cryospheric change.
e Lateglacial climate shifts are potentially linked to ocean-atmosphere heat transfer and
atmospheric vapor flux.

e The magnitude of Lateglacial temperature shifts are minor relative to modern warming.
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Abstract: The reconstruction of former mountain glaciers from geomorphic mapping and
cosmogenic-nuclide surface-exposure dating provides a unique opportunity to infer patterns of
past terrestrial climate variability. Tropical mountain glaciers are particularly valuable as there are
comparatively few terrestrial climate proxies at equatorial latitudes relative to higher latitudes. As
the single largest climate zone on Earth, the tropics play an outsized role in mediating global
climate via the ocean-atmosphere transfer of latent heat and water vapor. Nonetheless, there
remains a persistent gap in our understanding of how the tropics influenced — or were influenced
by — the high-magnitude climate shifts of the Late Pleistocene, and whether this high-energy region
simply responded to extratropical forcing or was itself a driver of global climatic change. To help
address this knowledge gap, we analyzed geologic evidence for past glacial fluctuations in three
adjacent valleys in the Sierra Nevada del Cocuy, the highest subrange of the Eastern Cordillera in
the Colombian Andes, to provide a terrestrial record of atmospheric temperature during the latter
part of Termination 1. Coupled with geomorphic mapping and paleo-snowline reconstructions, our
beryllium-10 glacial chronology indicates that glaciers in the humid inner tropics underwent
pronounced growth and gradual decay during the Antarctic Cold Reversal and Younger Dryas
periods, respectively, following a trend that, according to directly dated moraine records from
throughout both polar hemispheres, appears to have been global. While the specific mechanism(s)
behind this large-scale behavior remains to be corroborated, we revisit the hypothesis that ocean-
atmosphere heat transfer and water vapor flux are key drivers of abrupt Lateglacial temperature
fluctuations. Subsequent to the Lateglacial, deglaciation of the Sierra Nevada del Cocuy
accelerated during the Early Holocene, a pattern also observed in other tropical glacier records.
More recently, the magnitude of snowline rise and glacier retreat over the last two centuries
supports the view that modern tropospheric warming is anomalously strong at least relative to the
last ~16,000 years.

1. Introduction
The tropics (23.5°N-23.5°S) are the primary source of heat energy and water vapor for Earth’s
climate system (Seager and Battisti, 2007; Chiang, 2009) and, as such, have the potential to
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propagate climatic perturbations rapidly and globally. Yet our understanding of the tropical role
in ice age cycles and abrupt climate change is far from complete, reflecting the relatively low
spatial coverage of detailed paleoclimate records from equatorial latitudes. This dearth of
information is particularly acute at higher elevations, where recent assessments suggest the
magnitude of tropospheric temperature change is amplified by moisture-driven fluctuations in the
lapse rate (Loomis et al., 2017; Garelick et al., 2022; Legrain et al., 2023). Compounding the
problem further, the geographic distribution of tropical paleoclimate datasets is far from uniform,
precluding accurate assessment of any latitudinal climate variability. For example, the tropical
Andean glacial-geologic record for the last glacial period is heavily skewed towards the Southern
Hemisphere (e.g., Bromley et al., 2009, 2011, 2016; Martin et al., 2020; Rodbell et al., 2009;
Shakun et al., 2015; Smith et al., 2005), while the northern tropical Andes are represented by only
a handful of studies (e.g., Carcaillet et al., 2013; Jomelli et al., 2014; Angel et al., 2016; Stansell
et al., 2010). Our new record from Cocuy thus helps address a persistent gap in our understanding
of Lateglacial terrestrial temperature in the northern tropics.

Glaciers are highly sensitive indicators of mean climate conditions (Oerlemans, 1989), and
reconstructions of past glacier behavior provide some of the clearest evidence for tropical
terrestrial climate variability (e.g., Jomelli et al., 2014). If sufficiently well-dated, such geologic
records can be used to test new hypotheses surrounding the mechanisms and spatial impact of
millennial-scale climate shifts during the last glacial-interglacial transition, known as Termination
1 (~19-11 ka). Our study is motivated by the need for robust tropical glacial chronologies from
both polar hemispheres to assess the geographic extent and plausible mechanisms of millennial-
scale climatic shifts during Termination 1.

Recent refinement of cosmogenic nuclide production rates in low-latitude, high-altitude
applications (Blard et al., 2013; Kelly et al., 2015; Martin et al., 2015) has greatly improved our
ability to date tropical glacial records directly and accurately, thereby providing a critical
foundation for comparing tropical paleoclimate data with global records. An attendant issue
relating to the use of glacier extents as paleoclimate proxies is whether factors other than climate
influence glacial configuration and moraine deposition (e.g., Barr and Lovell, 2014). This is
particularly important in the tropics, where glaciers are relatively small (typically <1 km?) and thin
(<100 m) and, thus, potentially more sensitive than larger glaciers to topographic influences such

as headwall height, valley slope, and accumulation-area topography. A means to assess the



93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122

influence of topography on glacial extents is to develop and compare detailed records for multiple
glacial extents within a single area, for which climate conditions are relatively homogenous. Most
tropical mountain ranges are geographically compact and thus provide an ideal setting for
examining similarities and differences among multiple paleo-glacial systems.

In this paper, we compare moraine sequences corresponding to the Lateglacial period of
Termination 1 in three valleys of the Sierra Nevada del Cocuy (hereafter ‘Cocuy’), Colombian
Andes. By reconstructing changes in glacier equilibrium-line altitude (ELA) for each dated paleo-
glacier, we estimated the magnitude of Lateglacial temperature change at Cocuy. The result is a
new terrestrial record of tropospheric temperature from the northern Andes, which we use to
evaluate the relative timing and magnitude of key climate events within the tropics and globally.
Further, by comparing past glacier behavior in multiple adjacent catchments, we make a
preliminary examination of the topographic role in glacier configuration and, therefore, moraine
deposition. By identifying similarities among the multiple glacial systems, we have extracted
climatic information that cannot be drawn from a single valley or a limited number of landforms
(Balco, 2020).

2. Geologic and climatic setting

Positioned close to the northern limit of the tropical Andes, the Sierra Nevada del Cocuy (6.44° N,
72.29° W; Fig. 1) in the Eastern Cordillera is the highest sub-range of three Colombian cordilleras
(Western, Central, and Eastern) and culminates in the 5490 m asl summit of Ritacuba Blanco.
Centered on the cordillera’s syntaxial bend, where significant local relief develops over an
antiformal lobe (Kammer et al., 2020), Cocuy constitutes one of the main foci of crustal
deformation and topographic build-up during the late Miocene's Eu-Andina orogenetic
phase (Restrepo-Moreno et al., 2019). The structural orientation of the underlying Cretaceous
sedimentary lithologies (primarily resistant layers of white quartzose sandstone and conglomeratic
sandstones of the Une-Aguardinete Formation), which are arranged in thick strata with a general
dipping trend of 20-25° to the west (Fabre et al., 1984), results in an asymmetric sierra-like
topography at Cocuy, whereby low-gradient surfaces forming the western slopes contrast with
precipitous slopes forming the eastern flanks (Mendivelso, 2016); this orientation plays a key role

in local patterns of glaciation (see below).
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Today, Cocuy hosts approximately 12 of the remaining non-volcanic glacial summits in
Colombia. Over the last five decades, the aerial extent of Cocuy’s total glacier cover has declined
from ~30 km? in 1987 to ~15 km? in 2019 (L6pez-Moreno et al., 2022; Molano et al., 2022).
Climatically, Cocuy is positioned in the inner tropics and as such experiences high year-round
humidity; precipitation (~1270 mm rain annually: Sturm and Rangel, 1985) is derived primarily
from the Atlantic Ocean via the prevailing easterly airflow (Masiokas et al., 2020) and maximum
precipitation coincides with the spring and autumn passage of the Inter Tropical Convergence Zone
(ITCZ) (Masiokas et al., 2020; Rabatel et al., 2013). During the period 2007-2016, the average
0°C isotherm in the Cordillera Oriental was at ~5050 m asl (Rabatel et al., 2017), marginally higher
than earlier estimates of Cocuy glacier ELAs (4700-4900 m asl) based on mass balance
measurements (Helmens et al., 1997; Lachniet and Vazquez-Selem, 2005). Further, modern
variability in tropical freezing level height, and therefore glacier behavior, has been linked directly
to changes in equatorial Pacific sea surface temperatures (SSTs) (Bradley et al., 2003; Rabatel et
al., 2013; Ruiz-Carrascal et al., 2022).

In this study, we focus on the Lagunillas valley and one of its major tributaries, the
Bocatoma valley, located in the southern portion of Cocuy, and compare those results with the
moraine record from the Cardenillo valley on Ritacuba Negro, 15 km north of our site (Jomelli et
al., 2014, 2017) (Fig. 1). Lagunillas forms a broad south-to-north-oriented catchment draining the
southwestern side of the range for 15 km, where it joins the Rio Concavo at 3290 m asl. In its
lower, northern half, the Lagunillas valley is relatively narrow and hemmed in by steep, densely
vegetated valley walls; the latter include the proximal slopes of high-relief Late Pleistocene lateral
moraines. Approximately 8 km up-valley from the Céncavo confluence, the Lagunillas becomes
a lower gradient, broader valley (mean slope ~7%) characterized by moraine-dammed wetlands
and open paramo vegetation, with a southern limit marked by a ~4500 m-high bedrock ridgeline.
The Rio Bocatoma drains the Pan de Azucar glacier and enters the Lagunillas valley from the east
immediately downstream of Laguna La Pintada (Fig. 2). In contrast to Lagunillas, Bocatoma
exhibits a steep profile (mean ~20%), dropping 750 m over a distance of <4 km and constrained
throughout by precipitous rock walls (Fig. 3). Completing this study, the Cardenillo valley drains
the glaciated western flank of Ritacuba Negro at the northern end of the range (Jomelli et al., 2014)
(Fig. 1). Ritacuba Negro currently supports the range’s most extensive glacier cover (~3.3 km?)

between ~4750 m asl and the summit at 5350 m asl. Between ~3960 and 4300 m asl, where the



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

moraines investigated by Jomelli et al. (2014) are located (Fig. 4), the Cardenillo valley assumes
a broad glacial U-shape form with a gentle longitudinal profile (mean 7%) and low-gradient valley
walls; these topographic characteristics are typical of the main glaciated catchments at Cocuy.
Above 4300 m asl, the drainage becomes both broader and steeper (~20%), with ice-free portions
of the hillside dominated by bare, glacially molded bedrock.

Owing to their relative proximity to one another, we anticipate that our three target glacier
systems experienced similar climatologic conditions during the Late Pleistocene. Moreover, the
dominant lithology at all three sites is quartzose sandstone (quartz arenite), and thus ideal for °Be

surface-exposure dating.

3. Prior glacial-geologic research at Cocuy
Previous work on the paleoclimatology of Cocuy spans six decades, during which past
environmental conditions have been inferred from radiocarbon-dated pollen assemblages,
sedimentology, and expansive mapping of glacial geomorphology (Gonzalez et al., 1965; Helmens
etal., 1997; Kuhry et al., 1993; van der Hammen et al., 1980; van der Hammen and Hooghiemstra,
1995). All prior radiocarbon ages described below have been calibrated via the CALIB
Radiocarbon Calibration program v8.2html and the IntCal20 dataset (Reimer et al., 2020). During
the first such investigations in the study area, Gonzalez et al. (1965) and van der Hammen et al.
(1980) established pollen chronozones from lake and bog sediments retrieved from the Lagunillas
and Bocatoma valleys. Those authors inferred that the coldest conditions of the last ~48 kyr
occurred prior to 25 ka, with cool, dry climate persisting during the period 25-17 ka (Gonzalez et
al., 1965; van der Hammen et al., 1980). According to existing interpretations of the pollen record,
subsequent climate warming between ~17 and 15.6 ka was followed by cooling at ~15.6-14.7 ka,
after which warming resumed at ~14.7 ka (Kuhry et al., 1993; van der Hammen et al., 1980).
Finally, the El Abra stadial was interpreted as a cool tropical equivalent to the Younger Dryas
stadial (van der Hammen and Hoogheimstera, 1995).

Building on the initial geomorphologic work of Gonzalez et al. (1965), van der Hammen
et al. (1980) reported six discrete glacial drift units (Drifts 1-6, from oldest to youngest) preserved
throughout the range and assigned these to specific glacial stages on the basis of elevation, relative

weathering, and vegetation development. While the oldest unit, Drift 1, is spatially and temporally
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undifferentiated, a calibrated basal radiocarbon age of 25.1 + 0.4 cal ka BP (GrN 6907: 20,840 +
140 **C yr BP) from Laguna Ciega (3510 m asl), near the village of Guican (Fig. 1), provides
minimum-limiting constraint for the overlying Drifts 2 and 3 (van der Hammen et al., 1980). On
this basis, van der Hammen et al. (1980) concluded that Drifts 2 and 3 correspond to glacial
advances that predated the Last Glacial Maximum (LGM: ~26-19 ka). Since these drift units
predate Termination 1, we do not discuss these deposits further in this paper.

The Drift 4 type area is the Lagunillas valley, where van der Hammen et al. (1980) reported
multiple well-preserved moraine sets corresponding to the last glacial cycle and Termination 1.
Within the upper Drift 4 sequence, at an elevation of 3880 m asl, Gonzalez et al. (1965) reported
a river-cut section in which laminated muds and organic sediments are exposed (section VL-V:
3880 m asl; Figs. 1, 3A). Those authors correlated this paleo-lacustrine unit with glacial meltwater
from the subsequent Drift 5 episode; if so, a radiocarbon date of 12,320 + 100 C yr BP (GrN
3247: 14.4 + 0.4 cal ka BP) from the unit provides both a minimum-limiting age for the Drift 4
deposits and a maximum-limiting age for the Drift 5 moraines (Gonzalez et al., 1965).

Drift 5 was described by van der Hammen et al. (1980) as comprising “fine, high, broad
and curved bordering moraines” marking former ice-terminal positions, the lowermost of which
lies at ~3900-4200 m asl. In the Lagunillas valley, van der Hammen et al. (1980) mapped these
deposits solely in relation to the former Bocatoma glacier, which terminated on the Lagunillas
valley floor at 3950 m asl (Figs. 2, 3) and reportedly provided the fine-grained sediments exposed
in the VL-V section (Gonzalez et al., 1965). Farther north, van der Hammen et al. (1980) also
correlated Drift 5 with the large lateral moraine complex preserved in the Cardenillo valley on
Ritacuba Negro (Fig. 4), the focus of a more recent study by Jomelli et al. (2014).

According to van der Hammen (1980), the lowermost moraines preserved in the Cardenillo
valley correspond to Drift 4 and occur as isolated, low-relief ridge sections and mounds at
approximately 3960 m asl. Half a kilometer up-valley from the proposed Drift 4 limit, a set of
three well-defined left-lateral moraines marks the former extent of the Ritacuba Negro glacier at
some as-yet undetermined time during the Late Pleistocene. The left-lateral complex is traceable
for ~2 km as it rises along the southern valley wall, before becoming indistinct at 4275 m asl. In
contrast, the equivalent right-lateral moraines are discontinuous and less clearly defined. For
approximately one kilometer upslope of this former glacier position, a series of lower-relief (<10

m high) lateral-terminal ridges marks successive stages of a thinner ice tongue that terminated
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between ~3900 and 4000 m asl (Fig. 4), and which includes moraines M16, M17, and M18 as
mapped by Jomelli et al. (2014). Those authors reported mean °Be ages for the M16-M18
moraines of between 14.0 £ 0.3 and 13.4 = 0.3 ka.

This Lateglacial suite is overlain in turn by a conspicuous complex of boulder-covered
moraine ridges that van der Hammen et al. (1980) assigned to their Drift 5, and which Jomelli et
al. (2014) °Be dated to between 11.8 + 0.3 and 11.1 + 0.3 ka (moraines M13-M15; Fig. 4). This
complex is relatively massive, towering ~80 m above the valley bottom and comprising >10
arcuate moraines. Enclosed by this complex is a small, fluvially incised wetland in which several
discontinuous moraine fragments mark recessional stages of the Ritacuba Negro glacier (Jomelli
et al., 2014). The youngest and highest glacial deposit mapped by van der Hammen, Drift 6, is
characterized by conspicuous, unweathered moraines with minimal vegetation cover, and marks
the most recent widespread glacial advance. In the Cardenillo valley, five °Be ages from
unweathered moraines confirm that Drift 6 is Late Holocene in age (moraines M4 and M12;
Jomelli et al., 2014).

The rich Quaternary stratigraphy preserved at Cocuy has the potential for providing directly
dated geological records of past climate variability in the humid inner tropics and for placing
modern climate change in a longer-term context. Advancing from this foundation, the remainder
of this paper reports the glacial-geologic perspective on the Lateglacial period of Termination 1;
the LGM and early Termination 1 portions of the record are the focus of a subsequent paper. As
part of the current study, we report the recalculated ages of Jomelli et al. (2014) for comparison

with our new data.

4. Methods

4.1  Glacial-geomorphic mapping based on remote sensing and field observations

We constructed glacial-geologic maps for our target valleys: upper Lagunillas and Bocatoma (Fig.
5). For both, we first used Google Earth imagery to draft preliminary glacial-geologic maps, which
served subsequently as guides during our fieldwork in 2012, 2018, and 2023. We then drafted
geomorphic maps using QGIS coupled with satellite imagery derived from the Centre National
d'Etudes Spatiales (image date 17 December, 2017) and the 12.5 m-resolution Alos Palsar digital

elevation model. Each map includes key glacial depositional features and contextual non-glacial
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features (e.g., lagoons, rivers). Our assessment of the Cardenillo valley is based solely on remotely

sensed imagery and the prior survey-based mapping of Jomelli et al. (2014, 2017).

4.2  Beryllium-10 surface-exposure dating

We sampled moraines in the Lagunillas and Bocatoma valleys for cosmogenic '°Be surface-
exposure dating, targeting large, stable quartz arenite boulders located on moraine crests to
minimize the potential influences of post-depositional movement and shielding by sediment, snow,
or vegetation (Balco, 2011) (Fig. 6). We also collected samples from boulders and bedrock located
immediately outside moraine ridges to provide broader temporal context for moraine formation.
We processed 36 samples from Lagunillas and Bocatoma valleys (Table 1). In the University of
Galway’s Palacoenvironmental Research Unit, we isolated quartz from the whole-rock samples
using heavy-liquid density, magnetic separations, and progressive leaching in hydrofluoric/nitric
acid. In the laboratory at Dartmouth College, we spiked samples using a beryllium 9 carrier made
from a deeply buried beryl crystal and used ion chromatography to extract beryllium from the pure
quartz, following methods modified from Schaefer et al. (2009). We measured °Be/°Be ratios of
the samples at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National
Laboratory.

In total, we processed six batches of samples, with one process blank per batch; blank
corrections were made by calculating the number of 1°Be in the blank and subtracting this number
from each sample in the respective batch. Blank °Be/°Be ratios range between 9.95 x 10" and
2.53 x 10728, representing < 2% (and typically < 1%) of the ratio for each sample measured, and
sample measurement errors are 1.6-2.2% (Table 1). To calculate surface-exposure ages from °Be
concentrations, we  used  version 3 of the UW  online calculator
(https://hess.ess.washington.edu/math/v3/v3_age_in.html) in conjunction with the Quelccaya °Be

production rate (Kelly et al., 2015). All input data and production rate data for this calculator are
provided in Table S1. This production rate was calibrated against *C—dated moraines in the
Peruvian Andes, in a similar geomagnetic and geographic setting as Cocuy, and thus we consider
it to be appropriate for this study. Below, we discuss '°Be ages calculated using the time-invariant
(“St”) scaling of Lal (1991) and Stone (2000); we also report 1°Be ages determined using other
scaling methods (e.g., “Lm” (Lal, 1991; Stone, 2000; Nishiizumi et al., 1989) and “LSDn” (Lifton
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etal., 2014)) in Table 2. For consistency, we recalculated published °Be ages from the Cardenillo
valley with the same production rate and scaling methods (Tables 2 and S1; Fig. 4).

We report individual °Be ages with both their respective internal errors, reflecting
accelerator mass spectrometry (AMS) measurement uncertainties, and external errors, which
includes the systemic production rate uncertainty (Table 2). For landforms with two or more °Be
ages, we calculated both the mean and peak ages to establish the likeliest landform age. Further,
for each population, we calculated the standard deviation of the mean and the reduced weighted
mean uncertainty, and applied the larger of the two as our reported age uncertainty. We identify
19Be ages that are outliers on moraines using a reduced chi-squared analysis (Balco, 2011) and
considering the stratigraphic order of moraines. Since the surface-exposure age of a boulder on a
moraine represents the final occupation of that position by ice, we interpret moraine ages as
indicating the onset of moraine abandonment due to glacier retreat.

4.3  ELA and paleo-temperature reconstruction
Glacier mass balance is influenced by both temperature (energy) and precipitation (mass). In the
humid inner tropics, where precipitation remains relatively stable year-round, glacier mass balance
is dominated by the availability of energy for melting ice (Kaser and Osmaston, 2002; Taylor et
al., 2006; Rupper and Roe, 2008; Sagredo et al., 2014). Accordingly, fluctuations in past glacier
(‘paleo-glacier’) length at Cocuy are a first-order indication of air temperature variability (AT).
For a glacier in equilibrium with climate, the steady state ELA is the average elevation at which
annual accumulation is equal to annual ablation (Porter, 2001; Benn et al., 2005). Thus, comparing
the ELAs of former glacial extents, reconstructed from relict moraines, affords a powerful tool for
interpreting past climate change.

We used the ArcGIS toolboxes provided by Pellitero et al. (2015, 2016) to calculate paleo-
ELA values for former glacier extents at Cocuy. This approach first reconstructs the paleo-glacier
surface following the model outlined in Benn and Hulton (2010) and then calculates ELAs for the
paleo-glacier surface reconstruction using the accumulation-area ratio (AAR) and area-altitude
balance ratio (AABR) methods. For the modeling element, we reconstructed paleo-glaciers for
each dated moraine using a standard basal shear stress value of 100 kPa (Benn and Hulton, 2010;
Pellitero et al., 2016). We traced each mapped moraine extent in ArcGIS and established the

catchment of former accumulation areas with the ArcGIS Spatial Analyst.

10
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The AAR method assumes a glacier’s accumulation area occupies a calculable proportion
of the total glacier area (Porter, 2000), which in turn depends on such factors as lapse rate and
glacier hypsometry (Benn et al., 2005). Whereas temperate glaciers typically exhibit AARs of
~0.6, this value is higher in the tropics due to the absence of thermal seasonality; glaciers undergo
year-round ablation and thus require larger accumulation zones to balance mass loss (Kaser and
Osmaston, 2002). Idealized simulations of tropical AARs (0.82: Kaser and Osmaston, 2002) are
similar to the optimal AAR (~0.80) reported by a recent analysis of nine paleo-glaciers in the
Venezuelan Andes (Stansell et al., 2017). The AABR method also incorporates glacier mass-
balance and hypsometry and is considered more representative of the true glacier ELA (Benn et
al., 2005; Kaser and Osmaston, 2002). Balance ratios (BRs, used in the AABR method) for mid-
latitude glaciers typically are in the range 1.8-2.2 (Benn and Lehmkuhl, 2000; Rea, 2009); tropical
BRs are generally higher, reflecting the larger AARs (Rea, 2009), with values as high as 25
reported for some tropical systems (Benn and Evans, 1998). We present ELAs calculated with a
range of plausible AARs and BRs in Table 3.

We quantified AT for each dated moraine extent by comparing a paleo-ELA to a reference
ELA and applying an appropriate lapse rate to the offset. This method assumes that glacial
fluctuations are primarily a response to changes in atmospheric temperature, with precipitation
playing a relatively minor role. This first-order relationship is confirmed for the humid inner
tropics by studies of extant and former glaciers, which highlight the impact of high year-round
precipitation on glacier mass-balance gradients and, thus, thermal sensitivity (Benn et al., 2005;
Favier et al., 2004; Hastenrath, 2009; Rupper and Roe, 2008; Sagredo et al., 2014). A second
variable in deriving AT from AELA is the atmospheric lapse rate. Today, inner tropical
environments at elevations <5000 m asl generally experience a moist adiabatic lapse rate of
approximately 5.5°C/km (Loomis et al., 2017), significantly lower than the global mean
environmental lapse rate (6.5°C/km) (Barry and Chorley, 2003). Prior estimates based on
meteorological data suggest modern lapse rates for Colombia of ~5.7°C/km (DeForest Safford,
1999; Sturm and Rangel, 1985), although some studies reported values closer to 6.5°C/km for the
Cocuy region (Kuhry et al., 1993; van der Hammen and Gonzalez, 1960).

Recent alkenone paleothermometry from tropical African lakes documents a lapse rate
during the LGM (6.7 + 0.3°C/km) that was considerably steeper than at present (5.8 + 0.1°C/km)
(Loomis et al., 2017; Garelick et al., 2022). To date, however, no similar studies have been
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conducted in South America. Evaluating ELA reconstructions from Venezuela, Stansell et al.
(2007) suggested that the LGM lapse rate for the northern Andes could have been moderately
steeper than present, whereas pollen-inferred estimates are inconclusive (Bakker, 1990; Farrera et
al., 1999). Acknowledging this uncertainty, we follow the approach of Stansell et al. (2007) and
employ a range of lapse rates between 5 and 7°C/km in our ELA-based estimates of AT. For a
reference ELA, we used the 1955 CE values for the Pan de Azucar and Ritacuba Negro glaciers
reported by Lopez-Moreno et al. (2022) based on aerial photography from that year (Agustin
Codazzi Geographic Institute) (Table 3). Since the Lagunillas valley is too low to have supported
Late Holocene glaciers, we employed the adjacent Pan de AzUcar value (Table 3) as a reference
ELA for this catchment. We take the 1955 CE glacial configuration as representing Cocuy

temperatures prior to significant anthropogenic warming.

5. Results

5.1  Glacial geomorphology

Following retreat from the Drift 4 moraines located farther down-valley (van der Hammen et al.,
1980), the Lagunillas system separated into two distinct glaciers: a north-flowing system
occupying the upper Lagunillas valley above Laguna La Pintada (3960 m asl) and a west-flowing
tongue draining Pan de Azlcar via the Bocatoma valley (Fig. 2). In this section, we first describe
the upper Lagunillas stratigraphy before reporting on the Bocatoma stratigraphy; the glacial
stratigraphy of the Cardenillo valley was reported previously by Jomelli et al. (2014).

Lagunillas valley

Immediately south of Laguna La Pintada, the broad valley bottom is dominated by ice-molded
bedrock overlain with a thin, patchy till cover and perched glacial boulders. Within 200-600 m of
the lagoon, however, and damming Laguna Cuadrada, a suite of well-preserved prominent terminal
and lateral moraine ridges defines the former terminus of the Lagunillas glacier during the
culmination of a significant advance. The complex comprises three principal ridges (hereafter
termed the Pintada moraines; Fig. 2) that, despite their moderate relief (2-10 m), are conspicuous
in their uniformity of form and their lateral continuity. The outer ridge can be traced for almost 2
km as it crosses the corrugations of the valley floor between 4020 and 4070 m asl (Figs. 2, 5).

Ridge crests are mantled with quartz arenite boulders, many of which exhibit clear morphological
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evidence for subglacial molding. Proximal to the Pintada moraines, more than 30 well-defined
ridges, themselves forming five broad groupings, describe the active southward (up-valley) retreat
of the Lagunillas ice margin over ~2.5 km (Figs. 2, 5); the highest of these recessional moraines is
located at ~4200 m asl. All moraines investigated in the upper Lagunillas catchment exhibit similar
degrees of soil development, vegetation cover, and relatively minor boulder surface weathering;

several impound sizeable lakes (Fig. 3).

Bocatoma valley

Today, ice in the Bocatoma drainage is restricted to elevations above 4730 m asl on the
southwestern slopes of Pan de Azucar (Figs. 2, 6). During Lateglacial times, however, the
Bocatoma glacier constructed an extensive complex of prominent, high-relief lateral moraines and
well-preserved arcuate terminal ridges on the floor of the Lagunillas valley, immediately north of
the moraine-impounded Laguna La Pintada (Fig. 2). Our investigation revealed that, rather than
one single complex, the lower Bocatoma moraines form two discrete sequences (Fig. 2), with
markedly different physical characteristics. The outer sequence, which we refer to as the Sisuma
moraines, comprises five terminal moraine sections. These moraines are typically 2—4 m in relief
and exhibit broad, vegetated crests with sparse quartz arenite boulders. Boulder surfaces are
moderately pitted and exfoliated. Unlike the inner suite, the outer moraines lack significant lateral
components, these presumably having been removed by the Rio Lagunillas. Moreover, the most
distal terminal ridges in this suite are partially obscured by colluviated till on the western valley
side.

The inner sequence is dominated by a well-defined terminal moraine, located immediately
west of the river channel, and a pair of high-relief composite lateral moraines emanating from the
Bocatoma valley (Figs. 2, 3). In keeping with van der Hammen et al. (1980), we refer to these Drift
5 deposits as the Bocatoma moraines. The terminal moraine is 2-3 m tall on its distal side but as
much as 4-5 m tall on the proximal side, where it has been incised by fluvial action. The crest is
broad and moderately vegetated, with a concentration of large (>2 m diameter) quartz arenite
boulders mantling the southern half of the landform. Below the surface, recent excavations have
exposed glacio-tectonized units of laminated blue-gray clay (Fig. 6), indicating that the moraine is
at least partially constructed of reworked lacustrine sediments and, thus, was formed by a glacier

readvance. Inboard of the principal terminal ridge, a series of lower-relief bouldery moraines
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marks the active eastward retreat of the glacier terminus into the Bocatoma valley itself, at the
mouth of which a bouldery arcuate terminal moraine at ~4025 m asl marks the final period of
deposition in this complex (Figs. 3, 5). The Bocatoma terminal moraine sequence spans ~80 m in
elevation over a distance of ~400 m, making it by far the steepest transect in this study. Flanking
the terminal moraines, the sharp-crested lateral ridges exhibit a maximum relief of 50 m and can
be traced for over a kilometer east of the former terminus (Figs. 2, 5), until they become indistinct
at ~4260 m asl.

Upvalley of the prominent Bocatoma landforms, two sets of relatively subdued bouldery
moraines, the lower at ~4090 m asl and the upper at ~4130 m asl, are separated by a peat wetland
and mark subsequent stages of glacial deposition within the valley (Figs. 2, 5). The moraines of
each unit have a vegetation cover similar to the Bocatoma moraines, while the constituent boulder
surfaces are similarly pitted and exfoliated. An abrupt transition occurs at 4200 m asl, where the
vegetated moraines have been overlain by relatively fresh, sparsely vegetated deposits
corresponding to Drift 6 of van der Hammen et al. (1980) (Fig. 3). At the time of writing, the ice
margin at the head of the Bocatoma catchment was located on bare molded bedrock at ~4600 m
asl on the southern flanks of Pan de Azlcar.

5.2  Beryllium-10 moraine chronologies

Lagunillas valley

We 1°Be dated 18 boulders located on moraines in the upper Lagunillas valley (Fig. 5; Tables 1,
2). Ten samples from the three closely spaced Pintada moraines yield ages ranging from 13.2 +
0.2t0 13.9 £ 0.3 ka (Fig. 5); an additional sample from the outer moraine (SNC-12-02: 15.1 £ 0.4
ka) returned an age >2c beyond the mean and is rejected as an outlier. While the oldest sample in
our dataset (SNC-12-03: 13.9 + 0.3 ka) is from the outer crest, there is no significant age difference
among the three moraines and, thus, we consider them as a unit, with mean and peak ages of 13.7
+ 0.4 ka and 13.6 ka, respectively (Fig. 5). Immediately down-valley (north) of the Pintada
moraines, two distal boulders located on the indistinct crests of low-relief (~1 m tall) recessional
moraines give ages of 15.6 £ 0.3 and 16.3 + 0.3 ka and constrain the time of deglaciation prior to
deposition of the Pintada complex (Fig. 5). As this deposit corresponds stratigraphically to the
Sisuma moraines, so we refer to the unit collectively as Sisuma drift. Approximately 0.5 km up-

valley of the Pintada moraines, an age from the prominent moraine bounding Laguna Cuadrada to
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the south yielded an age of 9.4 + 0.2 ka (SNC-12-08: Fig. 5; Table 2); this age is out of stratigraphic
order with the younger moraines farther up-valley and we reject it as an outlier. An age from the
moraine south of Laguna La Atravesada suggests abandonment of this limitat 11.6 £ 0.2 ka, while
three boulders on the uppermost prominent moraine in the valley, adjacent to Laguna La Parada,

yielded mean and peak ages of 11.4 £ 0.1 ka and 11.4 ka, respectively (Fig. 5).

Bocatoma valley

Four boulder samples on the largest and innermost Sisuma moraine crest yield 1°Be ages ranging
from 16.1£0.3t0 17.1 £ 0.3 ka, with mean and peak ages of 16.6 + 0.4 ka and 16.7 ka, respectively
(Fig. 5). A fifth sample is 15.2 £ 0.3 ka, which is sufficiently younger than the main population to
be considered an outlier. Inboard of the Sisuma moraines, six boulders on the large outer Bocatoma
terminal moraine are 12.1 + 0.2 and 13.3 + 0.2 ka, with mean and peak ages of 12.7 + 0.4 ka and
12.6 ka, respectively (Fig. 5). Three samples of boulders on the inner Bocatoma terminal moraine
range from ~10.9 to 11.5 ka (mean 11.2 £+ 0.3 ka; peak 11.3 ka) (Fig. 5).

To place the Bocatoma complex within a broader temporal context, we also °Be dated
samples from higher elevation in the valley. A single boulder embedded in a minor recessional
ridge at 4180 m asl, ~1 km up-valley of the inner Bocatoma terminal moraine, yielded an age of
10.7 £ 0.2 ka (SNC-12-12) (Fig. 5); stratigraphically, this vegetated landform is part of Drift 5 of
van der Hammen et al. (1980). Within 90 m of that sample, two boulders located on the outer ridge
of the overlying fresh deposits returned ages of 340 + 10 and 620 + 15 years (mean 0.5 £ 0.2 ka)
(Fig. 5; Table 2). Finally, a single sample comprising striated, ice-molded bedrock collected from
within 2 m of the 2012 ice margin returned an exposure age of ~30 + 5 years (Fig. 5). We note this
value is statistically indistinguishable from a subsequent measurement of quartz from the same

sample reported by Gorin et al. (2024).

Cardenillo valley

Jomelli et al. (2014, 2017) determined forty-six 1°Be ages of boulders on eight moraines in the
Cardenillo valley. We recalculated their ages using the same production rate and scaling scheme
as for our own data, and report those recalculated ages in Table 2 and Figure 4. The recalculated
ages differ from the originally published values by <1%. All samples marked as statistical outliers

were identified as such by the original authors. Five recalculated ages from the outermost sampled
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moraine (‘M18’ of Jomelli et al., 2014) range between 12.8 + 0.8 and 14.6 + 0.4 ka (mean 13.8 &+
0.3 ka; peak 14.5 ka) (Fig. 4; Table 2), while the next sampled moraine (‘M17’) returns four
recalculated ages between 13.8 + 0.8 and 14.4 = 0.7 ka (mean 14.1 £ 0.1 ka; peak 14.1 ka).
According to Jomelli et al. (2014), the ‘M 16’ moraine comprises two separate ridges, one located
on the southern valley wall and the second ~280 m upvalley on the northern valley wall. The lower,
southern moraine ridge has ages between 13.6 £ 0.3 and 14.3 £ 0.8 ka (mean 13.9 £ 0.2 ka; peak
13.9 ka), while the higher, northern moraine dates to between 12.4 £ 0.7 and 13.7 + 1.1 ka (mean
13.0 + 0.4 ka; peak 13.1 ka) (Fig. 4; Table 2). Ages from the M16 moraine have a normal
distribution with a mean age of 13.4 + 0.3 ka and a peak age of 13.8 ka.

A minor ridge on the valley floor (‘M15”) has ages that range from 11.6 £ 0.5t0 12.2 + 0.4
ka (mean 11.9 + 0.2 ka; peak 12.0 ka). Immediately upvalley of M15, the voluminous moraine
complex assigned by van der Hammen et al. (1980) to Drift 5 yields thirteen ages. Nine on the
main ‘M 14’ crest range from 10.9 + 0.3 to 12.4 + 0.5 ka (mean 11.4 £ 0.5 ka; peak 11.2 ka), and
four on the inner ‘M 13’ crest range from 9.8 + 1.0to 11.9 = 0.8 ka (mean 10.9 + 0.4 ka; peak 11.0
ka) (Fig. 4; Table 2). Two ages from a roche moutonnée ~0.5 km inboard of M13 afford a mean
age of 11.2 £ 0.6 ka, while two boulders on an adjacent ridge segment give a mean of 1.1 + 0.1 ka
(Fig. 4; Table 2). Finally, three samples from the youngest moraine (‘M4”) sampled by Jomelli et
al. (2014) give a mean age of 0.3 + 0.2 ka (Fig. 4).

5.3  Paleoglacier and ELA reconstructions

The Pellitero et al. (2015, 2016) approach delivers a range of ELASs that we then compared to the
1955 ELA values (calculated via the same AAR or BR) to derive valley-specific AELA values
(Table 3). The closest alignment in AELA among the three catchments is provided by an AAR of
0.83, which agrees well with modeled and observed AARs (~0.8) for extant tropical glaciers
(Kaser and Osmaston, 2002; Stansell et al., 2007). In contrast, ELAs determined using the AABR
method were less conclusive with AELA values converging at BRs between 19 and 24,
considerably higher than previous BR estimates for tropical glaciers that are typically <5 (Lachniet
and Véazquez-Salem, 2005; Orvis and Horn, 2000; Quesada-Roman et al., 2020; Stansell et al.,
2007). We note, however, that AELAS determined with AARs of 0.8-0.85 are similar to ELAS
calculated with BRs of 5-25. Therefore, recognizing the greater uncertainty in BR suitability, we

have chosen to focus on ELAs calculated with an AAR of 0.8.
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Whereas ELAs for the Lagunillas and Bocatoma paleo-glacier extents are broadly similar
throughout the Lateglacial (Fig. 7), the Ritacuba Negro ELA is consistently higher by ~200 m,
potentially reflecting the influence of topography on glacier behavior (see Discussion). For all
three glaciers, the magnitude of Lateglacial AELAs are dwarfed by the pronounced shifts that
followed during the early and late Holocene (Fig. 7). In the Lagunillas valley, the entire span of
our glacial record corresponds to a AELA of approximately +20 m, reflecting a net warming of as
little as ~0.1°C between 13.7 and 11.8 ka (Fig. 7). Nonetheless, the Lagunillas glacier lost ~50%
of its full Lateglacial length over that period (Fig. 7), underscoring the important role of glacier
configuration in climatic sensitivity (see Discussion).

The neighboring Bocatoma glacier also experienced relatively minor net changes during
the Lateglacial period: the difference between the ELA of the Sisuma advance at ~16.6 ka and that
of the major subsequent advance culminating at ~12.7 ka is only ~+20 m, corresponding to a
warming of ~0.1°C (Fig. 7). The gradual retreat of the terminus between ~12.7 and 11.2 ka reflects
a greater ELA rise (+35 m) and stronger warming (0.2°C). The net retreat of the Bocatoma
terminus over this period represents 15% of the glacier’s full Lateglacial length (Fig. 7).
Immediately thereafter, our reconstruction depicts a +120 m rise in ELA during the early Holocene
in response to a 0.2°C warming, and a corresponding 25% loss of overall glacier length. Likewise,
at the northern end of the range, the net change in ELA on Ritacuba Negro was relatively minor
(+77 m) during the Lateglacial, reflecting a warming of <0.5°C, prior to a more pronounced rise
in ELA during the early Holocene (Fig. 7).

Since glacier records are rarely continuous, we are unable to resolve the full magnitude of
early Holocene AELA (and the corresponding AT) on the Bocatoma and Ritacuba Negro glaciers,
where late Holocene moraines directly overly those older deposits. Episodes of potentially high
ELAs that are not documented in our record are represented by dashed lines in Figure 7. In both
catchments, however, the absence of middle Holocene deposits is notable, while the magnitude of
AELA and terminus retreat since deposition of the young (Drift 6) moraines is striking; both
glaciers lost >40% of their full Lateglacial length within ~300-500 years (Fig. 7).

By comparing Lateglacial ELA values to the 1955 CE reference ELA value, and using a
lapse rate of 6 £ 1°C/km, our results indicate that temperatures at Cocuy were 2—-3°C colder than
mid-20" Century values during the Lateglacial, and ~1-1.5°C colder during the Drift 6 event,
which we correlate broadly to the Little Ice Age.
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6. Discussion

The new and recalculated 1°Be ages presented here track the behavior of three glacier systems at
Cocuy during the Lateglacial period and early Holocene; two datasets (Bocatoma and Ritacuba
Negro) extend that record into the Late Holocene. Here, we discuss the overall picture of terminus

fluctuations and implications of AELASs and climate variability.

Chronology of Lateglacial ice margin fluctuations at Cocuy

In the Lagunillas valley, ages of recessional landforms immediately outside the prominent Pintada
and Bocatoma moraines confirm that the glacier occupying this catchment during the LGM had
retreated far upvalley by ~16 ka; the glacier had separated into two ice tongues terminating close
to their Lateglacial limits (Fig. 2), ~6 km up-valley of the LGM terminus identified by van der
Hammen et al. (1980). This timing is significant because it adds to the growing body of glacial-
geologic evidence indicating that Heinrich Stadial 1 in the tropics was dominated by widespread
deglaciation (Bromley et al., 2009, 2011, 2016; Zech et al., 2007, 2010; Glasser et al., 2009;
Jackson et al., 2020), as it was at higher latitudes in both polar hemispheres (Denton et al., 2005,
2022; Foreman et al., 2022, 2025; Hall et al., 2013; Putnam et al., 2013, 2023; Schliicter, 1988;
Strand et al., 2022).

Following Heinrich Stadial 1, the Lagunillas and Bocatoma glaciers underwent expansion
during the Lateglacial period, when the Pintada and Bocatoma moraines were constructed. We
note that this scenario differs slightly from that of van der Hammen et al. (1980), who concluded
that the Pintada moraines were significantly older (e.g., Drift 4) than the Bocatoma moraines (Drift
5). That this event was indeed a readvance, as opposed to a pause in retreat, is substantiated by the
glacio-tectonized lake sediments incorporated into the Bocatoma terminal moraine (Fig. 6) and by
the considerable age offset (2-4 kyr) between the moraine sets and the older deposits immediately
distal to them (Fig. 5). Concurrently, advance/stabilization of the Ritacuba Negro glacier resulted
in deposition of the M18-M16 moraines in the Cardenillo valley (Jomelli et al., 2014). Whereas
earlier studies correlated the Drift 5 deposits with the El Abra (Younger Dryas) stadial (e.g., van
der Hammen et al., 1980), our *°Be chronology confirms that the advance represented by the
Pintada, Bocatoma, and M18-M16 moraines predated the stadial altogether, as proposed by

Jomelli et al. (2014, 2017). In the low-gradient Lagunillas and moderate-gradient Cardenillo
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drainages, the event is represented by multiple moraine ridges deposited between ~14 and 13 ka
(Figs. 4, 5). In the high-gradient Bocatoma valley, the composite nature of the terminal moraine
likely obscures earlier components of the Lateglacial moraine complex, with deposits from the
initial stages of the advance likely being buried under subsequent till layers. Nonetheless,
abandonment of this moraine at 12.7 + 0.4 ka, at the onset of the Younger Dryas stadial, requires
that the advance itself occurred prior to this time, in broad accord with the neighboring valleys.

Recognizing that steeper glaciers are likely to be less sensitive to vertical shifts in ELA
than glaciers with lower-sloping surfaces (due to the smaller relative impact on accumulation area),
it is not surprising that the precipitous Bocatoma ice tongue maintained its full Lateglacial
configuration later than did the lower-gradient Lagunillas and Ritacuba Negro glaciers, whose
termini responded to subtle positive shifts in ELA (Fig. 7). Nonetheless, the Bocatoma record
affords a valuable glaciologic benchmark for the point at which climate warming finally
overwhelmed mass balance, driving the Bocatoma glacier into a state of gradual yet determined
retreat (Fig. 7). According to our ELA reconstructions, collective retreat of the Cocuy glacial
termini represents an atmospheric warming of no more than 0.5°C broadly coincident with the
Younger Dryas stadial (Fig. 7).

Implications for Lateglacial climate

The Lateglacial record from Cocuy aligns with a pattern that is consistent across the tropics and
described by directly dated moraines sequences, in which mountain glaciers advanced coincident
with (though not necessarily due to) the ACR before undergoing net retreat during the subsequent
Younger Dryas period. This behavior was reported previously by Stansell et al. (2017) and Jomelli
et al. (2014), the latter of whom synthesized Lateglacial moraine records from the northern and
southern tropical Andes and highlighted the synchrony among sites spanning a range of latitudes
and precipitation regimes. That study invoked a precipitation-cloudiness feedback to explain the
pan-equatorial uniformity, speculating that, without such a mechanism, glaciers north of the
equator would follow a more ‘traditional” Northern Hemisphere Lateglacial climate signal (i.e.,
retreat during the ACR/B6lling-Allerdd and advance during the Younger Dryas) (Jomelli et al.,
2014). Indeed, this model of a north-south contrast in tropical temperature follows the concept of
a thermal bipolar seesaw (e.g., Broecker, 1998; Stocker and Johnsen, 2003) and has been explored
from both glacial (Rodbell and Seltzer, 2000; Jomelli et al., 2014, 2017; Vazquez-Selem and
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Lachniet, 2017; Mey et al., 2020) and palaeoecological (e.g., Stansell et al., 2010; Handiani et al.,
2011; Urrego et al., 2016) vantages. We argue, however, that this concept, and thus the mechanism
proposed by Jomelli et al. (2014), is unnecessary for two reasons. First, the tropical atmosphere is
incapable of sustaining strong horizontal thermal contrasts above the surface layer due to minimal
Coriolis forcing, which results in an almost infinite Rossby radius of deformation and the rapid
dissipation of anomalies (Hastenrath, 1991; Pierrehumbert, 1995; Sobel et al., 2001; Folkins, 2006;
Williams et al., 2009). Recognizing that Termination 1 was characterized by strong latitudinal
shifts in precipitation and humidity linked to thermal anomalies at higher latitudes (McGee et al.,
2014; Rodbell et al., 2022), it is nonetheless physically implausible for tropical temperature — the
main driver of topical mass balance — to have differed measurably across the equator, or indeed
throughout the tropics. Second, a growing number of directly dated moraine records from mid and
high northern latitudes, including the North Atlantic region (Levy et al., 2016; Wittmeier et al.,
2020; Bromley et al., 2023; Putnam et al., 2023), reveal that glaciers there fluctuated broadly in
step with those in the tropics and southern mid latitudes (see above) during the Lateglacial, with
ACR-age advances and stadial retreat (Sagredo et al., 2018; Denton et al., 2022). From a glacial
perspective, at least, the case for antiphased hemispheric temperatures during Termination 1 rests
on dubious foundations.

Identifying the mechanism(s) responsible for this pattern of ACR-age glacier growth and
stadial retreat in tropical South America is fundamental to establishing the drivers of tropical
climate and the causes of abrupt climate changes, both at low latitudes and globally. One potential
mechanism is variability in the concentration of atmospheric greenhouse gases, primarily COo,
which has a clear relationship with Earth’s radiative forcing and for which the wind-driven transfer
from ocean to atmosphere has been demonstrated (Anderson et al., 2009). At face value,
fluctuations in atmospheric CO2 during the Lateglacial align broadly with the pattern of
cryospheric change at Cocuy: periods of glacier retreat coincided with rising atmospheric CO-
(e.g., the YD), while glacier advance occurred during the CO; plateau at ~14.5-12.8 ka (Monnin
et al., 2001; Wendt et al., 2024). Further, a CO> driver could account for paleo-glaciers at all
elevations — from sea level to the high tropical Andes — responding similarly to air temperature as
they do today. Upon closer inspection, however, this hypothesis is undermined by the fact that the
cryospheric response appears too large relative to any significant change in CO»-driven radiative

forcing. For instance, while the well-documented readvance of glaciers during the ACR reflects a
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pronounced tropospheric cooling, we note that atmospheric CO2 concentrations stabilized at that
time but did not drop appreciably (Blunier et al., 1997; Monnin et al., 2001; Wendt et al., 2024).
Similarly, our Lagunillas and Bocatoma chronologies indicate that both ice tongues had retreated
to (and potentially inside of) their respective Lateglacial limits by ~16 ka, as much as two millennia
before atmospheric CO. attained average Lateglacial concentrations. Together with further
discrepancies between the rate and timing of glacier change and atmospheric CO; (e.g., Putnam et
al., 2013; Bromley et al., 2016; Jackson et al., 2019; Strand et al., 2022), such inconsistencies
suggest that CO», although a powerful positive feedback (Ganopolski and Kalov, 2011), is unlikely
to have shaped Lateglacial tropical climate change.

An alternative driver is tropical ocean-atmospheric heat transfer and the accompanying
flux of tropospheric water vapor. Summarizing the potent role of this key greenhouse gas in
tropical temperature, Broecker (1997) suggested that changes in water vapor content could account
for the high magnitude of tropical cooling observed during glacial periods, while also affording
the means for abrupt, hemispherically synchronous climate shifts. The traditional argument against
water vapor as a climate driver, however, cites the difficulty in altering the atmospheric vapor
budget without first changing temperature, thus consigning water vapor to a positive feedback role.
Yet evaporation and latent heating are both fundamental to maintaining the water vapor budget,
such that the greenhouse capacity of water vapor and ocean-atmosphere heat transfer are
inseparable components of the same system that, together, influence the thermostat of the tropical
— and thus global (Pierrehumbert, 1999) — troposphere. This coupling is exemplified today by El
Nifo-Southern Oscillation (ENSO): perturbations in the coupled latent heating—water vapor flux
over the tropical Pacific exert an immediate and global effect on climate (Cane, 1998; Cane and
Clement, 1999). A recent hypothesis centered on the Southern Hemisphere ties discrete shifts in
mid-latitude atmospheric circulation directly to changes in wind-driven evaporation from the
tropical ocean surface (Denton et al., 2021, 2022) and, thus, to the modulation of latent heating
and water vapor flux to the overlying troposphere. If true, this coupled mid-latitude—tropical
mechanism could induce the pronounced tropical thermal shifts envisaged by Broecker (1997) that
would then be propagated globally (Pierrehumbert, 1999). While testing this new hypothesis will
require intensive empirical paleoclimate data from all latitudes, we note the strong similarity
between tropical glacier-inferred climate records and those from the extra-tropical Southern

Hemisphere.
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Holocene ice margin fluctuations at Cocuy

Following the Lateglacial, a prominent feature of the Cocuy glacial record is the rapid rise in ELA
into the early Holocene, during which both the Bocatoma and Ritacuba Negro glaciers retreated
markedly in response to a ~0.75°C warming (Fig. 7). This glaciological event marks a significant
climatic shift at 6°N latitude, whereby Andean glaciers transitioned from their Pleistocene
configuration to a comparatively contracted Holocene configuration, and appears to be represented
elsewhere in the tropics (e.g., Jomelli et al., 2009, 2014; Stansell et al., 2017; Jackson et al., 2020;
Doughty et al., 2021). Against this longer-term backdrop, however, the magnitude of ELA rise and
glacier retreat in recent centuries clearly dwarfs the glacial oscillations of the last ~14 kyr. The
ELA curves for Bocatoma and Ritacuba Negro suggest mean temperatures at Cocuy rose ~1.5°C
since culmination of the Little Ice Aage, compared to the fractions-of-a-degree changes that
characterized the Lateglacial and early Holocene (Fig. 7). This finding bears a striking resemblance
to SST-based calculations of long-term freezing-level height for Cocuy (Ruiz-Carrascal et al.,
2022) and reflects glaciologic trends throughout the tropical Andes (Francou et al., 2003; Rabatel
et al., 2013; Vuille et al., 2018). A nuanced interpretation of the recent changes requires (1)
consensus on the geographic extent and timing of the Little Ice Age and (2) a plausible forcing
mechanism for that cooling event. Nonetheless, the profound rise in modern ELA at Cocuy, and
the tropical Andes generally, is almost certainly unprecedented in the current interglacial (Gorin
et al., 2024), and the coincidence with strongly positive radiative forcing (due to greenhouse gas
emissions) is undeniable, fueling the argument that ongoing warming primarily reflects human

activity.

7. Conclusions
e Following widespread deglaciation after the LGM, glaciers at Cocuy underwent a
pronounced readvance during the Lateglacial period. Cosmogenic °Be surface-exposure
dating of glacial deposits confirm that this advance coincided with the ACR, while the
subsequent YD stadial was characterized by gradual yet determined glacier retreat. This
cryospheric behavior aligns with a growing number of directly dated moraine records
worldwide, suggesting a broadly global pattern of glacier — and, therefore, tropospheric

temperature — change during the Lateglacial period. Significantly, this glacial perspective
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does not support the notion of hemispherically asynchronous temperature fluctuations (i.e.,
bipolar seesaw) at that time.

e Recognizing that the radiative forcing capacity of CO: likely played a role in sustaining
mean climate states during the Lateglacial, we propose that CO> alone is insufficient as a
driver of tropical temperature variability as inferred from the glacier record. Instead, we
explore the possibility that abrupt shifts in equatorial ocean-atmosphere heat transfer and
vapor flux, potentially linked to mid-latitude atmospheric dynamics, are the primary drivers
of Lateglacial temperature variability. As the tropics exert a strong and immediate global
influence, any such perturbations of low-latitude climate almost certainly would be
transmitted globally.

e The trend of post-ACR deglaciation not only continued into the early Holocene but
apparently accelerated, suggesting strong tropospheric warming at Cocuy at that time. At
face value, this behavior fits the broader tropical pattern, though we acknowledge that
Holocene glacier variability in the tropics is poorly resolved relative to higher latitudes.

e Both the rate and magnitude of deglaciation at Cocuy since the culmination of the LIA are
significantly higher than at any other time in our record, and reflect the rapid rise in
tropospheric temperature and ELA reported for this site and the tropics generally. This
pattern suggests that the scale of modern tropospheric warming is unprecedented within at
least the last 16,000 years.
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FIGURE CAPTIONS

Fig. 1. (A) Topographic map of South America indicating the position of panel B (white rectangle)
and the Sierra Nevada del Cocuy; (B) Mean annual precipitation map for Colombia (1979-2018)
derived from the Climate Reanalyzer (https://ClimateReanalyzer.org), showing the location of the
Sierra Nevada del Cocuy in the Cordillera Oriental. (C) Topographic map of the Sierra Nevada
del Cocuy, indicating our Lagunillas study area in the southern range and the Cardenillo valley on

Ritacuba Negro in the northern part, along with the locations of sites mentioned in the text.
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Principal summits of the range are 1) Pan de Azucar, 2) Concavo, 3) San Pablin Sur, 4) San Pablin
Norte, 5) Ritacuba Blanco, 6) Ritacuba Negro, and 7) Ritacuba Norte.

Fig. 2. Glacial geomorphology of the upper Lagunillas and Bocatoma catchments, illustrating the

distribution of deposits and key moraine units discussed in the text.

Fig. 3. (A) The southern half of the Lagunillas valley viewed from the north, showing the location
of sedimentary exposure VL-V reported by Gonzalez et al. (1965). Visible just beyond VL-V are
the prominent Bocatoma lateral moraines entering the Lagunillas valley from the left. (B) Terminal
moraines in the upper Lagunillas valley, with moraine-dammed Laguna La Parada in the middle
distance and sample locations identified. (C) Bocatoma lateral-terminal moraine complex viewed
from the Sisuma moraine crest, with sample locations identified. (D) Drift 6 (Little Ice Age)

deposits overlying older glacial drift in the upper Bocatoma valley.

Fig. 4. Glacial geomorphology of the Cardenillo valley on Ritacuba Negro, depicting the
distribution of deposits as reported by Jomelli et al. (2014), along with 1°Be surface-exposure ages
recalculated as described in section 4.2. (Right) Specific landform age statistics represented by
normal kernel density plots, in which ages of individual samples are shown as thin black lines and
cumulative age distributions as thick black lines. Mean age and 1c uncertainty are represented by
the vertical blue lines and yellow shading, respectively. Samples rejected as outliers are depicted

by dashed lines.

Fig. 5. Glacial geomorphology and °Be chronology for the Lagunillas and Bocatoma catchments,
including landform-specific age statistics for key depositional units. For geomorphic legend, see
Figure 2. Surface-exposure ages correspond to values given in Table 2. For population statistics,

N, refers to a population pruned of outlier values.
Fig. 6. (A—E) Examples of quartz arenite boulders sampled for cosmogenic 1°Be surface-exposure

dating. (F) Deformed lacustrine sediments exposed in the Bocatoma terminal moraine, confirming

that the glacier margin actively advanced into the valley bottom prior to depositing the moraine.
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1138  Fig. 7. Temporal reconstructions of (Top) AELA, (Middle) AT, and (Bottom) % length change for
1139 the three Cocuy glaciers during the Lateglacial period, early Holocene, and late Holocene. AT

1140  values are based upon the ELA reconstructions reported in Table 3.
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Table 1. 1%Be surface-exposure sample details and nuclide data for Lagunillas and Bocatoma samples. All measurements were made relative to
the 07KNSTD AMS standard, which is dilution 01-5-4 from Nishiizumi et al. (2007), with a known ratio of 2850 x 101>, Shielding corrections
were calculated using the UW topographic shielding calculator (https://stoneage.ice-d.org/math/skyline/skyline in.html).

Landform Sample ID CAMS ID Lat. Long. Elevation Sample Density  Shielding Quartz Be 10Be/9Be [1°Be] + 10
(m) thickness  (g/cm) weight (g) added +10 (10%3) (10°) (atoms/g
(cm) (n8) 2 quirtZ)
Lagunillas
Pre-Pintada SNC-12-01 BE37330 6.36190 -72.3350 4010 1.0 2.7 0.990 5.0765 0.206 1.68 +0.03 4.53+0.09
SNC-18-17 BE50415  6.36000 -72.3313 4048 3.0 2.7 0.987 7.2155 0.189 2.47 £0.05 4.32 £0.08
Pintada moraine SNC-12-02 BE37331  6.35853 -72.3314 4059 0.5 2.7 0.990 5.0191 0.208 1.57+0.04 4.32+£0.11
SNC-12-03 BE37332  6.35782 -72.3309 4068 1.0 2.7 0.990 5.0781 0.207 1.47£0.03 3.97+0.09
SNC-18-13 BE50293 6.35912 -72.3293 4045 11 2.7 0.977 7.0381 0.206 2.00+0.04 3.71+0.07
SNC-18-14 BE50414 6.35878 -72.3301 4051 13 2.7 0.972 7.0019 0.206 2.20+0.04 3.86+0.07
SNC-18-15 BE50286  6.35828 -72.3304 4075 2.1 2.7 0.985 7.0037 0.207 2.09+0.04 3.94+0.07
SNC-18-18 BE50416  6.35895 -72.3325 4048 1.5 2.7 0.990 7.0206 0.195 2.09+0.04 3.87 +0.07
SNC-18-19 BE50287  6.35909 -72.3326 4046 1.8 2.7 0.990 7.0016 0.194 2.03£0.04 3.77 £0.08
SNC-18-20 BE50288  6.35909 -72.3326 4046 1.3 2.7 0.990 7.0623 0.196 2.11+0.04 3.91+0.07
SNC-18-21 BE50289  6.35972 -72.3329 4044 1.6 2.7 0.990 7.0000 0.198 2.03+0.03 3.83+0.06
SNC-18-22 BE50290  6.36057 -72.3333 4040 2.0 2.7 0.991 6.9940 0.196 1.98 +0.04 3.71+0.07
SNC-18-23 BE50291  6.36028 -72.3331 4043 1.5 2.7 0.991 7.0137 0.198 2.02+0.04 3.81+0.07
Cuadrada moraine SNC-12-08 BE40318  6.35545 -72.3314 4057 1.3 2.7 0.990 7.0650 0.210 1.34+0.03 2.66 +0.05
La Atravesada mor. SNC-12-07 BE40317  6.35362 -72.3306 4057 1.6 2.7 0.990 7.0156 0.210 1.64+0.03 3.28 +0.05
La Parada moraine SNC-12-04 BE40314  6.35053 -72.3289 4083 2.2 2.7 0.990 7.0163 0.211 1.63+0.03 3.26 £+ 0.06
SNC-12-05 BE40315 6.35012 -72.3297 4076 2.0 2.7 0.990 7.0031 0.211 1.61+0.03 3.23+0.03
SNC-12-06 BE40316  6.34935 -72.3295 4071 0.6 2.7 0.990 7.0530 0.211 1.64+0.03 3.27 £0.03
Sisuma moraine SNC-18-40 BE50299  6.36735 -72.3350 3963 1.2 2.7 0.985 7.0165 0.196 2.20+0.04 4.11 £ 0.08
SNC-18-41 BE50300  6.36739 -72.3351 3964 1.3 2.7 0.986 7.0060 0.197 2.32+0.04 4.36 £0.07
SNC-23-01 BE54103  6.36874 -72.3353 3968 2.0 2.7 0.978 5.9238 0.211 1.93 £0.04 4.59 +£0.08
SNC-23-02 BE54104  6.36809 -72.3351 3970 2.6 2.7 0.980 6.1388 0.209 1.96 £ 0.04 4.46 £ 0.09
SNC-23-03 BE54105  6.36782 -72.3351 3978 2.8 2.7 0.980 6.0925 0.210 1.92 £0.04 4.42 £0.09
Outer Bocatoma SNC-18-35 BE50296  6.36584 -72.3341 3966 2.1 2.7 0.982 7.0475 0.197 1.81+0.04 3.39+0.07
moraine SNC-18-37 BE50297  6.36740 -72.3344 3956 2.8 2.7 0.983 6.9992 0.197 1.72 £0.03 3.21+0.06
SNC-18-38 BE50419  6.36729 -72.3343 3956 3.2 2.7 0.983 7.0188 0.195 1.81+0.03 3.36+0.06
SNC-18-39 BE50298  6.36706 -72.3345 3959 1.4 2.7 0.983 7.0141 0.193 1.82 £0.03 3.36+0.06
SNC-23-07 BE54106  6.36753 -72.3344 3978 1.6 2.7 0.983 5.9468 0.206 1.51£0.03 3.51+0.06
SNC-23-08 BE54107  6.36708 -72.3345 3978 2.8 2.7 0.983 5.9177 0.209 1.51+0.03 3.57+0.07
Inner Bocatoma SNC-18-32 BE50294  6.36638 -72.3316 4025 2.7 2.7 0.985 7.0084 0.197 1.65 +0.03 3.10+0.06

moraine SNC-18-33 BE50295 6.36635 -72.3317 4042 13 2.7 0.985 7.0010 0.197 1.71+0.04 3.21+0.07

L]


https://stoneage.ice-d.org/math/skyline/skyline_in.html
https://www2.cloud.editorialmanager.com/jqsr/download.aspx?id=292940&guid=ed2362fc-6332-4929-aa96-df73058c62cb&scheme=1
https://www2.cloud.editorialmanager.com/jqsr/download.aspx?id=292940&guid=ed2362fc-6332-4929-aa96-df73058c62cb&scheme=1

SNC-18-34
Early Holocene err. SNC-12-12
Drift 5 moraine SNC-12-10

SNC-12-11
Ice-proximal BR SNC-12-09A

BE50417
BE40311

BE40309
BE40310

BE40603

6.36631
6.36469

6.36445
6.36445

6.36569

-72.3317
-72.3217

-72.3209
-72.3209

-72.3040

4025
4180

4202
4202

4723

13
4.4

2.0
4.9

2.3

2.7
2.7

2.7
2.7

2.7

0.987
0.970

0.970
0.970

0.980

7.0471
30.1050

30.1040
30.1570

100.6700

0.196
0.209

0.209
0.209

0.125

1.64+0.03
6.61+0.02

0.22+0.01
0.39+0.01

0.12+0.01

3.05+0.06
3.07 £0.07

0.10+0.003
0.18 +£0.004

0.01£0.001

@ Beryllium ratios reported with no blank correction.

b Sample concentrations reported with blank correction.
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Table 2. Cosmogenic °Be surface-exposure ages and internal [external] uncertainties

calculated using the Quelccaya Ice Cap production rate (Kelly et al., 2013) and three current

scaling models. Italics denote outliers.

Landform

Sample ID

St (ka)

Lm (ka)

LSDn (ka)

Lagunillas
Pre-Pintada

Pintada

Cuadrada
La Atravesada

La Parada

Bocatoma
Sisuma

Outer Bocatoma

Inner Bocatoma

Early Holocene

Drift 5 moraine

Ice-proximal BR

Cardenillo
M18

M17

M16

SNC-12-01
SNC-18-17

SNC-12-02
SNC-12-03
SNC-18-13
SNC-18-14
SNC-18-15
SNC-18-18
SNC-18-19
SNC-18-20
SNC-18-21
SNC-18-22
SNC-18-23

SNC-12-08
SNC-12-07

SNC-12-04
SNC-12-05
SNC-12-06

16.3+0.3 [1.2]
15.6+0.3 [1.1]

15.1+0.4 [1.1]
13.9+0.3 [1.0]
13.3+0.2 [1.0]
13.9+0.3 [1.0]
13.9+0.3 [1.0]
13.7+0.3 [1.0]
13.4+0.3 [1.0]
13.8+0.3 [1.0]
13.6+£0.2 [1.0]
13.2+0.2 [1.0]
13.5+0.3 [1.0]

9.4+0.3 [0.7]
11.6+0.2 [0.8]

11.4+0.2 [0.8]
11.3+0.2 [0.8]
11.4+0.2 [0.8]

15.0+0.3 [1.1]
145+0.3 [1.1]

14.1+0.4 [1.1]
13.2+0.3 [1.0]
12.8+0.2 [0.9]
13.2+0.2 [1.0]
13.2+0.2 [1.0]
13.1+0.2 [1.0]
12.8+0.3 [1.0]
13.1+0.2 [1.0]
13.0+0.2 [0.9]
12.7+0.2 [0.9]
12.9+0.2 [0.9]

9.5+02 [0.7]
11.2+0.2 [0.8]

11.1+0.2 [0.8]
11.2+0.2 [0.8]
11.1+0.2 [0.8]

15.4+0.3 [1.1]
14.9+0.3 [1.1]

145+0.4 [1.1]
13.5+0.3 [1.0]
13.0+0.2 [0.9]
13.5+0.3 [1.0]
13.5+0.3 [1.0]
13.3+0.2 [1.0]
13.1+0.3 [1.0]
13.4+0.3 [1.0]
13.2+0.2 [1.0]
12.9+0.2 [0.9]
13.1£0.2 [1.0]

9.6+0.2 [0.7]
11.3+0.2 [0.8]

11.2+0.2 [0.8]
11.2+0.2 [0.8]
11.2+0.2 [0.8]

SNC-18-40
SNC-18-41
SNC-23-01
SNC-23-02
SNC-23-03

SNC-18-35
SNC-18-37
SNC-18-38
SNC-18-39
SNC-23-07
SNC-23-08

SNC-18-32
SNC-18-33
SNC-18-34

SNC-12-12

SNC-12-10
SNC-12-11

SNC-12-09A

15.2+0.3 [1.1]
16.1+0.3 [1.2]
17.1+0.3 [1.2]
16.7 £ 0.3 [1.2]
16.5+0.3 [1.2]

[

[

[

12.6 £ 0.2 [0.9]

12.1+0.2 [0.9]

12.7+0.2 [0.9]

12.4+0.2 [0.9]

12.9+0.2 [0.9]

13.3+0.2 [1.0]
[
[
[

11.3+0.2 [0.8]
11.5+0.2 [0.8]
10.9+0.2 [0.8]

10.7 £0.2 [0.8]

0.3 +0.01 [0.03]
0.6 £0.01 [0.05]

03 +0.002 [0.003]

14.1+0.3 [1.0]
14.9+0.3 [1.1]
15.5+0.3 [1.1]
15.2+0.3 [1.1]
15.1+0.3 [1.1]

12.0+0.2 [0.9]
11.5+0.2 [0.8]
12.0£0.2 [0.9]
11.8+0.2 [0.9]
12.4+0.2 [0.9]
12.8+0.2 [0.9]

11.0 £0.2 [0.8]
11.2+0.2 [0.8]
10.8 + 0.2 [0.8]

10.6 £0.2 [0.8]

0.3+0.01 [0.03]
0.7 +0.01 [0.05]

0.02 £0.002 [0.002]

14.6+0.3 [1.1]
15.3+0.3 [1.1]
16.2+0.3 [1.2]
15.8+0.3 [1.2]
15.7+0.3 [1.2]

12.4+0.2 [0.9]
11.8+0.2 [0.9]
12.2+0.2 [0.9]
12.2+0.2 [0.9]
12.7 +0.2 [0.9]
13.0+0.2 [0.9]

11.2+0.2 [0.8]
11.3+0.2 [0.8]
10.9 + 0.2 [0.8]

10.7 £0.2 [0.8]

0.3+0.01 [0.03]
0.6 +£0.01 [0.05]

0.03 £ 0.002 [0.002]

B35
B36
B42
B43
B45
B46
B47

B48
B50
B51
B52

B30
B31
B32
B33
B34
B54
B55
B56

14.6+0.4 [1.1]
155+0.5 [1.2]
14.5+0.6 [1.2]
13.8+0.9 [1.3]
13.4+0.6 [1.1]
11.5+1.0 [1.3]
12.8+0.8 [1.2]

13.8+0.8 [1.2]
14.4+0.7 [1.2]
14.2+0.6 [1.2]
14.1+0.7 [1.2]

11.5+0.4 [0.9]
13.6+0.8 [1.3]
14.3+0.8 [1.3]
155+0.7 [1.3]
13.9+0.4 [1.1]
13.7+1.1 [1.5]
13.6+0.6 [1.1]
12.4+0.7 [1.1]

13.7+0.4 [1.1]
144405 [1.1]
13.7+0.6 [1.1]
13.1+0.8 [1.3]
12.8+0.6 [1.1]
11.2+1.0 [1.3]
12.2+0.8 [1.2]

13.9+0.8 [1.2]
13.6+0.6 [1.1]
13.4+0.6 [1.1]
133+0.7 [1.2]

11.2+0.4 [0.9]
13.0+0.8 [1.2]
13.5+0.7 [1.2]
144106 [1.2]
13.2+0.4 [1.0]
13.0+1.0 [1.4]
13.0+0.6 [1.1]
11.7+£0.7 [1.1]

14.1+0.4 [1.1]
14.9+0.5 [1.1]
14.0£0.6 [1.1]
13.4+0.9 [1.3]
13.0+0.6 [1.1]
11.3+1.0 [1.3]
12.5+0.8 [1.2]

13.4+0.8 [1.2]
13.9+0.6 [1.2]
13.7+£0.6 [1.2]
13.6+0.7 [1.2]

11.3+0.4 [0.9]
13.2+0.8 [1.2]
13.8+0.7 [1.2]
14.8+0.6 [1.2]
13.5+0.4 [1.0]
13.3+1.1 [1.4]
13.2+0.6 [1.1]
12.1+0.7 [1.1]

*
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M15

M14

M13

Roche moutonnée

M12

M4

B57

B25
B27
B28
B29

B21
B22
B23
B23bis
B59
B59bis
B60
B61
B62

B15
B16
B17
B19

B11
B14

B7
B8
B10

B1
Blbis
B2
B5

124+0.8 [1.2]

12.2+0.4 [1.0]
11.6 +0.8 [0.9]
11.9+0.4 [0.9]
12.1+0.5 [1.0]

10.9+0.3 [0.8]
11.8+0.3 [0.9]
11.4+0.6 [1.0]
11.9+0.9 [1.2]
11.5+0.4 [0.9]
12.4+0.5 [1.0]
10.7£0.5 [0.9]
11.2+0.5 [0.9]
11.2+0.4 [0.9]

9.8+1.0 [1.2]
11.0+0.7 [1.0]
10.7+0.8 [1.1]
11.9+0.8 [1.1]

10.8+0.3 [0.8]
11.7+0.4 [0.9]

1.1£0.1 [0.1]
1.2+0.1 [0.2]
2.1+0.2 [03]

0.2+0.03 [0.03]
0.5+0.1 [0.1]
1.2£01 [0.2]
0.3+0.04 [0.4]

11.8+0.7

11.6+0.4
11.2+0.5
11.4+0.4
11.5+0.4

10.8+0.3
11.3+0.3
11.1+0.6
11.4+0.9
11.2+0.4
11.7+0.5
10.6 £0.5
11.0+0.5
11.0+0.4

9.9+1.0

10.9+0.7
10.7+0.8
11.4+0.7

10.7+0.3
11.2+0.3

1.2+0.1
1.4+0.2
2.6+0.3

0.2+0.03
05+0.1
1.4+0.2
0.2+0.03

[1.1]

[0.9]
[0.9]
[0.9]
[0.9]

[0.8]
[0.9]
[1.0]
[1.2]
[0.9]
[1.0]
[0.9]
[0.9]
[0.9]

[1.2]
[1.0]
[1.1]
[1.1]

[0.8]
[0.9]

[0.2]
[0.2]
[0.3]

[0.03]

[0.1]

[0.2]
[0.4]

12.1+0.7

119+0.4
11.4+0.5
11.6+0.4
11.7+0.5

10.9+0.3
11.5+0.4
11.2+0.6
11.6+0.9
11.3+0.4
12.0+0.5
10.7 £ 0.5
11.1+0.5
11.1+0.4

10.0+1.0
11.0+0.7
10.8+0.8
11.6+0.8

10.8+0.3
114+0.4

1.1+0.1
1.3+0.1
2.4+0.2

0.2+0.03

0.5+0.1

1.3+0.1
0.3+0.03

[1.1]

[0.9]
[0.9]
[0.9]
[0.9]

[0.8]
[0.9]
[1.0]
[1.2]
[0.9]
[1.0]
[0.9]
[0.9]
[0.9]

[1.2]
[1.0]
[1.1]
[1.1]

[0.8]
[0.9]

[0.1]
[0.2]
[0.3]

[0.03]
[0.1]

[0.2]
[0.4]




Table 3 Click here to access/download;Table (Editable version);Table %
3. Reconstructed ELAs for dated landforms.docx

Table 3. Reconstructed ELAs for dated landforms in the Lagunillas, Bocatoma, and Cardenillo
drainages calculated using a range of AAR and BR values.

Landform AAR ELA (m) BR ELA (m)
Sisuma moraine 06 4405 2 4399
(16.6 * 0.4 ka) 0.7 4337 3 4363
0.8 4262 4 4338
09 4161 5 4319
Bocatoma 0.6 4420 2 4418
outer moraine 0.7 4356 3 4382
(12.7 £ 0.4 ka) 0.8 4279 4 4357
0.9 4186 5 4338
Bocatoma 0.6 4437 2 4443
inner moraine 0.7 4386 3 4411
(11.2£ 0.3 ka) 0.8 4314 4 4389
0.9 4240 5 4380
Bocatoma 0.6 4527 2 4547
early Holocene 0.7 4487 3 4518
(11.0+£ 0.2 ka) 0.8 4434 4 4499
0.9 4357 5 4484
Bocatoma 0.6 4526 2 4552
Drift 6 moraine 0.7 4493 3 4528
(0.5 +0.2 ka) 0.8 4458 4 4511
0.9 4403 5 4499
Bocatoma 0.6 4744 2 4756
1955 extent 0.7 4707 3 4735
0.8 4671 4 4721
0.9 4626 5 4710
Pintada moraine 0.6 4325 2 4311
(13.7 £ 0.4 ka) 0.7 4295 3 4294
0.8 4254 4 4281
0.9 4196 5 4271
La Atravesada 0.6 4320 2 4319
moraine 0.7 4296 3 4305
(12.0 £ 0.2 ka) 0.8 4268 4 4294
09 4229 5 4286
La Parada moraine 0.6 4337 2 4330
(11.8 £ 0.05 ka) 0.7 4305 3 4314
0.8 4271 4 4303
09 4229 5 4294
M18 moraine 0.6 4719 2 4644
(13.8 £0.3ka) 0.7 4620 3 4589
0.8 4420 4 4550
0.9 4280 5 4520
M17 moraine 0.6 4715 2 4657
(13.8 £ 0.8 ka) 0.7 4618 3 4605
0.8 4459 4 4568
09 4305 5 4540
M16 moraine 0.6 4714 2 4662
(13.3+0.8 ka) 0.7 4621 3 4612
0.8 4477 4 4577
09 4324 5 4549
M15 moraine 0.6 4722 2 4677



https://www2.cloud.editorialmanager.com/jqsr/download.aspx?id=292942&guid=507a1dc5-e36a-42ad-b0ce-90744ee0eac9&scheme=1
https://www2.cloud.editorialmanager.com/jqsr/download.aspx?id=292942&guid=507a1dc5-e36a-42ad-b0ce-90744ee0eac9&scheme=1

(11.9+ 0.2 ka)

M14 moraine
(11.4 £ 0.5 ka)

M13 moraine
(10.9 £ 0.4 ka)

Cardenillo
late Holocene
(1.1£0.1ka)

Cardenillo
Drift 6 moraine
(0.3 +0.2 ka)

Cardenillo
1955 extent

0.7 4632 3 4627
0.8 4497 4 4592
0.9 4335 5 4564
0.6 4753 2 4704
0.7 4682 3 4653
0.8 4549 4 4616
0.9 4337 5 4587
0.6 4770 2 4734
0.7 4712 3 4691
0.8 4622 4 4660
0.9 4425 5 4635
0.6 4794 2 4760
0.7 4736 3 4718
0.8 4653 4 4687
0.9 4474 5 4663
0.6 4815 2 4788
0.7 4762 3 4754
0.8 4699 4 4729
0.9 4577 5 4709
0.6 4903 2 4920
0.7 4858 3 4893
0.8 4809 4 4875
0.9 4751 5 4862




Table S1 Click here to access/download;Table (Editable version);Table 2
S1.xlsx

Quelccaya Ice Cap production rate input data from Kelly et al. (2015).
Data selected from ice-D calibration site for v.3 of the UW online calculator. Dataset includes 12 of the 15 tota
Cut and paste data below into the online calculator: https://hess.ess.washington.edu/math/v3/v3

K2015-Q-40-13.94420 -70.89360 4853 std 1.5 2.29 0.9980 0.00e+00 0;
K2015-Q-40 true_t HUANCANE2A 12200 560;

K2015-Q-40 Be-10 quartz 5.452e+05 1.342e+04 KNSTD;

K2015-Q-42 -13.94500 -70.89290 4857 std 1.6 2.29 0.9960 4.51e-04 0;
K2015-Q-42 true_t HUANCANE2A 12200 560;

K2015-Q-42 Be-10 quartz 5.673e+05 9.690e+03 KNSTD;

K2015-Q-43 -13.94370 -70.89530 4844 std 1.5 2.29 0.9990 4.51e-04 0;
K2015-Q-43 true_t HUANCANE2A 12200 560;

K2015-Q-43 Be-10 quartz 5.533e+05 1.361e+04 KNSTD;

K2015-Q-44 -13.94500 -70.89540 4849 std 2.0 2.29 1.0000 0.00e+00 0;
K2015-Q-44 true_t HUANCANE2A 12200 560;

K2015-Q-44 Be-10 quartz 5.540e+05 1.364e+04 KNSTD;

K2015-Q-46 -13.94630 -70.89240 4863 std 0.9 2.29 1.0000 4.51e-04 0;
K2015-Q-46 true_t HUANCANE2A 12200 560;

K2015-Q-46 Be-10 quartz 5.716e+05 1.403e+04 KNSTD;

K2015-Q-47 -13.94630 -70.89210 4865 std 2.1 2.29 1.0000 4.51e-04 0;
K2015-Q-47 true_t HUANCANE2A 12200 560;

K2015-Q-47 Be-10 quartz 5.714e+05 1.158e+04 07KNSTD;

K2015-Q-48 -13.94610 -70.89270 4862 std 3.4 2.29 0.9980 4.51e-04 0;
K2015-Q-48 true_t HUANCANE2A 12200 560;

K2015-Q-48 Be-10 quartz 5.896e+05 1.350e+04 07KNSTD;

K2015-Q-49 -13.94580 -70.89350 4851 std 5.1 2.29 1.0000 4.51e-04 0;
K2015-Q-49 true_t HUANCANE2A 12200 560;

K2015-Q-49 Be-10 quartz 5.863e+05 1.107e+04 KNSTD;

K2015-Q-83 -13.94400 -70.89230 4856 std 3.2 2.29 0.9750 0.00e+00 0;
K2015-Q-83 true_t HUANCANE2A 12200 560;

K2015-Q-83 Be-10 quartz 4.954e+05 9.280e+03 07KNSTD;
K2015-Q-135 -13.94680 -70.88620 4863 std 2.3 2.29 0.9990 4.51e-04 O;
K2015-Q-135 true_t HUANCANE2A 12200 560;

K2015-Q-135 Be-10 quartz 5.159e+05 1.150e+04 07KNSTD;
K2015-Q-136 -13.94630 -70.88650 4866 std 2.3 2.29 0.9930 4.51e-04 O;
K2015-Q-136 true_t HUANCANE2A 12200 560;

K2015-Q-136 Be-10 quartz 4.993e+05 1.196e+04 07KNSTD;
K2015-Q-137 -13.94570 -70.88550 4870 std 2.1 2.29 0.9990 4.51e-04 O;
K2015-Q-137 true_t HUANCANE2A 12200 560;

K2015-Q-137 Be-10 quartz 5.433e+05 1.020e+04 07KNSTD;


https://hess.ess.washington.edu/math/v3/v3_cal_in.html
https://www2.cloud.editorialmanager.com/jqsr/download.aspx?id=292951&guid=e059ccd9-a0b7-4a98-9552-5a5268e0fd43&scheme=1
https://www2.cloud.editorialmanager.com/jqsr/download.aspx?id=292951&guid=e059ccd9-a0b7-4a98-9552-5a5268e0fd43&scheme=1

| samples from the Huancance Ila moraines; three samples (Q-40a, 44a, and 83a) were omitted by the from the
cal_in.html




2 original calibration and thus are not included here (see section 4.2.1 in Kelly et al. (2015)).



UW v.3 online calculator input data for all samples reported in Table 1
Sample groupings below correspond to those given in Table 1

Sample ID Latitude Longitude Elevation Atmosphere Thickness
Pre-Pintada
SNC-12-01 6.3619 -72.3350 4010 std 1.0
SNC-18-17 6.3600 -72.3313 4048 std 3.0
Pintada
SNC-12-02 6.3585 -72.3314 4059 std 0.5
SNC-12-03 6.3578 -72.3309 4068 std 1.0
SNC-18-13 6.3591 -72.3293 4045 std 1.1
SNC-18-14 6.3588 -72.3301 4051 std 1.3
SNC-18-15 6.3583 -72.3304 4075 std 2.1
SNC-18-18 6.3590 -72.3325 4048 std 1.5
SNC-18-19 6.3591 -72.3326 4046 std 1.8
SNC-18-20 6.3591 -72.3326 4046 std 13
SNC-18-21 6.3597 -72.3329 4044 std 1.6
SNC-18-22 6.3606 -72.3333 4040 std 2.0
SNC-18-23 6.3603 -72.3331 4043 std 1.5
Cuadrada
SNC-12-08 6.3555 -72.3314 4057 std 13
La Atravesada
SNC-12-07 6.3536 -72.3306 4057 std 1.6
La Parada
SNC-12-04 6.3505 -72.3289 4083 std 2.2
SNC-12-05 6.3501 -72.3297 4076 std 2.0
SNC-12-06 6.3494 -72.3295 4071 std 0.6
Sisuma
SNC-18-40 6.3674 -72.3350 3963 std 1.2
SNC-18-41 6.3674 -72.3351 3964 std 1.3
SNC-23-01 6.3687 -72.3353 3968 std 1.9
SNC-23-02 6.3681 -72.3351 3970 std 2.6
SNC-23-03 6.3678 -72.3351 3978 std 2.8
Outer Bocatoma
SNC-18-35 6.3658 -72.3341 3966 std 2.1
SNC-18-37 6.3674 -72.3344 3956 std 2.8
SNC-18-38 6.3673 -72.3343 3956 std 3.2
SNC-18-39 6.3671 -72.3345 3959 std 1.4
SNC-23-07 6.3675 -72.3344 3978 std 1.6
SNC-23-08 6.3671 -72.3345 3978 std 2.8
Inner Bocatoma
SNC-18-32 6.3664 -72.3316 4025 std 2.7
SNC-18-33 6.3664 -72.3317 4024 std 1.3
SNC-18-34 6.3663 -72.3317 4025 std 1.3
Early Holocene
SNC-12-12 6.3647 -72.3217 4180 std 4.4

Drift 5



SNC-12-10 6.3645 -72.3209 4202 std 2.0
SNC-12-11 6.3645 -72.3209 4202 std 4.9
Ice-proximal BR
SNC-12-09A 6.3657 -72.3040 4723 std 2.3
Mi8
B35 6.5069 -72.3489 3998 std 3.5
B36 6.5068 -72.3489 3998 std 3
B42 6.5076 -72.3482 4024 std 4
B43 6.5075 -72.3483 4020 std 3
B45 6.5072 -72.3486 4005 std 4
B46 6.5070 -72.3487 3999 std 2
B47 6.5070 -72.3487 4000 std 3
M1z
B48 6.5088 -72.3468 4046 std 2
B50 6.5088 -72.3468 4049 std 15
B51 6.5089 -72.3468 4051 std 2.5
B52 6.5089 -72.3468 4050 std 2
Mié6
B30 6.5081 -72.3451 4059 std 2.5
B31 6.5081 -72.3451 4059 std 2.5
B32 6.5081 -72.3449 4060 std 2
B33 6.5082 -72.3448 4065 std 2.5
B34 6.5082 -72.3448 4064 std 2
B54 6.5109 -72.3442 4086 std 2.5
B55 6.5109 -72.34425 4086 std 2
B56 6.5110 -72.34422 4088 std 3
B57 6.51105 -72.34439 4087 std 2.5
M15
B25 6.50981 -72.34429 4059 std 5.5
B27 6.50987 -72.34428 4062 std 3
B28 6.50987 -72.34428 4062 std 5.5
B29 6.5097 -72.34430 4058 std 5.5
M14
B21 6.51 -72.34272 4079 std 1
B22 6.50995 -72.3427 4078 std 2
B23 6.50988 -72.34263 4076 std 3
B23bis 6.50988 -72.34263 4076 std 3
B59 6.51256 -72.34179 4175 std 2.5
B59bis 6.51256 -72.34179 4175 std 2.5
B60 6.51254 -72.34176 4175 std 3
B61 6.51251 -72.34173 4175 std 2
B62 6.51247 -72.34176 4175 std 2
M13
B15 6.51245 -72.34066 4139 std 2
B16 6.51252 -72.34072 4135 std 3
B17 6.51259 -72.34079 4137 std 2
B19 6.51308 -72.34072 4133 std 2




Roche Moutonnée

B11 6.51119 -72.33775 4137 std 3
B14 6.51119 -72.33775 4137 std 2
mMi2

B7 6.51184 -72.3369 4147 std 3.5

B8 6.51194 -72.33698 4147 std 4
B10 6.51207 -72.33718 4142 std 1.5
M4

Bl 6.50956 -72.33397 4209 std 2
Blbis 6.50956 -72.33397 4209 std 2

B2 6.50961 -72.33398 4203 std 2

B5 6.51063 -72.33369 4203 std 2.5




Density Shielding Erosion Collection year Sample ID Nuclide
2.7 0.990 0 2012; SNC-12-01 Be-10
2.7 0.987 0 2018; SNC-18-17 Be-10
2.7 0.990 0 2012; SNC-12-02 Be-10
2.7 0.990 0 2012; SNC-12-03 Be-10
2.7 0.977 0 2018; SNC-18-13 Be-10
2.7 0.972 0 2018; SNC-18-14 Be-10
2.7 0.985 0 2018; SNC-18-15 Be-10
2.7 0.990 0 2018; SNC-18-18 Be-10
2.7 0.990 0 2018; SNC-18-19 Be-10
2.7 0.990 0 2018; SNC-18-20 Be-10
2.7 0.990 0 2018; SNC-18-21 Be-10
2.7 0.991 0 2018; SNC-18-22 Be-10
2.7 0.991 0 2018; SNC-18-23 Be-10
2.7 0.990 0 2012; SNC-12-08 Be-10
2.7 0.990 0 2012; SNC-12-07 Be-10
2.7 0.990 0 2012; SNC-12-04 Be-10
2.7 0.990 0 2012; SNC-12-05 Be-10
2.7 0.990 0 2012; SNC-12-06 Be-10
2.7 0.985 0 2018; SNC-18-40 Be-10
2.7 0.986 0 2018; SNC-18-41 Be-10
2.7 0.978 0 2023; SNC-23-01 Be-10
2.7 0.978 0 2023; SNC-23-02 Be-10
2.7 0.978 0 2023; SNC-23-03 Be-10
2.7 0.982 0 2018; SNC-18-35 Be-10
2.7 0.985 0 2018; SNC-18-37 Be-10
2.7 0.985 0 2018; SNC-18-38 Be-10
2.7 0.988 0 2018; SNC-18-39 Be-10
2.7 0.985 0 2023; SNC-23-07 Be-10
2.7 0.985 0 2023; SNC-23-08 Be-10
2.7 0.985 0 2018; SNC-18-32 Be-10
2.7 0.985 0 2018; SNC-18-33 Be-10
2.7 0.987 0 2018; SNC-18-34 Be-10
2.7 0.970 0 2012; SNC-12-12 Be-10




2.7 0.970 0 2012; SNC-12-10 Be-10
2.7 0.970 0 2012; SNC-12-11 Be-10
2.7 0.980 0 2012; SNC-12-09A Be-10
2.7 0.993 0 2012; B35 Be-10
2.7 0.993 0 2012; B36 Be-10
2.7 0.996 0 2012; B42 Be-10
2.7 0.995 0 2012; B43 Be-10
2.7 0.994 0 2012; B45 Be-10
2.7 0.992 0 2012; B46 Be-10
2.7 0.994 0 2012; B47 Be-10
2.7 0.995 0 2012; B48 Be-10
2.7 0.995 0 2012; B50 Be-10
2.7 0.993 0 2012; B51 Be-10
2.7 0.996 0 2012; B52 Be-10
2.7 0.993 0 2012; B30 Be-10
2.7 0.991 0 2012; B31 Be-10
2.7 0.992 0 2012; B32 Be-10
2.7 0.994 0 2012; B33 Be-10
2.7 0.993 0 2012; B34 Be-10
2.7 0.995 0 2012; B54 Be-10
2.7 0.995 0 2012; B55 Be-10
2.7 0.994 0 2012; B56 Be-10
2.7 0.993 0 2012; B57 Be-10
2.7 0.994 0 2012; B25 Be-10
2.7 0.994 0 2012; B27 Be-10
2.7 0.994 0 2012; B28 Be-10
2.7 0.993 0 2012; B29 Be-10
2.7 0.989 0 2012; B21 Be-10
2.7 0.990 0 2012; B22 Be-10
2.7 0.989 0 2012; B23 Be-10
2.7 0.989 0 2012; B23bis Be-10
2.7 0.996 0 2012; B59 Be-10
2.7 0.996 0 2012; B59bis Be-10
2.7 0.996 0 2012; B60 Be-10
2.7 0.996 0 2012; B61 Be-10
2.7 0.996 0 2012; B62 Be-10
2.7 0.987 0 2012; B15 Be-10
2.7 0.987 0 2012; B16 Be-10
2.7 0.986 0 2012; B17 Be-10
2.7 0.988 0 2012; B19 Be-10




2.7 0.985 0 2012; B11 Be-10
2.7 0.985 0 2012; B14 Be-10
2.7 0.986 0 2012; B7 Be-10
2.7 0.989 0 2012; B8 Be-10
2.7 0.988 0 2012; B10 Be-10
2.7 0.976 0 2012; B1 Be-10
2.7 0.976 0 2012; Blbis Be-10
2.7 0.976 0 2012; B2 Be-10
2.7 0.984 0 2012; B5 Be-10




Mineral 10Be atoms/g 1o AMS standard
quartz 4.53E+05 8.74E+03 07KNSTD;
quartz 4.32E+05 8.00E+03 07KNSTD;
quartz 4.32E+05 1.13E+04 07KNSTD;
quartz 3.97E+05 9.08E+03 07KNSTD;
quartz 3.71E+05 6.67E+03 07KNSTD;
quartz 3.86E+05 7.14E+03 07KNSTD;
quartz 3.94E+05 7.31E+03 07KNSTD;
quartz 3.87E+05 7.18E+03 07KNSTD;
quartz 3.77E+05 8.29E+03 07KNSTD;
quartz 3.91E+05 7.33E+03 07KNSTD;
quartz 3.83E+05 6.11E+03 07KNSTD;
quartz 3.71E+05 6.96E+03 07KNSTD;
quartz 3.81E+05 7.07E+03 07KNSTD;
quartz 2.66E+05 5.01E+03 07KNSTD;
quartz 3.28E+05 5.37E+03 07KNSTD;
quartz 3.26E+05 6.14E+03 07KNSTD;
quartz 3.23E+05 5.29E+03 07KNSTD;
quartz 3.27E+05 6.17E+03 07KNSTD;
quartz 4.11E+05 7.88E+03 07KNSTD;
quartz 4.36E+05 7.30E+03 07KNSTD;
quartz 4.59E+05 8.32E+03 07KNSTD;
quartz 4.46E+05 8.50E+03 07KNSTD;
quartz 4.42E+05 8.74E+03 07KNSTD;
quartz 3.39E+05 6.52E+03 07KNSTD;
quartz 3.21E+05 6.17E+03 07KNSTD;
quartz 3.36E+05 5.98E+03 07KNSTD;
quartz 3.36E+05 5.94E+03 07KNSTD;
quartz 3.51E+05 5.75E+03 07KNSTD;
quartz 3.57E+05 6.66E+03 07KNSTD;
quartz 3.10E+05 5.96E+03 07KNSTD;
quartz 3.21E+05 6.77E+03 07KNSTD;
quartz 3.05E+05 5.65E+03 07KNSTD;
quartz 3.07E+05 6.83E+03 07KNSTD;




quartz 1.01E+04 3.31E+02 07KNSTD;

quartz 1.80E+04 4.03E+02 07KNSTD;

quartz 1.01E+03 7.02E+01 07KNSTD;

quartz 3.98E+05 1.22E+04 NIST_27900;
quartz 4.24E+05 1.48E+04 NIST_27900;
quartz 3.99E+05 1.65E+04 NIST_27900;
quartz 3.82E+05 2.44E+04 NIST_27900;
quartz 3.64E+05 1.59E+04 NIST_27900;
quartz 3.18E+05 2.70E+04 NIST_27900;
quartz 3.50E+05 2.22E+04 NIST_27900;
quartz 3.91E+05 2.18E+04 NIST_27900;
quartz 4.08E+05 1.89E+04 NIST_27900;
quartz 3.99E+05 1.80E+04 NIST_27900;
quartz 3.98E+05 2.04E+04 NIST_27900;
quartz 3.25E+05 1.00E+04 NIST_27900;
quartz 3.83E+05 2.35E+04 NIST_27900;
quartz 4.06E+05 2.18E+04 NIST_27900;
quartz 4.39E+05 1.89E+04 NIST_27900;
quartz 3.96E+05 1.27E+04 NIST_27900;
quartz 3.93E+05 3.12E+04 NIST_27900;
quartz 3.92E+05 1.80E+04 NIST_27900;
quartz 3.53E+05 2.01E+04 NIST_27900;
quartz 3.56E+05 2.16E+04 NIST_27900;
quartz 3.36E+05 1.22E+04 NIST_27900;
quartz 3.28E+05 1.34E+04 NIST_27900;
quartz 3.29E+05 1.14E+04 NIST_27900;
quartz 3.32E+05 1.27E+04 NIST_27900;
quartz 3.14E+05 9.87E+03 NIST_27900;
quartz 3.36E+05 1.03E+04 NIST_27900;
quartz 3.23E+05 1.63E+04 NIST_27900;
quartz 3.37E+05 2.63E+04 NIST_27900;
quartz 3.45E+05 1.11E+04 NIST_27900;
quartz 3.69E+05 1.59E+04 NIST_27900;
quartz 3.18E+05 1.51E+04 NIST_27900;
quartz 3.37E+05 1.38E+04 NIST_27900;
quartz 3.36E+05 1.31E+04 NIST_27900;
quartz 2.87E+05 2.91E+04 NIST_27900;
quartz 3.20E+05 1.93E+04 NIST_27900;
quartz 3.13E+05 2.31E+04 NIST_27900;
quartz 3.47E+05 2.27E+04 NIST_27900;




quartz 3.13E+05 1.01E+04 NIST_27900;
quartz 3.40E+05 1.05E+04 NIST_27900;
quartz 3.05E+04 3.21E+03 NIST_27900;
quartz 3.49E+04 3.85E+03 NIST_27900;
quartz 6.18E+04 6.22E+03 NIST_27900;
quartz 7.37E+03 8.51E+02 NIST_27900;
quartz 1.39E+04 3.65E+03 NIST_27900;
quartz 3.66E+04 3.88E+03 NIST_27900;
quartz 7.66E+03 1.06E+03 NIST_27900;
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