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700,000 years of tropical Andean glaciation
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Our understanding of the climatic teleconnections that drove ice-age cycles has been

limited by a paucity of well-dated tropical records of glaciation that span several
glacial-interglacial intervals. Glacial deposits offer discrete snapshots of glacier extent
but cannot provide the continuous records required for detailed interhemispheric
comparisons. By contrast, lakes located within glaciated catchments can provide
continuous archives of upstream glacial activity, but few such records extend beyond
thelast glacial cycle. Here a piston core from Lake Junin in the uppermost Amazon
basin provides the first, to our knowledge, continuous, independently dated archive of
tropical glaciation spanning 700,000 years. We find that tropical glaciers tracked
changesin globalice volume and followed a clear approximately 100,000-year
periodicity. An enhancement in the extent of tropical Andean glaciers relative to global
ice volume occurred between 200,000 and 400,000 years ago, during sustained
intervals of regionally elevated hydrologic balance that modified the regular
approximately 23,000-year pacing of monsoon-driven precipitation. Millennial-scale
variationsin the extent of tropical Andean glaciers during the last glacial cycle were
driven by variations in regional monsoon strength that were linked to temperature
perturbationsin Greenland ice cores’; these interhemispheric connections may have
existed during previous glacial cycles.

The §'®0 record of marine benthic foraminifera®* (LRO4) has provided
the foundational framework for our understanding of late Cenozoicice
ages. However, because about 80% of global ice volume change over
glacial-interglacial cycles occurred in the middle to high latitudes
of the Northern Hemisphere (NH)**, the marine 6'®0 record tells us
little about the timing and extent of glaciation in the Southern Hemi-
sphere (SH) and in all tropical mountain ranges. Radiometric dating
of moraines in the SH*’ confirms that the local last glacial maximum
occurred roughly at the same time as the last peak of global ice sheet
volume (marineisotope stage 2; MIS 2). However, moraine records are
inherently discontinuous, with younger glacial advances commonly
obliterating evidence of older ice positions, making it challenging
to make interregional comparisons of the timing of ice build-up and
decay over several ice-age cycles using moraine chronologies alone.
By contrast, lake sediment records can provide continuous archives
of up-valley glaciation®, but long lacustrine records of tropical glaci-
ation have thus far been limited by a lack of sufficient independ-
ent age control and/or a lack of clarity about the glacial signal
preserved”®.

Here we report an approximately 700 thousand year ago (ka)
continuous and independently dated lacustrine record of alpine
glaciation from the central Peruvian Andes that is directly com-
parable with records of extratropical temperature change, global
ice volume and atmospheric greenhouse gas (GHG) concentra-
tions. We show that tropical Andean glaciers waxed and waned
with the NH on orbital timescales but that the relative amplitude
of glacial-interglacial cycles has not been constant. During much
of MIS 7-11, tropical Andean glacier extents were enhanced rela-
tive to global ice volume, and this enhancement may have been
related to increased precipitation coupled with reductions in the
concentration of atmospheric CH, (ref. ). Millennial-scale pertur-
bations in Andean glacier extent during the last glacial cycle were
similarintiming to bothregional cave records of precipitation and
to temperature oscillations recorded in Greenland ice cores’; this
pattern of change may have also occurred during previous glacial
cycles. Thus, persistent multiscaled interhemispheric climatic
teleconnections affected tropical Andean glaciers during much
of the past 700 ka.

'Geoscience Department, Union College, Schenectady, NY, USA. Department of Geological Sciences, University of Florida, Gainesville, FL, USA. *Department of Geology and Environmental
Science, University of Pittsburgh, Pittsburgh, PA, USA. “Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA. *Nuclear and
Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA, USA. °College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, OR, USA.
“Instituto Nacional de Investigacion en Glaciares y Ecosistemas de Montafia, Huaraz, Peru. ®Institute for Global Ecology, Florida Institute of Technology, Melbourne, FL, USA. °Instituto Pirenaico
de Ecologia, Consejo Superior de Investigaciones Cientificas, Zaragoza, Spain. '°Department of Atmospheric and Environmental Sciences, University at Albany, State University of New York,
Albany, NY, USA. "Department of Geology, Occidental College, Los Angeles, CA, USA. ?Department of Earth and Environmental Sciences, University of Michigan, Ann Arbor, MI, USA.
SDepartment of Environmental Engineering and Earth Sciences, Wilkes University, Wilkes-Barre, PA, USA. “Ciencias de la Tierra y Clima, Universidad Regional Amazonica Ikiam, Tena, Ecuador.
Department of Earth and Environmental Sciences, University of Minnesota Duluth, Duluth, MN, USA. "®Large Lakes Observatory, University of Minnesota Duluth, Duluth, MN, USA.
"Helmbholtz-Zentrum Potsdam, Deutsches GeoForschungsZentrum GFZ, Potsdam, Germany. *e-mail: rodbelld@union.edu

Nature | Vol 607 | 14 July 2022 | 301


https://doi.org/10.1038/s41586-022-04873-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-04873-0&domain=pdf
mailto:rodbelld@union.edu

Article

11° S
Lake Junin
piston core

Mantaro

|
80°W  60°W  40°W ° 5  10km

Fig.1|Location of LakeJunin and drainage basinin the central Peruvian
Andes. Contourinterval 200 m; stippled blue patternindicates wetlands;
orangearcuate lines are toes of proglacial outwash fans; red arcuate lines are
10Be-dated MIS 2and 3 moraines®; purple lines are '°Be-dated pre-MIS 3 moraines®;
greyoutlineis the drainage basin (see Methods). Inset map: black line
demarcates the Amazon drainage basin; solid green fill is Pert; black circles
indicate Andeanrecords discussedinthe text:1, Lake]Junin, Per(; 2, Sabanade
Bogota’; 3, Lake Titicaca™.

Lake setting and glaciation

LakeJunin (11°S, 76° W, 4,100 metres above sea level (masl)) isaseason-
ally closed-basin lake located inthe uppermost Amazon basin between
the eastern and western cordilleras of the Peruvian Andes (Fig.1). Glacial
outwash fans and lateral moraines form the easternand northernedges
ofthebasin (Fig.1), and '°Be exposure ages from these moraines indicate
that they span several glacial cycles®, but at no time during the past
700 ka has the lake been overridden by glacial ice. Thus, Lake Junin is
ideally situated to record cycles of tropical glaciation'>. During the local
last glacial maximum, alpine glaciers descended from cirque headwalls
at about 4,700 masl to moraine positions about 4,160 masl, within
several kilometres of the modern lake shoreline®. A seismic reflection
survey (see Methods) identified a main reflector at a depth of about
100 m below lake floor, which corresponds to the depth of the base of
the composite section of lacustrine sediment (about 95 m) reported
here. Thisreflector represents achange in sedimentation, from fluvial

sand and gravel to well-sorted silt and clay. This transition, dated to MIS

16, documents the creation of Lake Junin by coalescing glacial outwash

fans and the onset of continuous lacustrine sedimentation.

Piston cores with a composite length of about 95 m (ref. ) were

extracted from the lake’s depocentre (Fig. 1) as part of the Interna-

tional Continental Scientific Drilling Program (ICDP). The age-depth

model of the upper 88 m was established with 80 accelerator mass

spectrometry *C ages from the upper 17 m (ref.), 12 U-Th-dated

intervals of authigenic calcite from five carbonate intervals between

about21and 71 m (ref. *) and 17 geomagnetic relative palaeointensity
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Fig.2|Age-depthmodelfor theJunin piston core. The age-depthrelationship
isbased on 80 radiocarbon dates' (<17 metres composite depth (mcd)),

12 U-Th-dated intervals of authigenic calcite from five carbonate intervals
betweenabout21and 71 mcd (ref.**) and 17 palacomagnetic tie points®. The red
lineis the mean age model; purple and black dashes represent the 1sigmaand
2sigmauncertainties around the mean, respectively. Four arrows mark the
depth of four samples that yielded normal polarity (depths shownin theinset
alongthe age of the Brunhes-Matuyama (B/M) reversalboundary) and are
younger than 773 ka (ref. ) (see Methods). Numbers 1-9 are tie points (Fig. 3b,c)
used asthe age model for Fig. 4a-c; tie points are for illustration only and were
notused inthe generation of this radiometric and palacomagnetic age model®.

(RPI) tie points between 24 and 88 m (ref. ) (Fig. 2), yielding an age of
677 £20 ka at 88 m. Four samples from near the base of the lacustrine
section (93-95 m) show normal-polarity palaeomagnetic directions
(see Methods) (Fig. 2), consistent with sediment deposition during
the Brunhes chron and a basal age younger than 773 ka (ref. ). As the
age modelis notorbitally tuned, the Lake Junin record enables aninde-
pendent comparison of the pacing of tropical glaciation with that of
LRO4 (ref.3), which is a proxy for global ice volume and benthic ocean
temperature (Fig. 3a).

The composite section comprises intervals of siliciclastic sedi-
ment intercalated with intervals dominated by authigenic calcite
(about 60-90%; Extended Data Fig.1). Thesiliciclastic-rich intervals
have a consistent signature, with relatively low concentrations of
carbonate (<40%) and organic carbon (<5%), and high values of bulk
density (>1.3 g cm™), magnetic susceptibility (MS) and concentra-
tions of elements (such as Ti, Si and K) derived from erosion of the
non-carbonate fraction of the regional bedrock (Extended Data Fig.1).
TheJunin glaciation index (GI; Fig. 3b, Methods and Extended Data
Fig. 2) integrates MS and Ti/Ca, and is a proxy for clastic sediment
flux and the extent of regional ice cover. During MIS 2 and 3, regional
snowlines were around 300-600 m lower than modern estimates”
and°Be-dated moraines® confirm expanded ice cover in the valleys to
the east of LakeJunin (Fig.1). During thisinterval, the Glwas elevated
andsiliciclastic flux to Lake Junin was 1-2 orders of magnitude higher
than during the subsequent late glacial and Holocene'® (Fig. 3b and
Extended Data Fig. 2). Together, these observations (see Methods
and Extended Data Fig. 2) link variations in the Gl with changes in
regional ice extent.
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Fig.4|Comparison of the amplitude of glacial cyclesin the tropical Andes
andglobalice volume. a-e,Junin Gland benthic 5'%0 proxy of globaliice
volume? (z-scores) using 80 radiocarbon ages'and tie points in Figs.2and 3b,c
for the Junin Glage model (a), index of tropical glacier enhancement from the
difference between the Junin Gland the LRO4 proxy of globalice volume? (b),

Comparison with globalice volume

The LakeJunin Gl record over the past 677 ka shows a strong similarity
to LRO4 (ref. ®). Seven glacial-interglacial cycles are evident in the GI
and, within the uncertainty of the age model**", they mimic changes
inLRO4 andin the 8D of Antarcticice'®, a proxy for high-latitude SH air
temperature (Fig. 3a—c). The 100-ka cycle is the strongest and most
pervasive orbital periodicity observed (Fig. 3d). The basal age between
about 677 and 773 kaindicates that damming of the Junin basin by pro-
glacial deposits occurred near the end of the middle Pleistocene transi-
tion'”, when global ice volume increased and began to beat to a100-kyr
rhythm. We propose that, before this transition, tropical glaciers were

304 | Nature | Vol 607 | 14 July 2022

weight percentage organic carbonin Junindrill core (c), cross-equatorial
January insolationgradient®*between11°Sand 11° N (d) and atmospheric GHG
concentrations from Antarcticice cores (e; CO, (refs. >**%); CH, (ref. *)). Dashed
vertical linesin cand d highlight the tight coupling between the Junin lake level
and the regional monsoonstrength.

too limited in extent to generate the extensive outwash fans needed
to dam the intermontane basin that houses the lake today. After this
transition, tropical glaciers clearly followed the global 100-kyr beat, in
sync with the rhythm of Andean forest dynamics documented in the
Sabana de Bogota record®. The presence of the 41-kyr orbital band
may reflect the direct role of obliquity in tropical hydroclimate? and/
or the role of obliquity in global ice volume and GHG concentrations
that, in turn, drive tropical climate change. The 23-kyr precessional
band has been previously recognized as akey orbital pacer of the South
American summer monsoon (SASM) and the hydrologic balance of the
upper Amazon basin and Altiplano??. Given the orders-of-magnitude
differenceinresponse times between alpine glaciersand NHice sheets,



the close match between the Gl and LRO4 (Fig. 3a-c) requires that the
former was forced by the latter, rather than directly by the underlying
orbital parameters behind NH ice sheet growth, namely, low boreal
summer insolation. Transient climate model experiments® conclude
that GHGs explain this relationship during the last deglaciation: the
increasein CO,and CH, forced asynchronousretreat of glaciers glob-
allyinspite of hemispheric and latitudinal heterogeneities in regional
insolation?. Assuming that GHGs were also responsible for the growth
aswellasthe decay of tropical glaciers throughout the late Quaternary,
the mechanism(s)* linking orbital forcing, NH ice sheets, GHGs and
tropical glaciation must have been relatively rapid, as evidenced by
the lack of measurable lag time in tropical ice core records of the last
deglacial temperature rise*.

Amplitude of glacial cycles

To compare the relative extent of tropical glacial cycles and global ice
volume over the past 700 ka, we synchronized the Junin GI (Fig. 3b) and
Antarctic (EPICA) 8D (ref. '®) records using nine tie points (Figs. 2 and
3b,c) that correlate prominent peaks and troughs inbothrecords; these
nine tie points supplement 80 radiocarbon dates from the upper18 m
of the Junin core' (Fig. 2). Seven of the nine tie points are within the 2
sigma uncertainty of the radiometric and RPl age model® (Fig. 2 and
Extended DataFig. 3). Synchronizing the main features of the Junin GI
record with EPICA 8D (Fig.4a) reduces the lag between the Junin Gland
EPICA 6D from -18,750 years to +500 years (Fig. 3e,f). The systematic
18,750-year lag in the Junin Gl record relative to EPICA 6D (Fig. 3b,c)
may be an artefact of the limitation of U-Th to date only the low sedi-
mentation rate, high carbonate (interglacial) intervals and not the
glacial intervals that are marked by higher sedimentation rates and
low authigenic carbonate.

Comparison ofthe relative amplitude of the z-score Junin Gland LRO4
recordsonthe EPICA 8D resolved chronology shows clear similarities
and differences (Fig. 4a). The correlation coefficient (r) for the Junin
Gl and LRO4 for the full record is 0.62; for the past 140 ka, it is 0.74.
The similarity between the records for the MIS 1-6 window does not
support the conclusion® that MIS 4 was an anomalously large glacial
cycle based on cosmogenic radionuclide ages on moraines from the
middle and low latitudes of both hemispheres. The index of tropical
glacier enhancement (TGE; Fig. 4b) quantifies the degree to which
the Junin Gl exceeds (positive values) or falls below (negative values)
z-score normalized changes in LRO4. Long-term (about 10*-10°-year)
variations in TGE may be driven by differencesin tropical versus global
ice volume and/or by long-term changes in basin sensitivity to record
clastic sediment, such as through the progressive progradation of
glacial outwash fans (Fig. 1 and Methods). However, unlike climatic
forcings, long-period changes in basin ontogeny are probably unidi-
rectional, thus we interpret long-term cycles of TGE to reflect relative
differencesin the magnitude of glaciation between the tropical Andes
and LRO4. There seems to be an approximately 400-kyr-long variability
in TGE, with the interval from 200 ka to 400 ka (MIS 7-11) marked by
elevated TGE (Fig. 4b). High Gl and TGE during this window suggest
thatglaciers maintained some presenceinthe Junin catchment during
theinterglacialintervals of MIS7,9 and 11, when global ice volume was
generally low. Retention of glacial ice during MIS 7,9 and 11 is reflected
inthe millennial signature of the Gl during parts of these three intergla-
cialintervals (Fig. 3d). Organic-rich sediment and fibrous peat are the
dominant sediment facies during intervals of low lake level'; carbon-
ate ‘marl’ and/or glacial flour dominate intervals of elevated lake level
(Extended Data Figs. 1and 2). Accordingly, the 200-400-ka interval
of elevated TGE comprises extended periods of elevated hydrologic
balance (lake level) in Lake Junin, as reflected by minima in organic
carbon (Fig. 4c). The level of Lake Junin (Fig. 4c) is tightly coupled to
the cross-equatorialinsolation gradient (Fig. 4d), which today is associ-
ated with SASM strength. Variability in the cross-equatorial insolation
gradient clearly follows the 23-kyr beat of Earth’s precession and is

modulated ona400-kyr cycle, which reflects Earth’s eccentricity. The
tight coupling between the level of Junin and the SASM (vertical dashed
linesin Fig. 4c,d) seems to break down during the interval of elevated
TGE (about 200-400 ka); during this latter window, the amplitude of
hydrologic variability at Junin was reduced and several longer period
(50-75-kyr) intervals of elevated hydrologic balance occurred. Perhaps
non-SASM-driven precipitation supplemented monsoonal precipita-
tionduring thisinterval. Whatever the cause, heightened precipitation
apparently maintained small alpine glaciersin the valleys to the east of
LakeJunin, especially during intervals of reduced CH, (ref.") (Fig. 4e).

Millennial events

Thelastglacial cyclein theJuninregion was punctuated by intervals of
abruptglacial retreat, as evidenced by lowered values of Ti, MS and sedi-
ment density, and lowered lake level, as recorded by the accumulation
of organic-richsedimentin the centre of the Junin basin' (Extended Data
Fig.4). The abrupt decreasesinglacial erosion and lake level correlate’
withincreasesin the 80 record from nearby (about 20 kmsouth-east
of LakeJunin) Pacupahuain Cave? and also with the warming episodes
recordedin Greenlandice cores, known as Dansgaard-Oeschger (DO)
events'? (Extended Data Fig. 4). The synchronicity among DO events
and retreating glaciers in the Junin watershed document a climatic
teleconnection linking circum-North Atlantic temperatures with the
mass balance of glaciers in the upper Amazon basin during the last
glacial cycle'. Abrupt DO warmings in Greenland resulted inanorthward
shiftinthe mean position of the intertropical convergence zone, which
weakened the SASM and reduced moisture advection to the eastern
Andes and South American Altiplano*?*%, Thus, the millennial-scale
fluctuations in the extent of glaciers in the tropical Andes may have
beendrivenby changesin precipitation (snowfall) amountinresponse
toinstabilities in North Atlantic temperatures. This is consistent with
established linkages between North Atlantic climate and the hydrologic
balance of Altiplano lakes*. Whereas glaciersin theinner tropics of the
Andes are especially sensitive to temperature because of sustained
precipitation year-round, glaciers in the outer tropics, such as those
at the latitude of the Junin basin, experience greater seasonality of
precipitation and are twice as sensitive to changes in precipitation as
those in the inner tropics®-°.

Millennial-scaleinstabilities may have also affected the tropical Andes
during previous glacial cycles, although age-depth model uncertainty
(+5-10%) in the Junin core beyond 50 ka (Fig.2) precludes precise cor-
relationamongrecords. During the penultimate glacial cycle (MIS 6),a
similarity in the pattern of variability between aspeleothem §®Orecord
fromnearby (about 25 kmsouth-east of Lake Junin) Huagapo Cave® and
asynthetic Greenland 80 record for MIS 6 (ref. *) further suggests
long-termforcing of the hydrologic balance and, thus, glacier extents
in the SH tropics by instabilities in North Atlantic climate® (Extended
DataFig. 4). However, the strong role of North Atlantic climatic insta-
bility on tropical Andean hydrologic and palaeoglacier mass balance
may not have extended through all glacial terminations. For example,
during the waning stages of MIS 2, aprominent glacial readvancein the
higher elevations of the tropical Andes seems to have occurred during
the Antarctic Cold Reversal (approximately 14.5-12.9 ka)*. The Junin
Gl does not record this event, however, because the elevation of the
Junin catchment is too low to have supported glacial ice at that time®.

This continuous, independently dated record of tropical glaciation
confirms the role of fast-acting teleconnections, many apparently
originatingin the high latitudes of the NH over the past 700 ka. Global
GHGs, modulated by orbitally forced NH ice sheet growth®, drove
atmospherictemperaturesin the tropics over ice-age cycles, whereas
instabilitiesin North Atlantic climate and monsoon precipitation acted
as secondary effects on tropical ice extent. The mass balance of the
smallalpine glaciers of the tropical Andes rapidly integrated the effects
ofbothair temperature and moisture flux with short response times®.
Because mid-tropospheric tropical temperature is nearly uniformwith
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longitude owing to weak Coriolis force at low latitudes®, this record
may be broadly representative of tropical glaciers around the world
over the past 700 ka.
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Methods

Location map

The topography of the Junin basin (Fig. 1) is based on four
1:100,000-scale topographic maps published by the Instituto Geogra-
fico Nacional**™*,

Seismicreflection survey

High-resolution (4-24-kHz), shallow-penetration datawere collected
in2008 and an air gun survey was conducted in 2011 (ref. *¢). The air gun
seismic survey imaged over 100 m of nearly horizontal sediment with
no evidence of deformation. Details of the stratigraphy were obscured
by ringing in the shallow water column, but several prominent, con-
tinuous reflectors were observed that could be traced across the lake
basin. One of these, at a depth of approximately 100 m below the lake
floor, was especially prominent and could be mapped throughout the
survey area and was noted to be flatter than the modern lake floor.
This suggests broad-scale basin subsidence and alack of local tectonic
deformation. Drill cores showed that this reflector marks a transition
fromfluvial sand and gravel to finer-grained lacustrine sediment. At the
time this deep reflector was formed, the lake was apparently larger than
at present. No evidence was observed in the central part of the lake for
large-scale lake-level fluctuations, such as wave-cut shorelines, fluvial
channels or low-stand deltas.

Core analyses

Sediment density and MS were measured every 0.5 cm at the National
Lacustrine Core Facility (LacCore) at the University of Minnesota (MN,
USA). Density was measured on the whole-round cores by gamma ray
attenuation using a multisensor core logger and MS was measured by
aBartington MS2E point sensor on the split core surface. Furthermore,
density was measured from the air-dried mass of 1-cc samples taken
every2.5 cmabove 6.665 mand every 8 cmbelow 6.665 m. X-ray fluores-
cence (XRF) scanning was performed at the LacCore XRF Lab, University
of Minnesota Duluth (MN, USA) Large Lakes Observatory using a Cox
Analytical ITRAX with a Cr tube, 5-mm resolution and 15-s dwell time.
Total organic and inorganic carbon (TOC and TIC, respectively) was
measured onsamplestaken every 2.5 cmabove 6.665 mand every 4 cm
below 6.665 m. Total carbon was determined by combusting samples
at1,000 °Cusinga UIC CM5200 automated furnace and analysing the
resultant CO, using a UIC CM5014 coulometer at the Sediment Core
Laboratory at Union College (NY, USA). Similarly, TIC was determined
by acidifying samples using an Automate acidification module and
measuring the resultant CO, by coulometry. We calculated the weight
percentage TOC from TOC = TC - TIC. We measured the biogenicsilica
(bSiO,) content of a total of 65 samples obtained randomly from all
facies present in the sediment core following the procedure outlined
inref. ¥, Siliciclastic flux (Flux,e) was calculated as:

FIUX ¢faiic = SR ¥ (BD = ((BD x TOM) + (BD x TCC)))

inwhich SR is the bulk sedimentation rate (cm year™) using the age
model of ref.”, BD is the bulk density (g cm™), TOM is the weight frac-
tion total organic matter of the bulk sediment and TCC is the weight
fraction CaCO, ofthe bulk sediment. We calculated TOM (%) from TOC
(%)/44 to reflect the molar ratio between plant cellulose (C4H,,05)n
and TOC (%), and we calculated TCC (%) from TIC (%)/12 to reflect the
molarratiobetween TIC (%) and CaCO,. Because of the presence of both
authigenic and detrital CaCO, in the sediment core, the removal of all
CaCO; in the estimation of Flux_,;. results in an underestimation of
thetotal detrital flux duringintervals of high clasticinput, and this, in
turn, reduces the amplitude of change in clastic flux betweenintervals
of high and low glacigenic sedimentinput. Although we do not explic-
itlyremove the bSiO, in the calculation of Flux,,,;., the average weight
percentage bSiO, for all 65 facies samples is 0.92 + 1.12% (+1 sigma),

and—thus—is negligible. Because Flux,,;. is affected by sedimentation
rates and because short-term changes in sedimentation rate require
closely spaced age control, the highly variable Flux,,,.;. of the past 50 ka
(Extended Data Fig. 2) compared with older intervals of the coreis an
artefact of having amuch higher density of radiometric (radiocarbon)
age control points over this interval. The more coarsely spaced U-Th
and RPItie points deeper in the core average out the extremes in sedi-
mentation rate, thus dampening the range in Flux ;-

Palaeomagnetic polarity measurements

To provide abasal limiting date on the Juninrecord, four samples were
obtained from core JUN15-1D-35H, the deepest core in the continu-
ous stratigraphic splice®. Intervals were sampled with 8-cc discrete
palaeomagnetic cubes centred at 93.80, 93.98, 94.65 and 94.78 mand
measured at the Oregon State University (OR, USA) Paleo- and Environ-
mental Magnetism Laboratory using a2G Enterprises model 755-1.65UC
superconducting rock magnetometer. Samples were demagnetized
inanalternatingfield (AF) of 10,15 and 20 mT to remove the relatively
soft drilling overprint™ and show the primary direction recorded
by a (post-)depositional remanent magnetization. Palaeomagnetic
directions stabilized during demagnetization using the three peak
AF fields following 20-mT AF demagnetization; inclination values of
the four samples were —24.0°, -11.0°, +4.7° and -9.4°, respectively.
These largely negative inclination values are consistent with, and/or
are slightly shallower than, predicted inclination values for normal
polarity of -21°, assuming a geocentric axial dipole field. Consistent
relative declination values of 157°,183°,157° and 154°, respectively,
suggest that the shallower inclination values deeperinthe core reflect
normal secular variation rather than variability driven by proximity
to the Brunhes—-Matuyama polarity reversal. As aresult, it is probable
that all four intervals were deposited during the Brunhes chron and
areyounger than 773 ka (ref. '¢).

Juninglaciationindex

Downcore variations in MS and the ratio of the elements Ti to Ca are
sensitive to the concentration of lithogenic material. Higher values
of these parameters occur in glacial periods, related to the increased
generation and delivery of clastic material to the lake during times
when glaciers occupied the Lake Junin catchment. A compilation of
sediment records from tropical Andean lakes from 2°Sto16°S (ref. %)
showed aclose correspondence among the distribution of radiometric
ages of moraines and variationsin clastic sediment flux and concluded
that the primary control on clastic sediment delivery to alpine lakes
in the tropical Andes is the extent of glacial ice cover; basin-specific
factors that might complicate this relationship, such as changes in
sediment storage or paraglacial lag times, are not important on10*-year
timescales®. The absence of any evidence of notable clastic sediment
delivery to Lake Junin during the current interglacial period (11,500
years ago to the present) suggests that precipitation events alone are
unable to transport clastic sediment to the lake depocentre, and that
itisthe production of fine-grained glacial flour that is essential for the
delivery of such sediment to the lake depocentre. Furthermore, fring-
ing wetlands may prevent the small amounts of clastic sediment that
may be transported from the Junin catchment from entering the lake
today™ and, by extension, during previous interglacial intervals. The
lithostratigraphy (Extended Data Fig. 1) is marked by repeated varia-
tionsamongaset of about six lithotypes, whichimplies that the lake’s
sensitivity torecordsiliciclastic sediment did not change substantially
over the past approximately 700 ka. To generate the Junin GI, we resam-
pledboth datasets on the radiometric and RPlage model” at 250-year
time steps. As both datasets were highly skewed, z-scores of the MS
and Ti/Ca datawere generated on the log-transformed data. The Gl is
the average z-score of both of these datasets, for which higher values
indicate greater concentration of siliciclastic sediment in the cores.
Comparisonofthe Gltoanindependent measure of lithogenic content
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is provided through the comparison with the log-transformed silici-
clastic flux dataset (Extended Data Fig.2) with a correlation (r) of 0.70.

Time-series analysis

The Gl dataset was selected for time-series analysis to examine the
evolution of periodicities throughout the length of the record. Wave-
let analysis® of the 250-year-time-step Gl dataset used a Morlet basis
function in the PAST software package*s, with the p = 0.05 significance
level contoured in black (Fig. 3d).

Data availability

All datawill be archived at the NOAA National Centers for Environmen-
tal Information (www.ncei.noaa.gov/products/paleoclimatology).
Source data are provided with this paper.
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